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New, wide-range reference equations for the thermal conductivity of cyclopentane,
iso-pentane, and n-pentane are presented. The equations are based in part upon a body
of experimental data that has been critically assessed for internal consistency and for
agreement with theory whenever possible. In the case of the dilute-gas thermal conductivity,
a theoretically based correlation was adopted in order to extend the temperature range of the
experimental data. In the critical region, the enhancement of the thermal conductivity is well
represented by theoretically based equations containing just one adjustable parameter, esti-
mated by a predictive scheme. The thermal-conductivity equations behave in a physically
reasonable manner over a wide range of conditions that correspond to the range of validity
of the most accurate equations of state for each fluid. The estimated uncertainties of the
correlations are dependent on the availability of accurate experimental data for validation,
and are different for each fluid, varying from 1% (at the 95% confidence level) for the
liquid phase of iso-pentane over the temperature range 307 K < 7' < 355 K at pressures
up to 400 MPa (where high-accuracy data are available) to a more typical 4% for the
liquid phase of cyclopentane over the temperature range 218 K < 7 < 240 K at pressures
to 250 MPa. Estimated uncertainties in the gas phase are typically on the order of 3%—-5%.
For all three fluids, uncertainties in the critical region are much larger, since the thermal
conductivity approaches infinity at the critical point and is very sensitive to small changes
in density. © 2015 by the U.S. Secretary of Commerce on behalf of the United States. All
rights reserved. [http://dx.doi.org/10.1063/1.4927095]

Key words: critical phenomena; cyclopentane; iso-pentane; n-pentane; reference correlations; thermal conduc-
tivity; transport properties.
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THERMAL CONDUCTIVITY OF PENTANES

ethanol,” and ortho-xylene, meta-xylene, para-xylene, and
ethylbenzene,'” covering a wide range of conditions of
temperature and pressure, were reported. In this paper, the
work is extended to the thermal conductivity of cyclopentane,
iso-pentane, and n-pentane.

The goal of this work is to critically assess the available
literature data and provide wide-ranging correlations for the
thermal conductivity of cyclopentane, iso-pentane, and n-
pentane, that are valid over gas, liquid, and supercritical states,
and incorporate densities provided by the recent equation of
state of Gedanitz et al."" for cyclopentane, and the equations of
state of Lemmon and Span'? and Span and Wagner'* for iso-
pentane and n-pentane, respectively. It was decided to treat the
three compounds in one paper, since they are quite similar in
their thermophysical properties, and are often found together.

2. Methodology

The thermal conductivity A is expressed as the sum of three
independent contributions, as

A(p.T) = Ao(T) + Ad(p,T) + Ade(p,T), (D

where p is the density, T is the temperature, and the first
term, Ao(T) = A(0,T), is the contribution to the thermal
conductivity in the dilute-gas limit, where only two-body
molecular interactions occur. The final term, AAd.(p,T), the
critical enhancement, arises from the long-range density
fluctuations that occur in a fluid near its critical point, which
contribute to divergence of the thermal conductivity at the
critical point. Finally, the term AA(p,T), the residual property,
represents the contribution of all other effects to the thermal
conductivity of the fluid at elevated densities.

The identification of these three separate contributions to
the thermal conductivity and to transport properties in general
is useful because it is possible, to some extent, to treat both
Ao(T) and AA(p,T) theoretically. In addition, it is possible to
derive information about 1,(7") from experiment. In contrast,
there is almost no theoretical guidance concerning the residual
contribution, A1(p,T), so its evaluation is based entirely on
experimentally obtained data.

The analysis described above should be applied to the best
available data for the thermal conductivity. Thus, a prerequisite
to the analysis is a critical assessment of the experimental
data. For this purpose, two categories of experimental data
are defined: primary data employed in the development of the
correlation, and secondary data used simply for comparison
purposes. According to the recommendation adopted by
the Subcommittee on Transport Properties (now known as
The International Association for Transport Properties) of
the International Union of Pure and Applied Chemistry,
the primary data are identified by a well-established set of
criteria.'* These criteria have been successfully employed
to establish standard reference values for the viscosity and
thermal conductivity of fluids over wide ranges of conditions,
with uncertainties in the range of 1%. However, in many cases,
such a narrow definition unacceptably limits the range of the
data representation. Consequently, within the primary data
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set, it is also necessary to include results that extend over
a wide range of conditions, albeit with a poorer accuracy,
provided they are consistent with other more accurate data or
with theory. In all cases, the accuracy claimed for the final
recommended data must reflect the estimated uncertainty in
the primary information.

2.1. The dilute-gas limit

In order to be able to extrapolate the temperature range of the
measurements, a theoretically based scheme was preferred to
correlate the dilute-gas limit thermal conductivity, 1,(7'), over
a wide temperature range. The traditional kinetic approach
for thermal conductivity results in an expression involving
three generalized cross sections.'>!® However, it is possible
to derive an equivalent kinetic theory expression for thermal
conductivity by the approach of Thijsse et al.'” and Millat
et al.,' where one considers expansion in terms of total energy,
rather than separating translational from internal energy as is
done traditionally. In this case, the dilute-gas limit thermal
conductivity, Ao(T) (mW m~! K1), of a polyatomic gas can
be shown to be inversely proportional to a single generalized
cross section,>~'® S(10E), as

5K+ T
2m(v)y, S(A0E)” "

where kg is the Boltzmann constant, T (K) is the abso-
lute temperature, fj (-) is the dimensionless higher-order
correction factor, m (kg) is the molecular mass, and (v),
= 4V kgT /mm (m/s) is the average relative thermal speed. The
quantity r? is defined by r? = 2C? /5kp, where C2 is the
contribution of both the rotational, Cy,, and the vibrational,
Cy,.» degrees of freedom to the isochoric ideal heat capacity Cy).

The recent classical trajectory calculations'®?' confirm
that, for most molecules studied, the higher-order thermal-
conductivity correction factor is near unity. One can take
advantage of this finding to define the effective generalized
cross section S; (=S(10E)/ f;) (nm?), and rewrite Eq. (2) for the
dilute-gas limit thermal conductivity, Ao(T) (mW m~! K1), as

Ao(T) = 1000 )

(C/kp)NT
Sa ’

where C, is a constant obtained from the molecular mass and
Eq. (2) for each fluid, and the ideal-gas isobaric heat capacity,
C, (=G + 2.5 kp) in J/K, can be obtained from the literature.

It has been previously noted,'® and recently confirmed'® for
smaller molecules, that the cross section S(10E) exhibits a
nearly linear dependence on the inverse temperature. Hence,
experimental data will be employed to obtain coefficients ag
and a; in

A(T) = Ca (€)

Sl:a0+a1/T. (4)

Although the scheme described by Egs. (3) and (4) is strictly
valid for smaller molecules, it has been found to work very
well as a correlation tool for larger molecules.*>”” Hence,
Egs. (3) and (4) form a consistent set of equations for the
calculation of the dilute-gas limit thermal conductivity.

