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The available experimental liquid-phase thermal conductivity data for water, toluene,
and n-heptane have been examined with the intention of establishing standard reference
values along the saturation line. The quality of available data is such that for toluene and

-water new standard reference values can be proposed with confidence limits better than
=+ 1.0% for most of the normal liquid range. For #-heptane there are insufficient reliable
experimental data for the system to be treated as a primary reference standard, so a lower
quality correlation has been developed which yields a set of secondary reference data with
confidence limits of + 1.5% for most of the normal liquid range.
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1. introduction

The thermal conductivity of liquids has proved to be
one of the most difficult thermophysical properties to mea-
sure accurately. As a consequence it was not until 1951 that
any proposal was made for standard reference data for this
fluid property. At that time Riedel’ suggested that liquid
toluene be adopted as a standard reference material and pro-
posed a set of standard reference values. Subsequent mea-
surements did little to substantiate the proposed values or to
halt the apparent systematic downward trend of the thermal
conductivity of toluene with time which is iltustrated in Fig.
1 (Ref. 2) for a temperature of 293.15 K. The inherent diffi-
culty in the measurement of the thermal conductivity arises
from the fact that it is impossible to decouple the process of
heat conduction from convection, in experiments performed
in a gravitational field, and radiative heat transfer under any
conditions. Since 1951, and most especially since 1977, tech-
nological advances, and in particular the development of the
transient hot-wire technique, have brought about an im-
provement in the precision of measurement of about an or-
der of magnitude.>”

The latest set of general recommendations for thermal
conductivity standards are set out in a document® published
in 1981, which originates from the recommendations accept-
ed in 1977, by the Commmission on Physicochemical Mea-
surements and Standards of the Physical Chemistry Divi-
sion of the International Union of Pure and Applied
Chemistry (IUPAC). These recommendations were pri-
marily for use in industrial calibrations, and because they are
based upon experimental data prior to 1973 they do not in-
clude the most recent and most accurate results. In the spe-
cific case of liquid water a more recent set of recommenda-
tions is contained in the formulation of the properties of
water substance approved by the International Association
for the Properties of Steam (IAPS) in 1977 and amended in
1982.°
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Internationally accepted standard reference materials
for thermal conductivity serve two purposes: first, they pro-
vide a means of confirming the accuracy of any new absolute
apparatus and the reproducibility of existing equipment.
Second, they provide a means of determining a constant or
group of constants in the working equation of an instrument
which is to be operated in a relative manner. In view of the
rapid developments in the measurement of the thermal con-
ductivity of liquids in the last few years it seems that the time
is appropriate for a complete reappraisal of standard refer-
ence values for this property. The present paper provides the
resulis of such a reappraisal for the liquids toluene, water,
and n-heptane carried out in 1985 under the auspices of the
International Union of Pure and Applied Chemistry. The
reappraisal takes the form of a critical analysis of the experi-
mental measurements of the thermal conductivity of these
liquids which permits the available data to be characterized
as primary or secondary according to their estimated accu-
racy. In general, primary data are those obtained in an in-
strument for which a full working equation for the experi-
mental technique is given, together with a complete set of
corrections. In addition, it is essential that there should be a
demonstration that the results are free from significant ef-
fects from heat transfer mechanisms other than the process
of pure conduction. The final primary data set is used where
it is adequate to form a correlation between the thermal con-
ductivity and temperature along the saturation line of each
fluid, and leads to a series of recommended standard refer-
ence values. For toluene and water the available data permits
recommendations of the thermal conductivity with an esti-
mated accuracy of + 1.0%. For n-heptane the data are less
consistent and the recommendations have a correspondingly
greater uncertainty which precludes their inclusion as pri-
mary reference standards.

It is worthy of note that benzene was initially included
in our study. However, no results are presented here because
the literature data available are too discordant to permit any
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definitive statement. It is important to record here this situa-
tion is representative of the current state for most liquid sys-
terns. The standard reference data given in this paper should
form the first step towards the establishment of a large body
of more consistent data.

2. Experimental Techniques

The experimental methods used to measure the thermal
conductivity of fluids may be divided into two groups:
steady-state and transient methods. The presence of the
earth’s gravitational field makes instruments of either type
prone to convective heat transport while radiative energy
transport is also an inevitable addition to conductive trans-
fer. Isolation of the pure conductive energy transport re-
quires either that experimental conditions render the effects
of the other modes of transfer negligible or that a complete
mathematical description of the process, permitting correc-
tions to be applied to experimental data, be available. As
exact solutions of the hydrodynamic equations describing
convection for practical instruments do not exist, the latter
course is impractical and extremely careful design of an in-
strument is therefore necessary to ensure that the effects of

convective flow upon the measurement are negligible. This is
particularly true for instruments of the steady-state variety

where the effects of convection can only be rendered small by
the use of specially selected arrangements of parallel plates'®
and coaxial cylinders'! which require careful alignment and
construction. For transient methods the time scale of the
measurement must be such that the elements of the fluid do
not attain a velocity sufficient to unduly perturb the conduc-
tive energy flow. Such a time scale can always be found for
these instruments by ensuring that the measurement is com-
pleted before the onset of convection,*? so that the effect is
eliminated entirely.

Whilst it has been possible to make the effect of convec-
tive energy transfer negligible for both classes of instru-
ments, only very recently has it been possible to make accu-
rate corrections for the radiative contribution. In the case
where the fluid does not contribute directly or indirectly to
the radiation process through absorption, the radiative ener-
gy transport associated with the mcasurcment of thermal
conductivity (transient or steady state) is easily treated.?
However, if the fluid absorbs and emits radiation the prob-
lem is complex because the radiative and conductive energy
fluxes are coupled and the situation is described by an inte-
gro-partial differential equation.’*> A number of solutions of
the coupled radiation—conduction equations for steady-state
insiruments have been propused.'*'® Howcver, in:most
work these solutions have not been employed in an analysis
of the thermal conductivity data because of their complexity
and because of the absence of the necessary optical charac-
teristics of the fluids under the conditions of interest. Fischer
_"and Obermeier’® reported the results of a careful experimen-
> tal'”*® and theoretical'® study of the contribution of radia-

-tive heat transfer to the measurement of the thermal conduc-
“tivity of liquids in a . steady-state concentric cylinder
“-gppartatus. Experiments carried out with annular layer
thicknesses of 2, 4, and 7 mm over the temperature range
$3-473 K showed that the radiation contribution to the
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measured thermal conductivity varied with layer thickness,
temperature, and the liquid being studied. The radiation
contribution was calculated for each of the different layer
thicknesses and the experimental data corrected to yield a
“radiation-free” value. The radiation-free values obtained in
this way for different layer thicknesses differed from each
other by less than + 1.5% for toluene, benzene, and 7-hep-
tane among others. Measurements on water showed no vari-
ation of the apparent thermal conductivity with layer thick-
ness, within the experimental precision, implying that the
radiation contribution is very small.