J. Phys. Chem. Ref. Data, Vol. 44, No. 3, 2015
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2.2. The residual thermal conductivity

The thermal conductivities of pure fluids exhibit an
enhancement over a large range of densities and temperatures
around the critical point and become infinite at the critical
point. This behavior can be described by models that produce
a smooth crossover from the singular behavior of the thermal
conductivity asymptotically close to the critical point to the
residual values far away from the critical point.>>* The
density-dependent terms for thermal conductivity can be
grouped according to Eq. (1) as [AA(p,T) + Ad(p,T)]. To
assess the critical enhancement theoretically, we need to
evaluate, in addition to the dilute-gas thermal conductivity,
the residual thermal-conductivity contribution. The procedure
adopted for this analysis used oprpack (Ref. 25) to fit all
the primary data simultaneously to the residual thermal
conductivity and the critical enhancement, while maintaining
the values of the dilute-gas thermal-conductivity already
obtained. The density values employed were obtained by
the equation of state of Gedanitz et al.'' for cyclopentane,
of Lemmon and Span'” for iso-pentane, and of Span and
Wagner'? for n-pentane. The primary data were weighted in
inverse proportion to the square of their uncertainty.

The residual thermal conductivity was represented with a
polynomial in temperature and density,

5
AA(p,T) = ) (Bii + BoilT/T) (p/ o). )
i=1
Coefficients B;; and B,; will be obtained for each fluid
separately employing the corresponding primary data.

2.3. The critical enhancement

The theoretically based crossover model proposed by
Olchowy and Sengers®>~* is complex and requires solution of
a quartic system of equations in terms of complex variables.
A simplified crossover model has also been proposed by
Olchowy and Sengers.’® The critical enhancement of the

thermal conductivity from this simplified model is given by
_ pCp RDkBT

Ad. = 6mE (2-9Q), (6)

TaBLE |. Thermal-conductivity measurements of cyclopentane
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with
-~ 2 c,-C, _ C, _
Q= - [(C—p) arctan (gp&) + C—quS] @)

and

- 2 1
Qoz—[l—exp(— — — )] ()
n (gpé)~" + (g€ pe/ p)*/3
In Egs. (6)—(8), kg is Boltzmann’s constant, 77 is the viscosity,
and C, and C, are the isobaric and isochoric specific heat
obtained from the literature for each fluid. The correlation
length ¢ is given by
) (T_f) 9p(Tet, ) ]”” )
T T o Ir

Pep )V/ y[ dp(T, p)
I ap

In the above equations for the three fluids studied, values for
the universal constants Rp = 1.02, v = 0.63, and y = 1.239
were employed using a universal representation of the
critical enhancement of the thermal conductivity (based on
a simplified solution of mode-coupling theory with fluid-
specific parameters determined by a corresponding-states
method) by Perkins et al.>” Furthermore, since for these three
fluids very few data exist in the critical region, we employ
the same method presented by Perkins et al.”’ to predict
the effective cutoff wavelength q‘Bl as well as the system-
dependent amplitude I" and &, and the reference temperature
Tref-

§=§0(

3. Thermal-Conductivity Correlations
3.1. The correlation for cyclopentane

Table 1 summarizes, to the best of our knowledge, the
experimental measurements of the thermal conductivity of
cyclopentane reported in the literature. From the nine sets
shown in the table, six were considered as primary data.

The measurements of Assael and Dalaouti*’ were obtained
in absolute transient hot-wire instruments employing two
anodized Ta wires, with uncertainties of 0.5% based on
a full theoretical model proven to operate with such an
uncertainty. Measurements performed by the group of Assael

Year of Technique
First author publication employed” Purity (%) Uncertainty (%) No. of data Temperature range (K) Pressure range (MPa)
Primary data
Watanabe®® 2004 THW 98 0.4 15 257-317 0.1
Marrucho?*° 2003 THW na 3 4 353-413 0.1
Assael® 2001 THW 99.5 0.5 41 234-308 0.1-16.2
Heinemann?!-* 2000 THW na 1 3 335418 0.1
Grigor’ev®? 1981 CcC na 1.5 56 295-455 0.1-150
Andersson®? 1978 THW 99 na 32 218-274 18-250°
Secondary data
Takada®*® 1998 CcC 99 4 1 343 0.1
Sakiadis® 1957 PP 99 1 293-320 0.1
Lambert*®-" 1955 THW 99.4 0.5 1 339 0.1

2CC, coaxial cylinder; na, not available; PP, parallel plate; THW, transient hot wire.
"Includes vapor data employed to derive the dilute-gas thermal-conductivity correlation.
“Restricted to 250 MPa (restriction imposed by the pressure limit of the equation of state').

J. Phys. Chem. Ref. Data, Vol. 44, No. 3, 2015
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Fig. 1. Temperature-pressure ranges of the primary experimental thermal
conductivity data for cyclopentane.
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FiG. 2. Temperature-density ranges of the primary experimental thermal con-
ductivity data for cyclopentane. (——) saturation curve.

have been successfully employed in many thermal-
conductivity reference correlations.">* The measurements
of Watanabe and Kato®® were also performed in an absolute
transient hot-wire instrument, with an uncertainty of 0.4%.
Measurements of these investigators have also been employed
in previous thermal-conductivity reference correlations.*”
Hence, these two sets were considered as primary data.
Heinemann et al.’' and Marrucho et al.”® employed the
same transient hot-wire instrument with two platinum wires
to measure the thermal conductivity of gases and vapors with
a respective uncertainty of 1% and 3%. These measurements,
backed by full theory, were also included in the primary
dataset. The measurements of Grigor’ev and Ishkhanov?? were
performed in a concentric-cylinder instrument with an uncer-
tainty of 1.5%. Measurements performed by this group have
successfully been employed in previous thermal-conductivity
reference correlations,!>* and are therefore considered as
primary data. Finally, the transient hot-wire measurements of
Andersson®® were also included in the primary data set, with
a lower weight, as they extended the temperature and pressure

033102-5

range of application of the correlation. The remaining data
were categorized as secondary data.

Figures 1 and 2 show the ranges of the primary measure-
ments outlined in Table 1; the saturation curve may be seen
in Fig. 2. As already mentioned, the critical enhancement
term will be calculated theoretically; the lack of data in that
region can be seen in Fig. 2. Temperatures for all data were
converted to the ITS-90 temperature scale.*’ The development
of the correlation requires densities; Gedanitz et al.'! recently
reviewed the thermodynamic properties of cyclopentane and
developed an accurate, wide-ranging equation of state valid for
single-phase and saturation states from the triple point (179.7
K) to 550 K at pressures up to 250 MPa, with an expanded
uncertainty in density of 0.2% in the liquid phase, and up to
1% above the critical region. We also adopt their values for the
critical temperature, T, the critical density, p., and the triple-
point temperature, as 511.72 K, 274.921 kg m™3, and 179.7 K,
respectively. Finally, as already mentioned, the isobaric ideal-
gas heat capacity was obtained from the same source.'’

3.1.1. The dilute-gas limit of cyclopentane

Substituting in Eq. (2) the molecular mass [(0.070 1329/
6.022 14 x 10%%) kg] of cyclopentane, Eq. (3) becomes

,(CS/kg) NT

Sa '
The isobaric heat capacity, C, (=Cj + 2.5 kp), can be obtained
from Gedanitz et al.'' as

G o (i exp(ui/T)
£ = =) —————, 11
ke U°+;v(T) [exp(u;/T) - 11 v

where vy = 4.0, v; = 1.34, v, =13.4, v3=17.4, vy =6.65,
uy =230K, up = 1180 K, u3 = 2200 K, and us = 5200 K.

Of the primary measurements shown in Table 1, only Mar-
rucho et al.”® and Heinemann et al.*' performed measurements
near the dilute-gas limit. Hence, data from the secondary sets
of Takada et al.** and Lambert et al.’*® were also considered
for the correlation in the dilute-gas limit. These measurements
were employed, together with Egs. (10) and (11), to obtain the
coefficients ag and a; of Eq. (4), as

Sa=0.3637 + 201.58/T. (12)

A(T) = 6.661238 x 10~ (10)

Equations (10)-(12) form a consistent set of equations for
the calculation of the dilute-gas limit thermal conductivity of
cyclopentane.

The values of the dilute-gas limit thermal conductivity, Ao(7) in mW m~' K~!, obtained by the scheme of Egs.
(10)—(12), were fitted as a function of the reduced temperature 7, = T /T, for ease of use to the following equation:

-8.2523346 +76.336 54 T, — 217.6154 T + 312.298 77 T

A(T) =

1+0.28341479T, + 2.789054 1 T2 + 0.326 4500573

(13)

Values calculated by Eq. (13) do not deviate from the values calculated by the scheme of Egs. (10)—(12) by more than 0.2% over
the temperature range from 180 K to 1000 K. Equation (13) is hence employed in the calculations that will follow.

J. Phys. Chem. Ref. Data, Vol. 44, No. 3, 2015
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Fic. 3. Dilute-gas thermal conductivity of cyclopentane as a function of
temperature. Marrucho ef al.” (a), Heinemann et al.’' (0), Takada et al.>*
(0), Lambert et al.*® (x), values calculated by Eq. (13) (—).

Figure 3 shows the dilute-gas thermal-conductivity values
of the selected investigators, and the values calculated by
Egs. (10)—(12), as a function of the temperature. In Fig. 4,
percentage deviations of the dilute-gas thermal conductivity
of cyclopentane from the scheme of Egs. (10)—(12) are also
shown. They all agree with the present correlation within a
maximum deviation of 3.7%. Based on these measurements,
the uncertainty of the correlation, at the 95% confidence
level over the temperature range 330 K—430 K, is 2.8%. The
correlation behaves in a physically reasonable manner over
the entire range from the triple point to 550 K (the limit of
the equation of state); however, we anticipate the uncertainty
may be larger in the areas where data are unavailable and the
correlation is extrapolated.

3.1.2. The residual and the critical-enhancement
contributions of cyclopentane

As already mentioned, the coefficients B;; and B,; in
Eq. (5) were fitted with oprrack (Ref. 25) to the primary data
for the thermal conductivity of cyclopentane. The crossover
model requires the system-dependent amplitudes I' and &.

180 230 280 330 380 430 480 530 580
T X

FiG. 4. Percentage deviations of the dilute-gas thermal conductivity of cy-
clopentane from the scheme of Eqgs. (10)—(12). Marrucho et al.”® (a), Heine-
mann et al.’! (0), Takada et al.>* (O0), Lambert et al.>® (%), values calculated
by Eq. (13) (—).
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TaBLe 2. Coefficients of Eq. (5) for the residual thermal conductivity of
cyclopentane

i Bly,' (mW 1'1'1_I K_l) BZ,i (mW m'l K_l)
1 9.205 36 x 1072 -4.35129 x 1072
2 -1.726 99 x 107! 1.126 36 x 107!
3 1.265 57 x 107! -9.086 63 x 1072
4 -3.622 96 x 1072 2.809 50 x 1072
5 3.887 18 x 1073 -2.803 68 x 1073

For this work, we adopted the value I' = 0.058 and estimated
& =2.16 x 107'% m, using a universal representation of the
critical enhancement of the thermal conductivity (based on
a simplified solution of mode-coupling theory with fluid-
specific parameters determined by a corresponding-states
method) by Perkins et al.?’ Furthermore, since no data
exist in the critical region, see Fig. 2, we used this same
method”’ to estimate the effective cutoff wavelength 67]51 and
found it equal to 6.24 x 107! m. The viscosity required for
Eq. (6) was estimated by an extended corresponding-states
method of Huber et al.*® The reference temperature Ty, far
above the critical temperature where the critical enhancement
is negligible, was calculated by Ti; = (3/2) T.,*> which for
cyclopentane is 767.58 K. The coeflicients B;; and B,; of
Eq. (5) obtained are shown in Table 2.

Table 3 summarizes comparisons of the primary data with
the correlation. We have defined the percentage deviation as
PCTDEV = 100 * (Adexp — Aft)/ Afi, Where Aeyp is the experi-
mental value of the thermal conductivity and Ay, is the value
calculated from the correlation. Thus, the average absolute
percentage deviation (AAD) is found with the expression
AAD = (3 |PCTDEV|)/n, where the summation is over all
n points, and the bias percent is BIAS = (3}, PCTDEV)/n. We
estimate the uncertainty (at the 95% confidence level) for the
thermal conductivity in the liquid state down to 240 K to be
2.4%, rising to 4% for lower temperatures. For the dilute gas,
over the temperature range 330 K—430 K, we estimate the
uncertainty to be 2.8%. Uncertainties in the critical region are
much larger, since the thermal conductivity approaches infinity
at the critical point and is very sensitive to small changes in
density. In addition, due to lack of data above 455 K, it is
difficult to assess the uncertainty; however, the correlation
behaves in a physically reasonable manner up to the limit of
validity of the equation of state of Gedanitz et al.,'' 550 K.

Figure 5 shows the percentage deviations of all primary
thermal-conductivity data from the values calculated by

TasLEe 3. Evaluation of the cyclopentane thermal-conductivity correlation for
the primary data

First author Year of publication AAD (%) BIAS (%)
Watanabe?® 2004 0.23 -0.21
Marrucho? 2003 3.55 -3.55
Assael® 2001 0.23 0.03
Heinemann®! 2000 2.44 —2.44
Grigor’ev? 1981 0.46 -0.21
Andersson’? 1978 2.69 0.78
Entire data set 1.19 -0.02
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Fic. 5. Percentage deviations of primary experimental data of cyclopentane
from the values calculated by the present model, Egs. (1), (5)-(9), and (13), as
a function of density. Watanabe and Kato?® (@), Marrucho et al.”’ (a), Assael
and Dalaouti*® (x), Heinemann et al.’' (a), Andersson®® (), Grigor’ev and
Ishkhanov?? (&).