The results of Fischer and co-workers have a number of
important implications. In some of their measurements the
contribution of radiation to the measured thermal conduc-
tivity was as much as 40%. In such cases the correction of
the data to radiation-free values adds a significant amount to
the uncertainty in the final data. For this reason, in.cases
where radiation is significant we adopt the policy that the
best accuracy attainable with a steady-state technique is one
of + 1.5%. At the present time the careful work of Fischer
and his collaborators, as well as their apparatus, is unique.
Consequently, from the viewpoint of standard reference val-
ues for thermal conductivity their results must, for the mo-
ment, be considered with circumspection awaiting indepen-
dent confirmation. Moreover we are forced to conclude that
all steady-state measurements for such fluids to which no
correction has been applied are burdened with a far greater
uncertainty and must be ignored. There seems little doubt
that radiation makes some contribution to the large discre-
pancies observed between different measurements of the
thermal conductivity of toluene (Fig. 1). It is important to
note that the same discord has not been observed for the
thermal conductivity of water which must, in part, be be-
cause radiation contributes only a small amount to the over-
all heat transfer process for this liquid.

Until recently the situation for transient methods of
measurement With regard to radiation was the same, but the
work of Wakeham and co-workers™'*?° now makes it possi-
ble to apply a complete set of corrections for the transient
hot-wire technique which turn out to be very small. In view
of the fact that the same instrument avoids the effects of
convection completely and possesses a full working equation
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it is undoubtedly the preferred technique of measurement.
An assessment of the accuracy of measurements made with
the transient hot-wire technique is therefore based on some-
what different criteria. The principal points considered in
the evaluation of the accuracy are as follows:

First, one of two methods must be used to compensate
for the fact that the wires employed are necessarily of finite
length rather than infinite as assumed in the model of the
instrument. Either two wires must be used, resulting in an
ideal wire with length equal to the difference between the
wires, or potential leads at either end of a single wire must be
employed. Both of these methods require corrections. For
two wires a correction must be made owing to the difference
of resistance per unit length of the wires, whereas for the
potential leads thermal conduction down the leads must be
considered.

Secondly, for measurements on electrically conducting
fluids the wire must be coated with some insulating material,
for which a correction to the heat capacity of the line source
must be made, or an alternating heating current must be
employed if the measurements are performed with a bare
wire. »

3. Standard Reference Materials

Until very recently a necessary condition for fluids to be
selected as standard reference materials has been that the
contribution of radiation to the thermal conductivity mea-
surements should be very small, due to the absence of any
reliable analysis of this component of the measured value.
However, the work of Nicto de Castro ez @/.2° suggcsts that
this may no longer be a necessary condition albeit a desirable
one. Nieto de Castro and Wakeham” have suggested that
materials should be selected following a series of transient
hot-wire measurements which will reveal whether radiation
plays a significant role or not. The work of Fischer and co-
workers'"™'® shows that whilst it is now possible to calculate
radiation-frce thermal conductivity valucs from the results
of steady-state measurements, subject to availability of spec-
troscopic data, the corrected data have an uncertainty of the
order of + 1.5%-2.0% for fluids of interest in this study at
ambient temperatures. Thus, if the results of steady-state
measurements are to be used in the determination of recom-
mended thermal conductivity values of standard reference
materials the requirement of a very small radiative contribu-
tion is still valid. :

The role of radiation does not constitute the complete
set of conditions to be satisfied by standard materials. In
1961 Ziebland** suggested the following criteria for stan-
dard materials for liquid thermal conductivity:

(a) The temperature interval between the freezing
point and the normal boiling point, i.e., the extent of the
liquid range, must be large and include some thermometric
fixed point.

(b) The liquid should be nontoxic and noncorrosive
with respect to the usual engineering materials.

(c) It should be obtainable at reasonably low cost and
guaranteed high purity.

Two further criteria have been added by Nieto de Castro and
Wakeham?:
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(d) A series of liquids covering as wide a range of ther-
mal conductivity as possible should be selected.

(e) Reliable values of liquid densities for the saturated
and compressed liquids should be available in the literature,
allowing reliable extrapolation of high-pressure data to the
saturation line.

On the basis of the preceding conditions, Nieto de Cas-
tro and Wakeham? proposed the following liquids as stan-
dard reference materials: iso-octane, n-heptane, toluene,
methanol, and water with methanol-water mixtures bridg-
ing the large gap in thermal conductivity between these two
fluids. For the present work iso-octane and methanol were
found unsatisfactory because of the problems of purity and
thelack of reliable density data. In addition, simply to ensure
high accuracy in the recommended values we have intro-
duced the following condition in this work:

(f) The primary data subset for standard reference ma-
terials must have a maximum uncertainty + 1.5% at am-
bient temperatures.

After a literature survey and evaluation of available ex-
perimental data it was found that only for toluene and water
could all of these conditions for primary standard reference
materials be met. Whilst the data available for n-heptane
satisfy all of the above conditions the limited degree of over-
lap of the different data sets leads to apparent discontinuities
in those regions. ,

4. Experimental Data

In order to establish standard reference values for the
thermal conductivity the most reliable experimental data
must be collected by making critical asscssments of the mea-
surement techniques employed and the precision obtained.
To assist in the assessment it is convenient to define two
categories of experimental data:

(1) Primary data—these are the results of measure-
ments carried out with an instrument of high precision for
which a complete working equation and a detailed knowl-
edge of all corrections arc availablc.

(2) Secondary data—these are the results of measure-
ments which are of inferior accuracy to primary data. The
inferior accuracy may arise from operation at extreme con-
ditions or incomplete characterization of the apparatus.

Although the division of experimental data into these
categories is somewhat subjective, the following recommen-
dations®** have been employed as a means of identifying
primary data:

(i) Measurements must have been made with a primary
experimental apparatus, i.e., a complete working equation
must be available.

(ii) The form of the working equation should be such
that sensitivity of thermal conductivity to the principal vari-
ables does not magnify the random errors of measurement.

(iii) All principal variables should be measureable to a
high degree of precision.

(iv) The published work should include some descrip-
tion of purification methods and a guarantee of purity.

(v) The data reported must be unsmoothed data.
Whilst graphs and fitted equations are useful summaries for
the reader, they are not sufficient for standardization pur-
poses.
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(vi) The lack of accepted values of the thermal conduc-
ivity of standard reference materials implies that only abso-
lute and not relative measurement results can be considered.

(vii) Explicit quantitative estimates of the uncertainty
of reported values should be given, taking into account the
orecision of the experimental measurements and possible

iystematic errors.

(viii) Owing to the desire to produce high-accuracy ref-
:rence values, limits have been imposed on the accuracy, as
determined by the present authors, of the primary data sets.
For primary standard reference materials the accuracy of
primary data is required to be better than 4 1.5%.

Among the more general results of the application of
these criteria to the available experimental data is the rejec-
tion from the primary data set of all values obtained with
steady-state techniques for liquids other than water. This
follows from the results of Fischer et al 161° discussed ear-
lier. .

As most equipment operates along the saturation line
or at a pressure of 0.1 MPa the standard reference values
refer to these conditions. In practice there is no distinction
between the values for the two conditions over the range of
conditions of interest here. This is illustrated by the experi-
mental data of Nieto de Castro et al 20 for toluene at 308 K
which :shows that a change in pressure from 9 to 15. atm
causes a change in thermal conductivity of less than

+ 0.2%: Consequently the difference between the thermal
conductivity at the saturation line and at 0.1 MPa is less than
0.05% and is insignificant.

4.1. Primary Data

A summary of the primary data for each system, to-
gether with their estimated uncertainty, is given in Table 1.
The statistical treatment of the data is described in Sec. 5.2.

TABLE 1. Primary experimental data sources for thermal conductivity
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The reasons for the assigned accuracies in Table 1 are out-
lined below.

a. Toluene

The accuracy of the transient hot-wire technique is il-
lustrated by the very good agreement between the results
from - absolute instruments at three different research
centers.”?* The measurements cover almost the entire
“normal” liquid range. In their earlier work Nieto de Castro
et al.** were not aware of the need to correct for differences
in the resistance per unit length of the two platinum wires
and the original claimed accuracy of their results has thus
been reevaluated at + 1.0%. The later work of Nieto de
Castro et al.*° using the instrument at Imperial College
(London) has been extrapolated from' high pressures to
yield values at the saturation line®! and the extrapolated data
has been assigned an accuracy of -+ 1.0%. The resulis of
Nagasaka and Nagashima’ have also been assigned an accu-
racy of 1.0%. In part this is because the liquid used was
taken straight from the supplier at a purity of 99% and used
without further purification. In addition, the precision of the
temperature measurements is slightly inferior to that of the
other instruments and no corrections have been made for
heat conduction down the potential leads used to moniior
the temperature change of the bare wire. Thus, with the ben-
efit of hindsight the accuracy we estimate for these three sets
of transient hot-wire results is worse.than that originally.
claimed for them. There is little doubt that if new - measure-
ments were carried out in the three instruments superior
accuracy could be achieved but the effort does not seem justi-
fied at present. o .

A final set of transient hot-wire data for toluene has,
been reported by Pittmann.® The data in this set above 340 K. -
have an estimated accuracy which falls outside our allowed

Temp. Nusber of Assigned
T iteratnre sonrce Technigne range data pts accuracy
Toluene
Y. Nagasaka et al. (Ref. 7) THW* 274-355 5 + ro
C. A. Nieto de Castro et al. (Ref. 24) THW 293-323 14 + 1.0
C. A. Nieto de Castro et al. (Refs. 20 and 21) THW 308-360 5 + 1.0
J. F. T. Pittman (Ref. 6) THW 189-326 45 -+ 15
Water
Y. Nagasaka et al. (Ref. 26) THW 274-354 . 5 + 0.5
F. J. Dietz (Ref. 25) THW 304-371 4 +1.2
L. Riedel (Ref. 1) [eloid 353 2 + 1.5
L. Riedel (Ref. 27) CC 274-353 13 +15
Yu. L. Rastorguev ef al. (Ref. 28) cC 295-370- 22 T 415
E. Schmidt ef al. (Ref. 29) PP° 293-357 8 + 1.5
n-Heptane
Y. Nagasaka et al. (Ref. 7) THW 274-365 7 + 1.0
-C. A. Nieto de Castro ez al. (Ref. 24) THW 279-315 15 + 1.0
1. F.T. Pittman (Ref. 6) THW 191-330 13 +1.5

A'FHW-—transient hot-wire technique.
®CC—concentric cylinder technique.
#PP—parallel-plate technique.

J. Phys. Chem. Ref. Data, Vol. 15, No. 3, 1986 -
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range of 1 1.5% and they are therefore excluded. However,
the data at lower temperatures have an estimated error of
=+ 1.5% and are included. ’

b. Water

The steady-state results included in the primary data set
are those of Riedel,"*” Rastorguev et a/.,® and Schmidt and
Leidenfrost®® and they all have been assigned the best attain-
able accuracy for steady-state experiments of + 1.5%. The
data of Nagasaka er al.?® are the results of measurements
made using a transient hot-wire apparatus with two insulat-
ed wires and in view of the relative ease with which water can
be highly purified these data are assigned the accuracy
claimed, i.e., + 0.5%. Dietz?® used two bare wires in a tran-
sient hot-wire apparatus driven by alternating current in-
stead of insulated wire and direct current employed by Na-
gasaka et al. The data have also been reported in the open
literature® but smoothed values are given there so that the
original data from the doctoral thesis of Dietz?® has been
used. The random scatter of data from this source is slightly
worse than that for Nagasaka et al. and thus the data have
been assigned an accuracy of + 1.2%.

¢. n-Heptane

For the reasons outlined in the toluene section it is not
possible to include any measurements made with steady-
state instruments for n-heptane. The primary data sets used
are therefore from the same sources that provided transient
hot-wire data for toluene®"?%; the accuracies assigned to
each set of data are therefore the same as for toluene. Within
these sets the results of Menashe and Wakeham?® are of high
accuracy but do not extend below a pressure of 50 MPa.
These values must therefore be extrapolated to the satura-
tion line, a process which over such a large pressure interval
introduces an unacceptably large possibility for error. Con-
sequently these particular results cannot be included in the
preparation of recommended values along the saturation
line. The exclusion of this set of results means that only three
sets remain which have but a small temperature range of
overlap which makes the development of a correlation diffi-
cult. For this reason we propose that the data for n-heptane
can serve as the basis of a secondary standard which we de-
fine as one where the data are good enough to allow a state-
ment of the values of the thermal conductivity but where the
uncertainty band is somewhat larger than that set for a pri-
mary standard.

5. Correlation Procedures and Results
5.1. Equation Forms

The experimental thermal conductivity data have been
fitted to two functional forms:

A=by+b,T+ b,T? 2)

J. Phys. Chem. Ref. Data, Vol. 15, No. 3, 1986
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InEgs. (1) and (2), A is the thermal conductivity and T
the absolute temperature. The data have been fitted to these
equations using the method of least squares with weighting
factors reflecting the accuracy of the data given in Table 1.

5.2. Weighting Methods

In assigning relative weights to the different data sets
we have made the usual assumption that the estimated preci-
sion is approximately three times the standard deviation of
the data in an imaginary distribution of measurements re-
peated an infinite number of times. With the further assump-
tion that the error in the independent variable T'is negligible
the weighting factors®! w; for the functional form,

A= 2 b,T, (3)
i=0
are
w; = (3/A4;)%, 4)

where w; is the weighting factor and AA; is the estimated
absolute error in the value of the thermal conductivity A,.
If the error in A, is expressed as a relative error then

w; = [3/4,(A4,)'13 (5

with (AA4;)’ the relative error in A; and w; the relative
weighting factor.

5.3. Primary Correlations

In order to establish recommended standard reference
values for the thermal conductivity over a range of tempera-
tures we have first established correlations for the thermal
conductivity as a function of temperature. From these corre-
lations we recommend values for the thermal conductivity at
298.15 K and 0.1 MPa and they are given in Table 2. Then
using the convention of the IAPS formulations for the trans-
port properties of water substance®*? we have expressed the
correlation in terms of the dimensionless variables A * and
T *, detined as follows:

T*=1T/298.15 | (6)
and
A*¥(T*) =A(T)/A(298.15). 7N

Here, 41(298.15) is the adopted standard value for the
thermal conductivity at 298.15 K and 0.1 MPa given in Ta-
ble 2.

TaBLE 2. Recommended thermal conductivities at 298.15 K and 0.1 MPa

Toluene Water n-Heptane

A(298.15)/Wm~ ' K~'1(298.15)/Wm~' K~'1(298.15)/Wm~'K~!
0.1311 £+ 0.0013 0.6067 + 0.0061 0.1228 + 0.0018
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FI16G. 2. The deviations of the primary data for the thermal conductivity of
toluene from the correlation of Eq. (8).

a. Toluene

- For the representation of the thermal conductivity of
toluene from its normal freezing point to the upper limit of
the eaperimental data (360 K) it is necessary to adopt the
quadratic form of Eq. (2), whereas over the limited tem-
perature range 230 K<7'<360 K, where the experimental
data are of higher quality, the linear representation of Eq.
(1) is adequate. Thus we have produced two correlations: a
linear, higher accuracy, correlation covering the limited
temperature range 230 K<7<360 K and a quadratic corre-
lation covering the range 189 K<7<360 K which is of
slightly inferior quality. The two correlations are given in
reduced form in Egs. (8) and (9), respectively.