Egs. (1), (5)—(9), and (13), as a function of the density. The
lack of experimental data in the critical region is apparent.
Figures 6 and 7 show the same deviations, but as a function of
the temperature and pressure, respectively.

Table 4 shows the average absolute percentage deviation
(AAD) and the bias for the secondary data. Finally, Figs. 8 and
9 show the thermal conductivity of cyclopentane as a function
of the temperature for different pressures, and as a function
of the density for different temperatures. The theoretically
predicted values of the thermal conductivity around and above
the critical point are shown.

In Table 5, recommended values for the thermal
conductivity are given. For checking computer imple-
mentations of the correlation, a point is provided for
testing code with critical enhancement at 512.0 K and
400.0 kg m~3 (5.0512 MPa), where the thermal conductivity
is 69.698 mW m~! K~'; the dilute-gas thermal conductivity,
A,(512 K)=37.042 mW m™! K!, the residual term
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FiG. 6. Percentage deviations of primary experimental data of cyclopentane
from the values calculated by the present model, Egs. (1), (5)—(9), and (13),
as a function of temperature. Watanabe and Kato®® (@), Marrucho et al. 29 (n),
Assael and Dalaouti*” (x), Heinemann ef al.’' (o), Andersson™ (), Grigor’ev
and Ishkhanov* (&).
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FiG. 7. Percentage deviations of primary experimental data of cyclopentane
from the values calculated by the present model, Egs. (1), (5)-(9), and (13), as
a function of pressure. Watanabe and Kato?® (@), Marrucho et al.” (a), Assael
and Dalaouti*® (x), Heinemann er al.®' (a), Andersson® (), Grigor’ev and
Ishkhanov?? (&).

TasLE 4. Evaluation of the cyclopentane thermal-conductivity correlation for
the secondary data

First author Year of publication AAD (%) BIAS (%)

Takada** 1998 0.01 -0.01

Sakiadis® 1957 3.42 -342

Lambert* 1955 5.10 5.10
250

200 [5

150 |
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100 |
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Fic. 8. Thermal conductivity of cyclopentane as a function of temperature for
different pressures.

AA(400.0 kg m™3 512 K)=24.018 mW m~! K!, and
the critical enhancement term, AA1(400.0 kg m~3, 512 K)
=8.638 mW m~' K~!. The viscosity used in the calculation
of the enhancement for this state point is 40.842 pPa s.

3.2. The correlation for iso-pentane

Table 6 summarizes, to the best of our knowledge, the
experimental measurements of the thermal conductivity of
iso-pentane reported in the literature. From the eleven sets
shown in the table, four were considered as primary data.

The measurements of Al-Harbi et al.*! were obtained in
an absolute transient hot-wire instrument employing two
anodized Ta wires, with uncertainties of 0.3% based on
a full theoretical model proven to operate with such an

J. Phys. Chem. Ref. Data, Vol. 44, No. 3, 2015
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Fig. 9. Thermal conductivity of cyclopentane as a function of density for
different temperatures.

uncertainty. Measurements performed by this group (headed
by Wakeham) have been successfully employed in many
thermal-conductivity reference correlations.”*7-10

Heinemann et al.’' and Dohrn et al.*’ employed the same
transient hot-wire instrument with two platinum wires to
measure the thermal conductivity of gases and vapors with a
respective uncertainty of 1% and 3%. These measurements,
backed by full theory, were also employed successfully
in the reference correlation of the thermal conductivity of
cyclopentane, and thus they are included in the primary data.
Finally, the measurements of Senftleben,*” performed in a
hot-wire instrument with an uncertainty extending to 2%,
were also included in the primary data set, as they extend
to higher temperatures. The remaining data were categorized
as secondary data.

Figures 10 and 11 show the ranges of the primary measure-
ments outlined in Table 6; the saturation curve can be seen in
Fig. 11. As already mentioned, the critical enhancement term
will be calculated theoretically; the lack of data in that region
can be seen in Fig. 1 1. Temperatures for all data were converted
to the ITS-90 temperature scale.’’” The development of the

VASSILIOU ET AL.

TaBLE 5. Recommended values of
(mW m™' K™")

cyclopentane thermal conductivity

Temperature (K)

Pressure (MPa) 200 300 400 500
0 4.489 11.25 21.94 35.32
0.1 166.8 125.9 22.39 35.62
50 145.8 120.2 104.0
100 161.3 139.3 125.3
150 174.6 154.9 142.3
200 186.5 168.6 157.1
250 180.9 170.4

an accurate, wide-ranging equation of state valid for single-
phase and saturation states from the triple point (112.65 K)
to 500 K at pressures up to 1000 MPa. The uncertainties are
approximately 0.2% in density at temperatures up to 320 K,
0.5% in density at higher temperatures, 2% in heat capacity
above 250 K, 4% in heat capacity at lower temperatures with
an expanded uncertainty of 0.2% in the liquid phase, and up
to 1% above the critical region. We also adopt their values
for the critical temperature, T¢, and the critical density, p., as
460.35 K and 236.0 kg m~, respectively. Finally, as already
mentioned, the isobaric ideal-gas heat capacity was obtained
from the same source.'”

3.2.1. The dilute-gas limit of iso-pentane

Substituting in Eq. (2) the molecular mass [(0.072 148 78/
6.022 14 x 10%) kg] of iso-pentane, Eq. (3) becomes

,(CS/ks) NT

A4(T) = 6.567 509 x 10~
Sa

(14)

The isobaric heat capacity, C107 (=C§1 . +2.5kp),can be obtained
from Lemmon and Span'? as

correlation requires densities; Lemmon and Span'? reviewed C_; = v+ 24: v-( Ui )2 exp(u;/T) (15)

. . . - L )
the thermodynamic properties of iso-pentane and developed kg = T/ [exp(u;/T) - 1
TaBLE 6. Thermal-conductivity measurements of iso-pentane

Year of Technique

First author publication employed” Purity (%) Uncertainty (%) No. of data Temperature range (K) Pressure range (MPa)
Primary data
Dohrn*-® 2007 THW >99 3 12 343-391 0.1-0.5
Heinemann?!-® 2000 THW na 1 4 354-391 0.1
Al-Harbi*! 1991 THW >99 0.3 43 307-355 32-406
Senftleben*>® 1964 HW na 1-2 8 273-673 0.03-0.7
Secondary data
Parkinson** 1972 THW 99 2 2 323,373 0.1
Vileu* 1972 THW na na 4 323-357 0.1
Filippov* 1968 CcC na 3 7 283-300 0.1
Vilim*® 1960 CC na 2 1 293 0.1
Sakiadis® 1957 PP 99 1 10 302-323 0.1-0.2
Lambert*®-° 1955 THW 99.4 0.5 1 339 0.1
Moser 1913 na na na 5 273-457 0.03-0.1

2CC, coaxial cylinder; na, not available; HW, hot wire; PP, parallel plate; THW, transient hot wire.
“Includes vapor data employed to derive the dilute-gas thermal-conductivity correlation.

J. Phys. Chem. Ref. Data, Vol. 44, No. 3, 2015
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where vy =4.0, v, =7.4056, v, =9.5772, v; = 15.765,
vy =12.119, uy =442 K, u, = 1109 K, u3z = 2069 K, and
uy = 4193 K.

Of the primary measurements shown in Table 6, only
Dohrn et al.,*® Heinemann et al.,>' and Senftleben*? performed
measurements near the dilute-gas limit. Hence, data from the
secondary sets of Parkinson and Gray,* Vilcu and Ciochina,**
and Lambert et al.>® were also considered for the correlation
in the dilute-gas limit. These measurements were employed,
together with Eqs. (14) and (15), to obtain the coefficients ag

J

0.773049 — 15.9754 T, + 218.987 T* — 329.556 T3 + 281.075 T* + 53.326 T?

033102-9

and a, of Eq. (4), as
Sy, = 0.2325 + 265.63/T. (16)

Equations (14)-(16) form a consistent set of equations for
the calculation of the dilute-gas limit thermal conductivity of
iso-pentane.

The values of the dilute-gas limit thermal conductivity,
Ao(T) in mW m~! K~!, obtained by the scheme of Egs.
(14)—(16), were fitted as a function of the reduced temperature
T = T/T. for ease of use to the following equation:

A(T) =

Values calculated by Eq. (17) do not deviate from the values
calculated by the scheme of Egs. (10)—(12) by more than
0.05% over the temperature range from 113 K to 1000 K.
Equation (17) is hence employed in the calculations that will
follow.

Figure 12 shows the dilute-gas thermal conductivity values
of the selected investigators, and the values calculated by
Egs. (14)—(16), as a function of the temperature. In Fig. 13,
percentage deviations of the dilute-gas thermal conductivity of
iso-pentane from the scheme of Egs. (14)—(16) are also shown.
Based on these measurements, the estimated uncertainty of the
correlation, at the 95% confidence level, over the temperature
range 273 K-673 K, is 4.5%. The correlation behaves in
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Fig. 10. Temperature-pressure ranges of the primary experimental thermal-
conductivity data for iso-pentane.
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Fig. 11. Temperature-density ranges of the primary experimental thermal-
conductivity data for iso-pentane. (- -) saturation curve.
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(

a physically reasonable manner over the extrapolated range
down to the triple point; however, we anticipate the uncertainty
may be larger as the triple point is approached.
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Fig. 12. Dilute-gas thermal conductivity of iso-pentane as a function of
temperature. Dohrn et al.*’ (), Heinemann et al.*' (0), Vilcu and Ciochina**
(a), Parkinson and Gray*® (&), Senftleben* (), Lambert et al.*° (%), values
calculated by Eq. (17) (—).
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Fic. 13. Percentage deviations of the dilute-gas thermal conductivity of iso-
pentane from the scheme of Eqs. (14)-(16). Dohrn et al.*’ (#), Heinemann
et al.*' (0), Vilcu and Ciochina** (a), Parkinson and Gray** (<), Senftleben*
(0), Lambert et al.*® (X), values calculated by Eq. (17) (—).
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TasLe 7. Coefficients of Eq. (5) for the residual thermal conductivity of
iso-pentane

i Bl,i (mW 1'1’1_1 K_l) B2yi (mW 1'1'1_1 K_])

1 —-1.175 07 x 10! 5.140 03 x 10°
2 —1.613 46 x 10! 5.584 45 x 10!
3 5.272 54 x 10! -9.514 74 x 10!
4 —2.749 40 x 10! 4.752 68 x 10!
5 4.548 17 x 10° —7.292 96 x 10°

3.2.2. The residual and the critical-enhancement
contributions of iso-pentane

As already mentioned, the coefficients B;; and B,; in
Eq. (5) were fitted with oprrack (Ref. 25) to the primary
data for the thermal conductivity of iso-pentane. As was
done for cyclopentane, we used the theoretically based
model of Perkins et al.?’ to obtain the system-dependent
amplitudes I' and &y, which were found to be I' = 0.058 and &
=2.27 x 107! m, and again, due to lack of experimental data
in the critical region, estimated the effective cutoff wavelength
q‘BI to be 6.64 x 1071 m. The viscosity required for Eq. (6)
was obtained by REFPROP v9.1 (Ref. 48). The reference
temperature Ty; was calculated by Tyt = (3/2) T, which for
iso-pentane is 690.53 K. The coefficients B;; and B,; of
Eq. (5) obtained are shown in Table 7.

Table 8 summarizes comparisons of the primary data with
the correlation. We estimate the uncertainty (at the 95%
confidence level) for the thermal conductivity in the liquid
state from 307 K to 355 K at pressures to 400 MPa to be 1%.
However, this is a somewhat small temperature range and
unfortunately high-quality dense-fluid data are unavailable
outside of this range. Based on our experience with other
fluids, we estimate that the uncertainty in the liquid and
supercritical region is on the order of 4%-5%, and the
correlation behaves in a physically reasonable manner over the
range of applicability of the equation of state of Lemmon and
Span.'? For the thermal conductivity of the dilute gas, over the
temperature range 273 K to 673 K, we estimate the uncertainty
to be 4.5%. Future measurements should be made over a
wider range of temperatures (above 355 K and below 307 K)
to allow more thorough validation of this correlation, or the
development of a new one if necessary. Additional gas-phase
measurements are also desirable, since there is considerable
scatter in the present data as shown in Fig. 13.

Figure 14 shows the percentage deviations of all primary
thermal-conductivity data from the values calculated by
Egs. (1), (5)—(9), and (17), as a function of the density. The
lack of experimental data in the critical region is apparent.

TasLE 8. Evaluation of the iso-pentane thermal-conductivity correlation for
the primary data

First author Year of publication AAD (%) BIAS (%)
Dohrn* 2007 1.00 1.00
Heinemann®! 2000 3.88 3.88
Al-Harbi*! 1991 0.32 0.001
Senftleben*? 1964 2.87 -2.51
Entire data set 0.97 0.05
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Fic. 14. Percentage deviations of primary experimental data of iso-pentane
from the values calculated by the present model, Egs. (1), (5)—(9), and (17), as
a function of density. Dohrn ef al.*’ (o), Heinemann et al.’' (4), Senftleben*
(0), Al-Harbi et al.*! (@).
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FiG. 15. Percentage deviations of primary experimental data of iso-pentane
from the values calculated by the present model, Egs. (1), (5)—(9), and (17),
as a function of temperature. Dohrn et al.*’ (O0), Heinemann et al’' (a),
Senftleben*? (<), Al-Harbi et al.*! (®).
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Fic. 16. Percentage deviations of primary experimental data of iso-pentane
from the values calculated by the present model, Egs. (1), (5)-(9), and (17), as
a function of pressure. Dohrn ez al.* (00), Heinemann et al.>' (a), Senftleben*
(0), Al-Harbi et al.*! (@).

Figures 15 and 16 show the same deviations but as a function
of the temperature and pressure, respectively.