A*=1.68182—0.682022T*, 230K<T<360K, (8)
A*=145210— 0224 229T* — 0.225 873(T*)?,
189 K<T<360 K. 9

The maximum deviation of the primary experimental
data from Eq. (8) is 1.3% with a standard deviation of
0.000 67 W/ (m K). The maximum deviation of the primary
data from Eq. (9) is 1.5% with a standard deviation of

o7
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F16.-3. The deviations of the primary data for the thermal conductivity of
toluene from the correlation of Eq. (9).
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FIG. 4. The deviations of the primary data for the thermal conductivity of
water from the correlation of Eq. (10).

=+ 0.000 89 W/ (m K). Deviation plots of the primary dai
from the correlations represented by Egs. (8) and (9) arc
given in Figs. 2 and 3, respectively. The weighted standard
deviations for the corrclation of the unreduced data are 1.09
and 1.34 for the linear and quadratic correlations, respec-
tively.

b. Water

The reduced thermal conductivity of water as a func-
tion of the reduced temperature is described over the entire
normal liquid range by the quadratic equation,

A¥= —1.26523 4+ 3.704 83T* — 1.439 55T*2,
274 K<T<370K, (10)

where the variables T* and A * are defined in Egs. (6) and
(7), respectively. The maximum deviation of the primary

* data from the correlation is 1.1% with a standard deviation

of + 0.0028 W/(m K). The deviations of the primary data
from the correlation are plotted in Fig. 4 where it is clearly
shown that all data are reproduced within their assigned
experimental uncertainty. The weighted standard deviation
for the correlation of the unreduced data is 1.04.

5.4. Secondary Correlation
a. n-Heptane

The reduced thermal conductivity of n-heptane as a

function of the reduced temperature is described by the lin-
ear equation,

A*=1.73026 —0.729 932T*, 191 K<T<365 K, (11)

with the reduced parameters defined as before. The maxi-
mum deviation of the primary data from the correlation is
1.4% with a standard deviation of + 0.000 67 W/(m K),
and a weighted standard deviation for the correlation of the
unreduced data of 1.8. Deviations of the primary data from
the correlation are shown in Fig. 5. The large deviations
occur for data with an assigned accuracy of 1.0%, so that not
all of the data are reproduced by the above equation to with-
in their experimental uncertainty. This is because although

J. Phys. Chem. Ref. Data, Vol. 15, No. 3, 1986
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F1G. 5. The deviations of the primary data for the thermal conductivity of n-
heptane from the correlation of Eq. (11).

the data of Nagashima et al. and that of Nieto de Castro ez al.
have the same slope, their absolute values differ by about 2%
and extend over different temperature ranges with a differ-
ent density of points. Obviously no correlation can reconcile
these differences. Thus, we are forced to conclude that pend-
ing further measurements for this system, the correlation for
n-heptane can be adapted only as a secondary standard and
that the accuracy of data generated with Eq. (11) can be no
better than + 1.5%.

5.5. Tabulations

As outlined earlier the recommended values of the ther-
mal conductivity of the three liquids studied here, at 298.15
K and 0.1 MPa, are given in Table 2. Tables 3-5 give recom-
mended values for the thermal conductivity along the satu-
ration line for toluene, water, and n-heptane, respectively.
The recommended values are given to four significant fig-
ures but it should be emphasized that the uncertainties in the
tabulated data should be taken from Secs. 5.3 and 5.4.

TABLE 3. Recommended thermal conductivities for toluene

NIETO DE CASTRO ET AL.

TABLE 4. Recommended thermal conductivities for water

T y

K W/(mK)
280.00 0.5730
290.00 0.5924
300.00 0.6098
310.00 0.6253
320.00 0.6387
330.00 0.6503
340.00 0.6598
350.00 0.6674
360.00 0.6731
370.00 0.6767

TABLE 5. Recommended thermal conductivities for n-heptane

T A
K W/(mK)
190.00 0.1554
200.00 0.1523
210.00 0.1493
220.00 0.1463
230.00 0.1433
240.00 0.1403
250.00 0.1373
260.00 0.1343
270.00 0.1313
280.00 0.1283
290.00 0.1253
300.00 0.1223
310.00 0.1193
320.00 0.1163
330.00 0.1133
340.00 0.1103
350.00 0.1073
360.00 0.1042
370.00 0.1012
o i ﬁ
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T A

K W/(mK)
230.00 0.1515
240.00 0.1485
250.00 0.1455
260.00 0.1425
270.00 0.1395
280.00 0.1365
290.00 0.1335
300.00 0.1305
310.00 0.1275
320.00 0.1245
330.00 0.1215
340.00 0.1185
350.00 0.1155
360.00 0.1125
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F1G. 6. The deviations of the secondary data for the thermal conductivity of
toluene from the correlation of Eq. (8).
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FIG. 7. The deviations of the secondary data for the thermal conductivity of
water from the correlation of Eq. (10).

5.6. Comparison of Correlations with Secondary
Data

The correlations outlined in the preceding section
should ideally reproduce all of the secondary data if the lat-
ter are assigned a realistic experimental uncertainty. This,
however, would be a very difficult and tedious task and
would not serve any important purpose. We therefore con-
tent ourselves with a plot of the deviation of these secondary
data from the correlation for each fluid.

These deviation plots are given in Figs. 6-8 and include
only the data for which the deviations areless than + 5%. A
compilation of all literature data sources for which we were
able to obtain copies is given in the Appendix, which in-
cludes a brief summary of each.

5.7. Comparison of Literature Correlations with
This Work

The correlations produced in this work are compared
with previous correlations in Figs. 9 and 10 for the systems
toluene and water, respectively.

Inspection of Fig. 9 shows a systematic deviation
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F1G. 8. The deviations of the secondary data for the thermal conductivity of
n-heptane from the correlation of Eq. (11).
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F1G. 9. The deviations of previous correlations for the thermal conductivity
of toluene from the correlation of Eq. (8).

between the present correlation and the recommended val-
ues of TPRC* that increases with increasing temperature.
This is as expected for toluene, because the TPRC recom-
mendations are based on the results of steady-state experi-
ments which the work of Fischer ez al.*'” shows are prone to
errors from radiation contributions.

The agreement between the correlation for water in this
work and the recommendations of previous studies®®** is
considerably better than the case for toluene. The IAPS rec-
ommendations deviate from this correlation by 4 0.6% at
most, which is well within the mutual uncertainties of both
works, although Fig. 10 shows that the slopes are slightly
different. This may well arise from the fact that as the IAPS
work covers the whole fluid range it is consequently in-
fluenced by a data set that is of slightly inferior quality to
that used in this work. The maximum deviation of the TPRC
recommendations from this correlation is 0.5%, which is
quite different from the results for toluene, emphasizing the
absence of radiation problems for this fluid. The worst devia-
tions in Fig. 10 are for the IUPAC recommendations,® where
at low temperatures it amounts to — 1.75%. Although this
is within the mutual uncertainties of the two works the devi-
ation is systematic at the low end of the temperature region.