Table 9 shows the average absolute percentage deviation
(AAD) and the bias for the secondary data. Finally, Figs. 17
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TasLe 9. Evaluation of the iso-pentane thermal-conductivity correlation for
the secondary data
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TaBLe 10. Recommended values of iso-pentane thermal conductivity
(mW m™' K1)

First author Year of publication AAD (%) BIAS (%)
Parkinson*} 1972 1.57 0.85
Vilcu* 1972 0.56 0.22
Filippov® 1968 9.15 9.15
Vilim*® 1960 6.90 6.90
Sakiadis® 1957 8.37 8.37
Lambert?° 1955 0.33 0.33
Moser*’ 1913 5.38 -4.50

250 J 1 1 T 1 1 L T LI T 1 1 1 LI B |

200 |
M 150|-
g -
3 -
é -
S 100

I \\ T 0.1 MP]

B S~ ]

0 S ]

i _— ]

0 M{ L L ‘ L L L | L Il L L ‘ L L L | ‘ L L | Il ]

200 300 400 500 600 700

T(K)

FiG. 17. Thermal conductivity of iso-pentane as a function of temperature for
different pressures.
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Fic. 18. Thermal conductivity of iso-pentane as a function of density for
different temperatures.

and 18 show the thermal conductivity of iso-pentane as a
function of the temperature for different pressures, and as
a function of the density for different temperatures. The
theoretically predicted values of the thermal conductivity
around and at temperatures above the critical point are shown.

In Table 10, recommended values for the thermal
conductivity are given. For checking computer imple-
mentations of the correlation, a point is provided for
testing code with critical enhancement at 460 K and
329.914 kg m~3 (3.5 MPa), where the thermal conductivity is
59.649 mW m~! K7!; the dilute-gas thermal conductivity,
1,460 K)=35.883 mW m! K~!, the residual term
AA(329.914 kg m3, 460 K) = 14.321 mW m~' K~!, and

Temperature (K)

Pressure (MPa) 200 300 400 500
0 6.1 14.6 26.9 423
0.1 138.5 101.1 26.9 42.3
50 158.8 126.1 110.1 100.8
100 176.5 144.0 131.7 127.0
150 158.9 148.0 146.0
200 172.0 161.4 161.2
250 183.7 172.9 173.7
300 194.5 183.0 184.3
400 214.1 200.0 201.3

the critical enhancement term, A1(329.914 kg m™, 460 K)
=9.445 mW m~! K~!. The viscosity used in the calculation
of the enhancement for this state point is 36.170 pPa s.

3.3. The correlation for n-pentane

Table 11 summarizes, to the best of our knowledge, the
experimental measurements of the thermal conductivity of n-
pentane reported in the literature. From the 30 sets shown in
the table, 11 were considered as primary data.

The measurements of Palavra et al.’® and Papadaki et a
were obtained in absolute transient hot-wire instruments
employing two anodized Ta wires, with uncertainties of 0.3%
based on a full theoretical model proven to operate with
such an uncertainty. Measurements performed by this group
(headed by Wakeham) have been successfully employed in
many thermal-conductivity reference correlations.>*"!% The
measurements of Watanabe*>" were also performed in an
absolute transient hot-wire instrument, with an uncertainty of
0.5%. Measurements of this investigator have been employed
successfully in the thermal-conductivity reference correlation
of cyclopentane and also in previous thermal-conductivity
reference correlations.*”” Transient hot-wire instruments were
also employed by Sun et al.’' and Kandiyoti et al.,’® with
uncertainties of 1% and 1.3%, respectively. The measurements
of Sun et al>' were successfully included in the thermal-
conductivity reference correlation of toluene,* while the
measurements of Kandiyoti et al.>® were included in the cor-
responding correlation for n-heptane.” Thus, all the aforemen-
tioned measurements were included in the primary dataset.

Heinemann et al.’' and Dohrn et al.*’ employed the same
transient hot-wire instrument with two platinum wires to
measure the thermal conductivity of gases and vapors with a
respective uncertainty of 1% and 3%. These measurements,
backed by full theory, were also employed successfully
in the reference correlation of the thermal conductivity of
cyclopentane and iso-pentane. The measurements of Dohrn
et al.*" were thus considered as primary data. However, as
will be shown in Sec. 3.3.2, the n-pentane measurements
of Heinemann et al.’' are, for no apparent reason, about
10% higher than everybody else; hence, these were not
included in the primary data. A hot-wire instrument was
employed by Mukhamedzyanov et al.’’ for measurements
to high pressures, with an uncertainty of 2%. Measurements

l_SZ
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TasLE 11. Thermal-conductivity measurements of n-pentane

VASSILIOU ET AL.

Year of Technique
First author publication employed” Purity (%) Uncertainty (%) No. of data Temperature range (K) Pressure range (MPa)
Primary data
Dohrn*®® 2007 THW >99 3 12 343-407 0.1-0.5
Watanabe® 2003 THW 98 0.5 1 298 0.101
Watanabe™’ 2002 THW 98 0.5 12 259-306 0.012-0.091
Sun’! 2002 THW 99.5 0.5 176 297-429 0.68-34.61
Papadaki® 1993 THW 99.9 1 1 306 0.091
Palavra®? 1987 THW 99 0.3 58 306-359 1.8-70¢
Naziev>*? 1984 CcC na 2 18 373-624 0.1-2.0
Naziev™ 1981 CcC na 1.5 42 174-287 0.1-50.0
Kandiyoti* 1972 THW 99.98 1.3 18 146-286 0-0.004
Mukhamedzyanov®’ 1971 HW 99.94 2 53 298-448 0.098-70°
Brykov>® 1970 CcC na 2 16 153-303 0.101
Secondary data
Shi* 2006 THW 99.99 na 8 377-378 34.17
Heinemann®! 2000 THW na 1 3 355-421 0.4-1.5
Rowley® 1987 THW 99.99 1 1 298 0.101
El-Sharkawy®! 1983 na 98.9 25 9 293-373 0.057-0.592
Bulanov®? 1974 na na 2 8 303-333 0.1-0.04
Mallan® 1972 THW na 25 9 299-379 0.07-0.68
Bogatov® 1969 na na na 51 293-473 0.0098-49.0
Carmichael®" 1969 CcC na 0.4 117 277477 0.03-34.47
Pittman® 1968 THW 99.98 0.5 5 146-286 0.101
Jobst®’ 1964 na na 2.0 9 183-303 0.101
Vilim* 1960 HW na 2.0 2 293-309 0.101
Smith®® 1960 CcC 99.9 4.0 5 323-423 0.101
Lambert*" 1955 THW 99.4 0.5 1 339 0.101
Bromley®- 1952 na na 4 1 293 0.06
Riedel” 1948 CcC 99.99 na 1 293 0.101
Smith”! 1936 CcC na na 2 303-333 0.08-0.21
Bridgman’? 1923 CcC na 0.1 4 303-348 0-70¢
Moser*’-" 1913 na na na 2 273-293 0.02-0.06
Goldschmidt” 1911 HW na na 4 194-273 0.101

2CC, coaxial cylinder; na, not available; HW, hot wire; THW, transient hot wire.

"Includes vapor data employed to derive the dilute-gas thermal-conductivity correlation.
“Restricted to 70 MPa (restriction imposed by the pressure limit of the equation of state).

of this investigator were successfully employed in previous
thermal-conductivity reference correlations,® and thus were
included in the primary dataset.

Finally, a concentric-cylinder instrument was employed by
Naziev et al.>* at high temperatures, and by Naziev et al.> and
Brykov et al.’® at low temperatures, with uncertainties of less
than 2%. Measurements of Naziev et al.*** were included
in previous thermal-conductivity reference correlations,® !0
while those of Brykov et al.’® were employed in the
reference correlations of ethanol’ and ethylbenzene.'? These
measurements also formed part of the primary dataset. The
remaining data were categorized as secondary data.
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Fic. 19. Temperature-pressure ranges of the primary experimental thermal-
conductivity data for n-pentane.
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Figures 19 and 20 show the ranges of the primary
measurements outlined in Table 11; the saturation curve
can be seen in Fig. 20. As already mentioned, the critical
enhancement term will be calculated theoretically; the lack of
data in that region can be seen in Fig. 20. Temperatures for
all data were converted to the ITS-90 temperature scale.>’ The
development of the correlation requires densities; Span and
Wagner'® developed an accurate, wide-ranging equation of
state valid for single-phase and saturation states from the triple
point (143.47 K) to 600 K at pressures up to 70 MPa—this
pressure limit also restricts the present thermal-conductivity
correlation. The uncertainty in density is approximately 0.2%,
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Fic. 20. Temperature-density ranges of the primary experimental thermal-
conductivity data for n-pentane. (- -) saturation curve.
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rising to 0.5% at higher pressures. We also adopt their values
for the critical temperature, T¢, and the critical density, p., as
469.7 K and 232.0 kg m~3, respectively. The isobaric ideal-gas
heat capacity was obtained by Jaeschke and Schley,’* valid
over the temperature range 200-1000 K with an uncertainty
of 0.5% rising to 1% at higher temperatures.

3.3.1. The dilute-gas limit of n-pentane

Substituting in Eq. (2) the molecular mass [(0.072 149/
6.022 14 x 10%%) kg] of n-pentane, Eq. (3) becomes

L(CO kT

A(T) = 6.532926 x 10
Sa

(18)

The isobaric heat capacity, C[‘; (:Ci‘;ll + 2.5 kg), can be obtained
from Jaeschke and Schley’* as

Cg _ M]/T 2 M2/T 2
k_B Srorn sinh(u;/T) e cosh(uy/T)
M3/T 2
+U3{m} s (19)

A(T) =

~3.966 85 + 35.3805T; + 5.115 54T2 — 108.585T3 + 179.573T* + 39.2128T?

033102-13

where vy = 4.0, v; = 8.95043, v, = 21.8360, v; = 33.4032,
uy = 178.670 K, u, = 840.538 K, and u3 = 1774.25 K.

Of the primary measurements shown in Table 11, only
Dohrn et al.** and Naziev et al.’>* performed measurements
near the dilute-gas limit. Hence, data from the second-
ary sets of Carmichael et al.. Smith et al.,®® Lambert
et al.,’® Bromley,® and Moser*’ were also considered for the
correlation in the dilute-gas limit. We note that the lowest
temperature point of Naziev et al.>* was not considered, as it
showed a deviation of more than 10% from all other points.
These measurements were employed, together with Egs. (18)
and (19), to obtain the coefficients ag and a; of Eq. (4),
as

Sy =0.3282 +240.52/T. (20)

Equations (18)—(20) form a consistent set of equations for
the calculation of the dilute-gas limit thermal conductivity of
n-pentane.

The values of the dilute-gas limit thermal conductivity,
Ao(T) in mW m™" K~!, obtained by the scheme of Egs.
(18)—(20), were fitted as a function of the reduced temperature
T; = T/T. for ease of use to the following equation:

2.71636 — 5.762 65T, + 6.778 85T2 — 0.591 35T + T*

Values calculated by Eq. (21) do not deviate from the values
calculated by the scheme of Egs. (18)—(20) by more than
0.03% over the temperature range from the triple point to
1000 K. Equation (21) is hence employed in the calculations
that will follow.

Figure 21 shows the dilute-gas thermal conductivity values
of the selected investigators, and the values calculated by
Egs. (18)—(20), as a function of the temperature. In Fig. 22,
percentage deviations of the dilute-gas thermal conductivity of
n-pentane from the scheme of Eqgs. (18)—(20) are also shown.
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FiG. 21. Dilute-gas thermal conductivity of n-pentane as a function of tem-
perature. Dohrn et al.*’ (), Naziev et al.>* (0), Carmichael et al.®® (<), Smith
et al.%® (%), Bromley® (O0), Moser*’ (a), values calculated by Eq. (21) (—).

2

(

They all agree with the present correlation within a maximum
deviation of 5%. Based on these measurements, the uncertainty
of the correlation, at the 95% confidence level, is 3.8%.

3.3.2. The residual and the critical-enhancement
contributions of n-pentane

As already mentioned, the coefficients B;; and B,; in
Eq. (5) were fitted with oprpack (Ref. 25) to the primary

50
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FiG. 22. Percentage deviations of the dilute-gas thermal conductivity of
n-pentane from the scheme of Egs. (18)—(20). Dohrn et al.* (e), Naziev
et al.>* (0), Carmichael et al.% (<), Smith et al.%® (%), Bromley® (0), Moser*’
(a), values calculated by Eq. (21) (—).
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TasLe 12. Coefficients of Eq. (5) for the residual thermal conductivity of
n-pentane

i

Bl,i (mW 1'1’1_1 K_l)

B2yi (mW 1'1'1_1 K_I)

1 7.760 54 x 107! 7.976 96 x 10°
2 1.176 55 x 107 —7.858 88 x 10!
3 -1.331 01 x 10? 9.160 89 x 10!
4 5.340 26 x 10" —-3.704 31 x 10!
5 —-6.879 30 x 10° 5.096 20 x 10°

data for the thermal conductivity of n-pentane. As was done
for cyclopentane and iso-pentane, we used the values I'
=0.058 and &y = 2.27 x 1071° m, obtained from the method
by Perkins et al.>” Furthermore, as in the case of cyclopentane
and iso-pentane (see Secs. 3.1.2 and 3.2.2), since few data
exist in the critical region, see Fig. 20, we estimated the
effective cutoff wavelength cjlgl using the method of Perkins
et al.”’ and obtained 6.68 x 10719 m. The viscosity required
for Eq. (6) was estimated by an extended corresponding-states
method of Huber et al.?® The reference temperature Ty was
calculated by Tyt = (3/2) T, which for n-pentane is 704.55
K. The coefficients B; ; and B, ; of Eq. (5) obtained are shown
in Table 12.