-
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FIG. 10. The deviations of previous correlations for the thermal conductiv-
ity of water from the correlation of Eq. (10).
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This may well be due to the effect of including in the present
correlation the very high-accuracy data from transient hot-
wire experiments®*-*® which were not available for the earlier
work.

5.8. Cautions for Use of the Tabulated
Recommended Thermal Conductivities

As mentioned earlier, recommended standard values
serve two purposes: (i) they act as a test of the accuracy of
new absolute instruments, and (ii) they are a means of cali-
brating instruments for which the full working equation is
not available. It is for the latter use that caution must be
used, as the use of toluene alone for the calibration of such
instruments may lead to erroneous results for other systems,
where the radiation contributions to the measured thermal
conductivity will be different. Thus it is stressed that any
relative instrument should be calibrated with at least two
fluids with very different thermal conductivities and radi-
ation properties, such as the primary fluids in this study.
toluene and water. It is emphasized that the tabulated values
calculated from Eqgs. (8) and (10) are radiation free, i.e.,
true thermal conductivities.

6. Conclusions

Standard reference data for thermal conductivity are
proposed for the systems toluene, water, and n-heptane over
the normal liquid range. These recommendations are based
on the most accurate available literature data up to and in-
cluding 1985, and as such are considered to be of higher
accuracy than any correlations presently available in the 1i-
terature.

However, in view of the recent improvements in both
the theory and experimental techniques, further experimen-
tal work should allow even more accurate correlations to be
determined for all of the systems studied here. Thus it is
envisaged that the recommendations for Standard Reference
Data will be periodically updated as new experimental data
become available.

Inspection of the thermal conductivities in Tables 2-5
reveals that there is a considerable gap in magnitude of the
thermal conductivities for water and those for toluene and -
heptane. This suggests the need for experiments to be carried
out on fluids with thermal conductivities in this void area.
Possible systems to satisfy this need are methanol and
methanol-water mixtures, using transient hot-wire tech-
niques as this will make apparent any problems due to ab-
sorption of radiation. Further it is obvious that a liquid of
low thermal conductivity be included in future recommen-
dations of Standard Reference Data for use in calibrating
instruments used in industry for such materials. At present
there are insufficient accurate data to permit any fluid of this
category to be included. Again, industrial operations fre-
quently require a calibration material for use at elevated
temperatures. The present correlations do not really address
this need, but the available experimental information is just
too sparse to permit any definite statements about this im-
portant area at present.
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Appendix. Results of the Literature Survey
of the Thermal Conductivity of Toluene,
Water, and n-Heptane

This is a summary of all the thermal conductivity data
sources, for the liquids of interest to this study, of which it
was possible to obtain copies. It is our intention that this
summary serve as a foundation on which any future work
may be based and consequently it is as extensive as possible,
even though it is apparent that the results of most experi-
mental work prior to 1970 are in error.

For each reference excluded from the primary database
a summary is given of the systems studied of interest to us
and the temperature and pressure range covered together
with the estimation of the experimental accuracy of the
original authors themselves. If any information is missing
from the summary it is because it was not reported or be-
cause of translation difficulties. The references are in alpha-
betical order by first author and are arranged chronological-
ly within this order.

A.1 A. K. Abas-Zade, Dokl. Akad. Nauk. SSSR 68, 665 (1949).
Paper in Russian, no statement of uncertainty.
Toluene 273-493 K 0.1-4.3 MPa
A.2 A. K. Abas-Zade and K. D. Guseinov. Ukr. Fiz. Zh. 12, 34 {1967).
Concentric cylinder and spherical bicalorimeter. Graphical representa-
tion of experimental results. Paper in Russian, English abstract.
n-Heptane 390-370K 0.1-3.9 MPa +25%
A.3 A. G. Akhmedov, Azerb. Neft. Khoz. 42, 41 (1963).
Calorimeter. Paper in Russtan.
n-Heptane 293-343 K
A.4 A. A. Aleksandrov and A. B. Matveev, Thermal Eng. 25, 58 (1978).
Correlation of thermal conductivity of water and steam as a function of
temperature and pressure—contains table of recommended values.
Water
A.5 A. A. Aleksandrov, Thermal Eng. 27, 235 (1980).
TAPS release of the international tables and equations for the thermal
conductivity of water and steam.
A.6A. Alloush, W. B. Gosney, and W. A. Wakeham, Int. J. Thermophys. 3,
225 (1982).
Transient hot-wire apparatus.

Water 297-315K P(sat) +3.0%
A.7 H. J. Amirkhanov, A. P. Adamov, and U. B. Magomedov, 8th ICPS,
1974, p. 270.
Abstract only.
Water

A.8 Kh. I. Amirkhanov, A. P. Adamov, and U. B. Magomedov, High
Temp. 13, 75 (1975).
Flat plate cell.
Water 298-523 K 0.1-245 MPa +2.0%
A9 Kh. I. Amirkhanov, A. P. Adamov, and U. B. Magomedov, Inzh. Fiz.
Zh. 29, 825 (1975).
Flat layer method.
Water 298-623 K 0.1-245 MPa +2.0%
A.10 8. R. Atalla, A. A. El-Sharkawy, and F. A. Gasser, Int. J. Ther-
mophys. 2, 155 (1981).
Apparatus for multiproperty measurement, thermal conductivity, ther-
mal diffusivity, thermal activity, and heat capacity.

Toluene 283-313K +2.2%

Water 293K +2.2%

n-Heptane 283-313K +2.2%

A.11J. Bach and U. Grigull, Waerme Stoffubertrag. 3, 44 (1970).
Transient optical methods.

Water 293-363 K 0.1 MPa + 1.0%

A.12 C. Baroncini, P. Di Filippo, G. Latini, and M. Pacetti, High Temp.
High Pressures 11, 581 (1979).
Correlations for prediction of thermal conductivity.
Toluene
A.13 O. K. Bates, Ind. Eng. Chem. 25, 431 (1933).
Calorimeter.
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Water 303-323K 0.1 MPa
A.14 O. K. Bates, Ind. Eng. Chem. 28, 494 (1936).

Calorimeter. )
Water 283-353 K 0.1 MPa
A.15 O. K. Bates, G. Hazzard, and G. Palmer, Ind. Eng. Chem. 10, 314
(1938).

Calorimeter.
Water 283-353 K 0.1 MPa

A.16 O. K. Bates and G. Hazzard, Ind. Eng. Chem. 37, 193 (1945).
Calorimeter.

Water 283-353 K 0.1 MPa

A.17D. Bohne, S. Fischer, and E. Obermeier, Ber. Bunsenges. Phys. Chem.

88, 739 (1984).
Concentric cylinder rotating about a horizontal axis to avoid convection.
Layer thickness of 4 mm used, and radiative transfer ignored for pure
water. .

P(sat)

Water 279-470 K + 1.0%
A18 D. K. H. Briggs, Ind. Eng. Chem. 49, 418 (1957).
Concentric cylinder apparatus. Equation only for data.
Toluene 293-363 K +3.0%
n-Heptane 293-333 K + 3.0%

A.19V.P. Brykov, G. Kh. Mukhamedzyanov, and A. G. Usmanov, Inzh.
Fiz. Zh. 18, 82 (1970).
Hot-wire method. Paper in Russian. English abstract.
Toluene 183-333K +2.0%
n-Heptane 183-333 K + 2.0%
A.20 O. B. Cecil and R. H. Munch, Ind. Eng. Chem. 48, 436 (1956).
Hot-wire apparatus.
Water 298 K +2.0%
A.21 A_R. Challoner and R. W. Powell, Proc. R. Sac. London Ser. A 238,
90 {1956).
Parallel-plate apparatus. Graphical representation of experimental re-
sults.
Toluene 273-353 K
Water 273-353 K
A.22 Z.-S. Chen and X.-S. Ge, High Temp. Conf. (unpublished results,
1983).
Multilayer concentric cylinder apparatus.
Toluene 306-355 K
Water 293-350K
A.23 A. H. Davis, Philos. Mag. 47, 972 (1924).
Hot-wire apparatus.
Toluene 292-342 K
A.24 P. S. Davis, F. Theeuwes, R. J. Bearman, and R. P. Gordin, J. Chem.
Phys. 55, 4776 (1971).
Transient hot-wire apparatus.
Toluene 297-303 K + 1.0%
Water 283-325K + 1.0%
A.25F. J. Dietz, Ph.D. dissertation (Der Universitit Fridericiana Karls-
ruhe, 1981).
Transient hot-wire, ac and dc mode. Instrument operating in both ac and
dc mode nsed to measure the thermal conductivity of toluene with a
maximum difference of 0.5%. Scatter with ac mode 0.3% and with dc
mode 0.6%. Data in table of smoothed data.
Toluene 298-370 K 0.1-100 MPa + 1.0%
Water 304423 K 0.1-360 MPa + 1.0%
A.26 F. J. Dietz, J. J. De Groot, and E. U. Franck, Ber. Bunsenges. Phys.
Chem. 85, 1005 (1981).
Transient hot-wire apparatus with ac current. Smoothed values in table.

+ 6.0%
+ 6.0%

Water 303423 K P(sat)-350 MPa +0.6%
A.27 F. G. El’darov, Zh. Fiz. Khim. 32, 2443 (1958).
Paper in Russian. Calibrated instrument.
Water 293-298 K '
A.28S. Erk and A. Keller, Phys. Z. 37, 353 (1936).
Parallel-plate apparatus.
Water 283-343 K +2.0%

A.29 A. A. El-Sharkawy, M. A. Kenaway, and A. Z. Dakroury, High

Temp. High Pressures 15, 391 (1983).
Hot wire, ac current. Referred to an earlier paper for experimental de-
tails.

n-Heptane 293-373 K +2.0%

A.30 L. P. Filippov and S. N. Nefedov, Zavod. Lab. 45, 1126 (1979).
Instrument for multiproperty measurement. Paper in Russian.

Water 293K

n-Heptane 293K
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A.31 L. P. Filippov, S. N. Nefedov, S. N. Kravchun, and E. A. Kolyukha-
lova, Inzh. Fiz. Zh. 38, 644 (1980).
Transient hot-wire apparatus—ac current. Only graphical and least-
squares representation of the experimental results. Paper in Russian.
Toluene 293-643 K 0.1-30 MPa

A.32 S. Fischer, Ph.D. dissertation (Universitiat-Gesamthochschule Sie-
gen, 1984).
Concentric cylinder rotating about a horizontal axis. Dissertation in Ger-
man.

Toluene 253473 K P(sat) +2.0%
Water 273473 K P(sat) +2.0%
n-Heptane 253473 K P(sat) +209%

A.33 8. Fischer and E. Obermeier, in Proceedings of the 9th ETPC, 1984.
Concentric cylinder rotating about a horizontal axis. Graphical and
least-squares representation only.

Toluene 253-473 K P(sat) +2.0%
Water 273473 K P(sat) +2.0%
n-Heptane 253473 K P(sat) +2.0%

A.34 H. Forsman, P. Andersson, and G. Backstrom, Physica 114B, 287
(1982).
Transient hot-wire apparatus. Only graphical representation of experi-
mental results.
n-Heptane 269-328 K 0-1.0 GPa +2.0%
A.35 W. Fritz and H. Poltz, Int. J. Heat Mass Transfer 5, 307 (1962).
Parallel-plate apparatus. Paper in German.
Water 298K )
A.36 V. P. Frontasev, Zavod. Lab. 22, 812 (1956).
Yofle’s optical method. Paper in Russian.
Toluene 293K
Water 293K
A.37V.P. Frontasevand M. Y. Gusakov, Zh. Tekhn. Fiz. 29, 1277 (1959).
Yofie’s optical method. Paper in Russian.
Toluene 293K
n-Heptane 293K
A.38 M. A. Gazdiev and Yu. L. Rastoguev, Russ. J. Phys. Chem. 45, 383
(1971). [Transl. of Zh. Fiz. Khim. 45, 692 (1971).]
Concentric cylinder apparatus.
Water 313430K +1.5%
A.39F. J. Goldner, Int. J. Heat Mass Transfer 21, 69 (1978).
Transient laser source.
Water 293K
A.40 R. Goldschmidt, Phys. Z. 12, 417 (1911).
Hot-wire apparatus.
Toluene 194-287 K
Water 273K
A.41 B. J. Gudzinowicz, R. H. Campbell, and J. S. Adams, Jr., J. Chem.
Fng. Nata 9, 79 (1964)
Steady-state hot wire. Standard deviation of experimental results 1.9%
and no discussion of convective or radiative energy transfer.
Toluene 336K
A.42 T. Hashimoto, M. Oishi, Y. Tanaka, H. Kubota, and T. Makita, pre-
sented at the 1st Japan Symposium on Thermophysical Properties, 1980,
p- 75.
Relative transient hot-wire apparatus. Abstract in English, paper in Japa-
nese. Graphical and least-squares representation of data only.
Toluene 298-373 K 0.1-250 MPa +2.0%
n-Heptane 298-373 K 0.1-250 MPa +2.0%
A.43 E. Herngyvist, Ark. Mat. Astron. Fys. 8, 1 (1912).
Flat-plate method. Paper in German.
n-Heptane 276-278 K
A.44 R. A. Hill, Proc. R. Soc. London Ser. A 239, 476 (1957).
Hot-wire apparatus,
Water 286 K
A.457J. K. Horrocks and E. McLaughlin, Proc. R. Soc. London Ser. A 273,
259 (1963).
Transient hot-wire apparatus.
Toluene 298-334 K
A.46 E. Hutchinson, Proc. R. Soc. London 41, 87 (1945).
Hot-wire apparatus.
Water 291K
A.47B. 1. Li’in, V. F. Salokhin, and G. G. Spirin, Inzh. Fiz. Zh. 30, 972
(1976).
Transient hot-wire apparatus. Value at 20 °C plus slope given. Paper in
Russian. English abstract.

+0.5%

+0.25%
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Toluene 273-363 K +2.6%

A.48 D. T. Jamieson and J. S. Tudhope, NEL Report No. 81, 1963.
Steady-state hot-wire apparatus.

Toluene 323K +5.0%

Water 323K +5.0%

A.49 W. Jobst, Ph.D. thesis (Techn. Hoch., Zurich, 1964).
Hot-wire apparatus. Graphical and least-squares representations of the
data. Thesis in German.