Table 13 summarizes comparisons of the primary data
with the correlation. We estimate the uncertainty (at the 95%
confidence level) for thermal conductivity from the triple point
up to 624 K to be about 3.6% at pressures up to 70 MPa.
For the dilute gas, we estimate the uncertainty to be 3.8%.
Uncertainties in the critical region are much larger, since the
thermal conductivity approaches infinity at the critical point
and is very sensitive to small changes in density.

Figure 23 shows the percentage deviations of all primary
thermal-conductivity data from the values calculated by
Egs. (1), (5)—(9), and (21), as a function of the density. The
lack of experimental data in the critical region is apparent.
Figures 24 and 25 show the same deviations, but as a function
of the temperature and pressure, respectively.

Table 14 shows the average absolute percentage deviation
(AAD) and the bias for the secondary data. Finally, Figs. 26
and 27 show the thermal conductivity of n-pentane as a
function of the temperature for different pressures, and as
a function of the density for different temperatures. The

TasLe 13. Evaluation of the n-pentane thermal-conductivity correlation for
the primary data

First author Year of publication AAD (%) BIAS (%)
Dohrn*’ 2007 0.92 -0.41
Watanabe® 2003 0.46 -0.46
Watanabe™” 2002 0.36 -0.36
Sun’! 2002 3.32 -3.25
Papadaki52 1993 1.61 1.61
Palavra® 1987 1.03 -0.13
Naziev™* 1984 1.97 -1.61
Naziev> 1981 0.98 0.45
Kandiyoti* 1972 2.05 2.05
Mukhamedzyanov®’ 1971 2.19 1.01
Brykov>® 1970 2.70 2.70
Entire data set 1.79 0.01
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Fic. 23. Percentage deviations of primary experimental data of n-pentane
from the values calculated by the present model, Egs. (1), (5)—(9), and (21),
as a function of density. Dohrn et al.*’ (x), Watanabe® (®), Sun et al.’! (a),
Watanabe™ (o), Papadaki et al.’”> (0), Palavra et al.>> (%), Naziev et al>*
(n), Naziev et al.> (+), Kandiyoti et al.>® (m), Mukhamedzyanov et al.’’ (),
Brykov et al.’® (o).

theoretically predicted values of the thermal conductivity
around and at temperatures above the critical point are shown.

In Table 15, recommended values for the thermal conduc-
tivity are given. As the equation of state of Span and Wagner'*
is valid up to 70 MPa, we provide recommended values
only up to this limit of pressure. For checking computer
implementations of the correlation, a point is provided
for testing code with critical enhancement at 460 K and
377.687 kg m~3 (3.3 MPa), where the thermal conductivity
is 71.300 mW m™' K°!; the dilute-gas thermal conduc-
tivity, 15(460 K) = 34.048 mW m~' K~!, the residual term
AA(377.687 kg m~3, 460 K) =33.325 mW m~' K~!, and
the critical enhancement term, AA(377.687 kg m~3, 460 K)
=3.927 mW m~! K~!. The viscosity used in the calculation
of the enhancement for this state point is 49.465 pPa s.
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FiG. 24. Percentage deviations of primary experimental data of n-pentane
from the values calculated by the present model, Egs. (1), (5)—(9), and (21),
as a function of temperature. Dohrn et al.*’ (x), Watanabe*’ (@), Sun et al.”!
(a), Watanabe™ (O0), Papadaki et al.” (0), Palavra et al.>® (x), Naziev et al.>*
(n), Naziev et al.> (+), Kandiyoti et al.>® (m), Mukhamedzyanov et al.’’ (),
Brykov et al.’® (o).
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Fig. 25. Percentage deviations of primary experimental data of n-pentane
from the values calculated by the present model, Egs. (1), (5)—(9), and (21),
as a function of pressure. Dohrn et al.*’ (x), Watanabe® (@), Sun et al.”!
(a), Watanabe™ (O0), Papadaki et al.> (0), Palavra et al.>® (), Naziev et al.>*
(n), Naziev et al.> (+), Kandiyoti et al.>® (m), Mukhamedzyanov et al.’’ (),
Brykov et al.’® (o).

TasLE 14. Evaluation of the n-pentane thermal-conductivity correlation for
the secondary data

First author Year of publication AAD (%) BIAS (%)
Shi*? 2006 3.57 -3.57
Heinemann®' 2000 8.32 8.32
Rowley® 1987 0.56 0.56
El-Sharkawy®! 1983 24.5 24.5
Bulanov®? 1974 437 4.37
Mallan®? 1972 3.02 3.02
Bogatov® 1969 3.61 -3.61
Carmichael® 1969 5.71 -5.20
Pittman®® 1968 2.08 2.08
Jobst®’ 1964 1.12 0.84
Vilim*® 1960 7.18 7.18
Smith®® 1960 0.96 0.09
Lambert*® 1955 1.51 -1.51
Bromley69 1952 2.23 -2.23
Riedel”® 1948 0.13 0.13
Smith”! 1936 21.04 21.04
Bridgmann 1923 11.75 -9.17
Moser*’ 1913 1.55 1.55
Goldschmidt”? 1911 31.5 -29.1
200
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FiG. 26. Thermal conductivity of n-pentane as a function of temperature for
different pressures.
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Fig. 27. Thermal conductivity of n-pentane as a function of density for
different temperatures.

TaBLe 15. Recommended values of n-pentane thermal conductivity
(mW m™' K1)

Temperature (K)

Pressure (MPa) 200 300 400 500

0 6.83 14.6 259 39.9
0.1 148.4 111.1 26.0 39.9
20 154.3 122.4 97.4 86.3
40 159.4 131.7 109.7 99.6
60 163.8 139.7 119.8 110.2
70 165.8 1434 124.3 114.9

4. Conclusion

New, wide-range reference equations for the thermal
conductivity of cyclopentane, iso-pentane, and n-pentane were
presented. The equations are based in part upon a body
of experimental data that has been critically assessed for
internal consistency and for agreement with theory whenever
possible. In the case of the dilute-gas thermal conductivity,
a theoretically based correlation was adopted in order to
extend the temperature range of the experimental data. In the
critical region, the enhancement of the thermal conductivity is
well represented by theoretically based equations containing
just one adjustable parameter, estimated by a predictive
scheme. The thermal-conductivity equations behave in a
physically reasonable manner over a wide range of conditions
corresponding to the range of validity of the most accurate
equations of state for each fluid. The estimated uncertainties
of the correlations depend on the availability of accurate
experimental data for validation, and are different for each
fluid, varying from a low of 1% for the liquid phase of
iso-pentane over the temperature range 307 K < 7' < 355 K
at pressures up to 400 MPa (where high-accuracy data are
available) to a more typical 4% for the liquid phase of
cyclopentane over the temperature range 218 K < 7' < 240 K
at pressures to 250 MPa. Estimated uncertainties in the gas
phase are typically on the order of 3%—5%. In all three cases,
uncertainties in the critical region are much larger, since the
thermal conductivity approaches infinity at the critical point
and is very sensitive to small changes in density.
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