Water 293K

n-Heptane 183-323 K

A.50 W. Jobst, Int. J. Heat Mass Transfer 7, 725 (1964).
Graphical representation only.

n-Heptane 223-323 K -

- A.51 W. C. Kaye and W. F. Higgins, Proc. R. Soc. London Ser. A 117, 459

(1927). :
Parallel-plate apparatus. Graphical representation of data.
Water 273-353 K +1.0%
A.52 R. Kandiyoti, E. McLaughlin, and J. F. T. Pittman, J. Chem. Soc.
Faraday Trans. 1 62, 1953 (1973).
Transient hot-wire apparatus.
Toluene 303-365 K [ P(sat) — 625 MPa) +3.0%
A.53 H. Kashiwagi, M. Oishi, Y. Tanaka, H. Kubota, and T. Makita, Int. J.
Thermophys. 3, 101 (1982).
Transient hot-wire. Relative method—instrument calibrated with to-

luene data.
Toluene 273-373 K 0.1 MPa £ 2.0%
n-Heptane 298-358 K 0.1 MPa +2.0%

A.54 H. Kashiwagi, T. Hashimota, Y. Tanaka, H. Kubota, and T. Makita,

Int. J. Thermophys. 3, 201 (1982).

Transient hot-wire. Single wire with potential leads, no discussion of
radiative contribution or conduction down the potential leads.

Toluene 273-373 K 0.1 MPa

A.55 A. M. Kerimov and F. G. Fatullaev, Izv. Akad. Nauk Az. SSR, Ser.

Fiz. Tekh. Mat. Nauk 1, 108 (1972).

Paper in Russian.

Water 293473 K

A.56 1. L. Kostrovskii and V. N. Dprostov, Deposited Document No.

VITINI, 1974, pp. 1757-1774.

Paper in Russian.

Toluene 475-630K 0.1-3 MPa

A.57 A. W. Lawson, R. Lowell, and A. L. Jain, J. Chem. Phys. 30, 643

(1959). B
Concentric cylinder apparatus.

‘Water 303403 K 0.01-730 MPa

A.58 M. Leidenfrost, High Temp. High Pressures 11, 561 (1979).
Steady-state multipurpose instrument. Graphical representation of data
only.

Tnhleie 193453 K 0.1-68 MPa

A.59 B. Le Neindre and R. Tufeu, Techn. L’Ing. 10, R2920 (1979).
Review with recommended values.

Water 273-973K 0.1 MPa + 1.0%

A.60 E. McLaughlin and J. F. T. Pittman, Philos. Trans. R. Soc. London

Ser. A 270, 579 (1971).

Transient hot-wire apparatus.

Toluene 181-396 K P(sat)

A.61 A. M. Mamedov, Inzh. Fiz. Zh. 34, 465 (1978).
Equation of state for thermal conductivity and density of toluene. Paper
in Russian.

Toluene 298-573 K 2.5-30 MPa

A.62 A. M. Mamedov, Inzh. Fiz. Zh. 39, 311 (1980).

Graphical representation of experimental results. Derivation of relation,
thermal conductivity as a function of sound velocity and volumetric iso-
baric heat using toluene and water. Paper in Russian.

A.63 N. Mani and J. E. S. Venart, in Proceedings of the 12th International

Conference on Thermal Conductivity, 1972, pp. 166-171.

Transicnt hot-wire apparatus. Graphical and Icast-squarcs representa-
tion of experimental results.

Toluene 298-573 K 0-20 MPa

A.64 K. N. Marsh, Pure Appl. Chem. 53, 1863 (1981).
Recommended values for water from 1977 IAPS release.

Water 273-3713K

A.65J. Menashe and W. A. Wakeham, Ber. Bunsenges. Phys. Chem. 85,

340 (1981).

Transient hot-wire—extrapolated to 0.1 MPa.
n-Heptane 308-348 K 50-500 MPa

+0.7-1.5%

+ 1-2.0%

+0.3%
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A.66 T. Minamiyama and J. Yata, in Proceedings of the 8th ICPS, 1974, p.
243. .
Concentric cylinder apparatus. Abstract only.
Water 273473 K 0-100 MPa +1.0%
A.67 Y. Nagasaka and A. Nagashima, in Proceedings-of the 16th Annual
Symposium of the Heat Transfer Society of Japan, pp. 496-498.
Transient hot-wire apparatus. Graphical and least-squares representa-
tion of experimental data. Correlation only, no new data. Paper in Japa-
nese.
Toluene 273-353 K
A.68Y. Nagasaka and A. Nagashima, presented at the 1st Japanese Sympo-
sium on Thermophysical Properties, 1980, p. 67.
Proposed standard reference materials and data.
Toluene 178413 K P(sat) + 1.0%
Water 273-373 K P(sat) + 1.0%
A.69 Y. Nagasaka and A. Nagashima, Rev. Sci. Instrum. 52, 229 (1981).
Transient hot-wire.
Toluene 274-355 K P(atm) +0.5%
A.70T. Nashima and K. Yoshida, presented at the 1st Japanese Symposium
on Thermophysical Properties, 1980, p. 63.
Steady-state hot-wire apparatus: single-wire apparatus treated as coaxial

cylinder apparatus.
Toluene 283-313 K 0.1 MPa
Water 283-313K 0.1 MPa

A.71J.M. Naziew, A. A. Nurberdyew, and A. A. Abassow, Chem. Techn.
23, 738 (1971).
Concentric cylinder apparatus. Paper in German.
n-Heptane 293-573 K 0.1-100 MPa
A.72 H. Poltz, Int. J. Heat Mass Transfer 8, 609 (1965).
Parallel-plate apparatus. Paper in German.
Toluene 298 K
Water 298K
A.73 H. Poltz, presented at the 7th Thermal Conductivity Conference NBS,
1967, p. 47.
Parallel-plate apparatus. Graphical representation of results.
Toluene 298 K
A.74 H. Poltz and R. Jugel, Int. J. Heat Mass Transfer 10, 1075 (1967).
Parallel-plate apparatus.
Toluene 298-328 K +0.5%
A.75 N. F. Potienko and V. A. Tsymarnyi, Inzh. Fiz. Zh. 20, 733 (1971).
Abstract of deposited paper—in Russian.
Toluene 303K
A.76 R. W. Powell and H. Groot, Int. J. Heat Mass Transfer 15, 360
(1972).
Thermal comparator. Graphical representation of results.
n-Heptane 303K . + 3.0%-4.0%
A.77Yu. L. Rastorguev and M. A. Gazdiev, Russ. J. Phys. Chem. 44, 1758
(1970).
Concentric cylinder apparatus. Graphical representation of data only.
Water 313-433K + 1.5%
A.78 Yu. L. Rastoguev and V. V. Pugach, Therm. Eng. 17, 116 (1970).
[Transl. of Teploenerg. 17, 77 (1970).1
Concentric cylinder apparatus.
Water 295-454 K 0.1-200 MPa + 1.6%
A.79Y. L. Rastorguev, B. A. Grigoryev, and A. M. Ishkanov, in Proceed-
ings of the 8th ICPS, 1974, p. 255.
Concentric cylinder apparatus.
Water 259483 K 0.1-200 MPa + 1.5%
A.80 Yu. L. Rastorguev and Yu. A. Ganiev, Russ. J. Phys. Chem. 49, 318
(1975). [Transl. Zh. Fiz. Khim. 49, 544 (1975).]
Concentric cylinder apparatus. Graphical representation of plot only.
Water 293-373K + 1.0%
A.81 Yu. L. Rastorguev, Yu. A. Ganiev, and G. A. Safronov, Inzh. Fiz. Zh.
33, 64 (1977).
Concentric cylinder apparatus. Paper in Russian. English abstract.
Water " 303-385 K
A.82Yu. L. Rastorguev, Yu. A. Ganiev, and G. A. Safronov, Inzh. Fiz. Zh.
33, 275 (1977).
Concentric cylinder apparatus. Paper in Russian.

Toluene 293-413 K
Water 293413 K
n-Heptane 293-413K

A.83 C. W. Rice, Phys. Rev. 23, 206 (1924).

Horizontal cylinder apparatus. Only temperature coefficients given.
Toluene

. Water

1085

A.84 L. Riedel, Chem. Ingr. Techn. 23, 465 (1951).
Concentric cylinder apparatus.

Water 273-373K

A.85 L. Riedel, Chem. Ingr. Techn. 23, 321 (1951).
Parallel-plate, concentric cylinder, and concentric sphere apparatus. De-
viation between the three different types of instruments <0.5%.

Toluene 193-353 K + 1.0%

293-353 K + 1.0%

A.86 A. Saito, N. Mani, and J. E. S. Venart, presented at the 16th National

Heat Transfer Conference, 1976.

Transient hot-wire apparatus.

Toluene 298 K

A.87 B. C. Sakiadas and J. Coates, AIChE J. 1, 275 (1955).
Parallel-plate apparatus. One temperature point plus slope given.

n-Heptane 306-350 K +1.5%

A.88 B. V. Savinykh, V. G. D’yakanov, and A. G. Usmanov, Inzh. Fiz. Zh.

41, 269 (1981).

Parallel-plate apparatus. Graphical representation of experimental re-
sults. Paper in Russian.

Toluene ~293 K

A.89 K. Scheffler, N. Rosner, J. Straub, and U. Grigul, Brennst. Waerme

Kraft. 31, 326 (1979).

Presentation of IAPS release of the thermal conductivity of water and
steam.

A.90 E. Schmidt and W. Leidenfrost, Chem: Ingr. Techn. 26, 35 (1954).
Parallcl-plate apparatus. Graphical representation only of ¢aperimental
results.

Toluene 293-353 K

Water 273-353K

A.91 V. E. Schrock and E. S. Starkman, Rev. Sci. Instrum. 29, 625 (1958).
Concentric sphere apparatus. Graphical representation of experimental
resuits.

Toluene 193-333 K 0.1 MPa +2.0%

Water 308-373K 0.1 MPa +2.0%

A.92 T. K. Slawecki and M. C. Molstad, Ind. Eng. Chem. 48, 1100 (1956).
Concentric cylinder apparatus.

Water 303-363 K 0.1 MPa

A.93 J. F. D. Smith, Ind. Eng. Chem. 22, 1246 (1930).

Concentric cylinder apparatus.

Toluene 303-348 K

Water 303-348 K :

A.94].F.D. Smith, Trans. ASME 58, 719 (1936).

Concentric cylinder apparatus. Reports data from other papers.

n-Heptane 303-333 K

A.95 G. G. Spirin, Inzh. Fiz. Zh. 38, 656 (1980).

Transient hot-wire apparatus. Paper in Russian.

Toluene 293453 K + 1.5%

A.96 P. M. Stupak, A. M. Aizen, and N. G. Yapol’skii, Inzh. Fiz. Zh. 19, 74

(1970).

Concentric cylinder apparatus. Paper in Russian.

Toluene 298-350K

Water 315-351 K

A.97 J. Taborek (unpublished data).

Graphical representation of data only.

n-Heptane 293-443 K

A.98Y. Tada, M. Harada, M. Tanigaki, and W. Eguchi, Rev. Sci. Instrum.

49, 1305 (1978).

Laser flash apparatus. Graphical representation of experimental results.

Toluene 283-353K

Water 283-353 K

A.99 S_ Takizawa, A. Nagashima, and I. Tanishita, in Proceedings of the

8th ICPS, 1974, p. 245.

Transient hot-wire apparatus.

Water 273-373K 0.1-48.7 MPa +1.5%

A.100 S. Takizawa, H. Murata, and A. Nagashima, Bull. JSME 21, 273

(1978).

Transient hot-wire apparatus.

Water 273-373K 0.1 MPa + 1.5%

A.101 K. Terao and S. Yawata, Jpn. J. Appl. Phys. 16, 39 (1977).
Parallel-plate apparatus. Graphical representation of experimental re-
sults. Paper in German.

Water 274283 K

A.102 W. N. Trump and L. Fowler, Rev. Sci. Instrum. 45, 714 (1974).
Transient hot-wire apparatus.

Toluene 273-313K

+ 1.0%
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Tater 298K

.103 W. N. Trump, H. W. Luebke, L. Fowler, and E. M. Emery, Rev. Sci.
wstrum. 48, 47 (1977).

Transient hot-wire apparatus.

‘oluene 273-313K
Nater 298.15K
A.104 R. Tufeu, B. Le Neindre, and P. Johannin, C. R. Acad. Sci. 262, 229
11966).
Concentric cylinder apparatus.
Water 273-363 K + 1.0%

A.105 A. G. Turnbull, J. Chem. Eng. Data. 16, 79 (1971).
Transient hot-wire apparatus.
Water 298 K
A.106 W. N. Vanderkooi, D. L. Hildenbrand, and D. R. Stull, J. Chem.
Eng. Data 12, 377 (1967).
Concentric sphere apparatus.
Water 273-373K P(atm)
A.107 A. A. Varchenko, in Proceedings of the 15th International Confer-
ence on Thermal Conductivity, 1978, p. 255.
Radial temperature waves method. No results given.
Toluene
A.108 N. B. Vargaftik, A. A. Tarzimanov, N. A. Vanicheva, and L. S.
Zaitseva, in Proceedings of the 8th ICPS, 1974, p. 225.
Abstract only.
A.109 J. E. S. Venart, J. Sci. Instrum. 41, 727 (1964).
Concentric cylinder apparatus.

Toluene 293-343 K +2.0%

J. Phys. Chem. Ref. Data, Vol. 15, No. 3, 1986

Water 280-315K

A.110J. E. S. Venart, J. Chem. Eng. Data 10, 239 (1965).
Concentric cylinder apparatus.

Toluene 273-353 K 0.1 MPa +2.0%

A.111 ], E. S. Venart and N. Mani, Can. J. Chem. 49, 2468 (1971).
Transient hot-wire apparatus. Graphical and least-squares representa-
tion of results.

Toluene 173-383 K P(atm)

A.112J. E. 8. Venart, R. C. Prasad, and D. G. Stocker, in Proceedings of

the 9th ICPS, 1980, p. 392. .

Transient hot-wire apparatus.

Water 303-370K +0.5%

A.113 O. Vilim, Colln. Czechoslov. Chem. Commun. 25, 993 (1960).
Concentric cylinder and hot-wire instruments.

n-Heptane 293-371 K

A.114 R. Wasmund and R. Wallrabe, Chem. Techn. 7, 515 (1978).
Paper in German. No details of experimental apparatus. ’

Water 274-314K 0.1 MPa

A.115J. R. Woolf and W. L. Sibbit, Ind. Eng. Chem. 46, 1947 (1954).
Concentric cylinder apparatus.

Water 297-366 K + 1.85%

A.116 J. Yata and T. Minamiyame, Bull. JSME 22, 1234 (1979).
Formulation of equation for thermal conductivity of water and steam.

A.117 H. Ziebland, Int. J. Heat Mass Transfer 2, 273 (1961).

Concentric cylinder apparatus. Formulation of standard.
Toluene 268-385 K 0.1-0.4 MPa + 1.0%-3.0%

+2.0%



