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Abstract

Although in the case of fluids there are several reference correlations of low uncer-
tainty for thermal conductivity, for solids there are very few and in a restricted tem-
perature range. The available experimental data for the thermal conductivity of five
widely used solids, BK7, PMMA, Pyrex 7740, Pyroceram 9606, and SS304, have
been critically examined with the intention of establishing thermal conductivity ref-
erence correlations. All experimental data have been categorized into primary and
secondary data according to the quality of measurement specified by a series of
criteria. A new reference correlation is proposed for BK7, and improved ones for
PMMA, Pyrex 7740, Pyroceram 9606 and SS304.

Keywords BK7 - PMMA - Pyrex 7740 - Pyroceram 9606 - Reference correlations -
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1 Introduction

In a recent paper [1], reference values and correlations for the thermal conductivity

of fluids were reviewed. Internationally accepted “reference values” (known also as
“standard reference values”) serve two primary purposes. First, they can provide a
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means of confirming the operation and experimental uncertainty of any new abso-
lute apparatus and the stability and reproducibility of existing absolute measurement
equipment. Second, in the case of instruments operating in a relative way, they pro-
vide the basis to calibrate one or more unknown constants in the working equation.
Reference values refer to the properties specified at a fixed-state condition (e.g.,
specific temperature and composition) or at a small number of such states. These
values are often characterized by the lowest uncertainty possible at the time of their
acceptance. “Reference correlations” often cover a wide range of conditions and are
developed to achieve the lowest possible uncertainties (although perhaps higher than
those of reference values).

The International Association for Transport Properties (IATP), formerly known
as the Subcommittee on Transport Properties of the International Union of Pure and
Applied Chemistry (IUPAC), has been proposing reference values and correlations
for a wide selection of fluids, molten metals and salts [1]. In this work, we attempt to
propose reference correlations for five solids, BK7, PMMA, Pyrex 7740, Pyroceram
9606 and SS304. All selected solids have in common that there are well defined, sta-
ble and available on the market for decades in high quality.

Finally, we note that the analysis that is described here is applied to the best avail-
able experimental data for the thermal conductivity of the five solids. Thus, a pre-
requisite 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 IATP, the primary data are
identified by a well-established set of criteria [1]. These criteria have been success-
fully 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 % to 2 % [1]. However, in many cases, such a narrow definition unacceptably
limits the thermodynamic states for which data can be represented. Consequently,
within the primary data set, it is also necessary to include results that extend the
correlations over a wide range of conditions, albeit with a poorer uncertainty, pro-
vided they are consistent with other more accurate data or with theory. In all cases,
the uncertainty claimed for the final recommended data must reflect the estimated
uncertainty in the primary information.

1.1 Data Analysis and Quality

For each solid, the selected primary data of the thermal conductivity, A (W-m™-K™),
are fitted as a function of the absolute temperature, T (K), to an equation of the form

4
i=Y et (1)
i=0

where T = (T/273.15), and the coefficients c; (W-m™ K™ are determined. We
note that measurements were weighted in the fitting process in inverse proportion to
the square of their claimed uncertainty.
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To determine the quality of the reference correlations, three more quantities are
introduced. We have defined the percent deviation as PCTDEV =100 (4, — 44/
where ,,, is the experimental value of the thermal conductivity and 4 is the value
calculated from the correlation. Thus, the average absolute percent deviation (AAD)
is found with the expression AAD=(}] | PCTDEV | )/n, where the summation is
over all n measurements, and the bias percent is found with the expression
BIAS =()PCTDEV)/n. Finally, the uncertainty at a 95 % confidence level (20)

’1av

defined as 2( 100) [Z (Aexp — iﬁl)z] / n is also shown. The variable 1,, repre-

sents the average thermal conductivity of each solid for the range examined.
All these quantities will be discussed for every solid in turn, and their values
together with the proposed recommended values are given in Sect. 7.

1.2 Experimental Techniques

In this section, problems associated with the techniques employed for the primary
thermal conductivity measurements of the specific solids considered are discussed.

a. Guarded Hot-Plate method

In the case of the stationary Guarded Hot-Plate (GHP) method, the influence on
measurement results, of thermal contact resistances and of radiative heat transfer, in
general, need to be discussed.

The hard and stiff material induces thermal contact resistances at the interfaces
between the glass specimen and the measurement device in the case of contact meth-
ods. Where for some dynamic methods, e.g., laser flash, this effect is not relevant,
for some stationary methods, like the guarded hot-plate method, and it has to be
taken into account. Uneven or non-parallel plates or specimen surfaces lead to small
cavities at the interfaces. The temperature-dependent thermal and infrared-optical
properties of the enclosed gas and of the surfaces result in a temperature-dependent
thermal contact resistance, which decreases nonlinear with increasing temperature.

To minimize the contact resistance, thin flexible high thermally conductive sheets
could be used as interlayers, e.g., Nickel gauze with wire diameters of 80 um. A
more precise correction of the effect is possible by thermal conductivity measure-
ments for a given mean temperature and temperature difference between hot and
cold plate under different gas atmospheres, preferably under high vacuum, or under
nitrogen, or helium at atmospheric pressure. If there are cavities between plate and
specimen surface, the corresponding thermal contact resistance varies with the use
of atmospheres with different thermal conductivity.

Aexp As o+ A 2

where A, is the measured heat transfer coefficient, A, the heat transfer coefficient
of the specimen, & the radiative heat transfer coefficient in the gap, 4, the thermal
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conductivity of the gas, and d,,, the effective, average thickness of the cavities at the
interface between specimen and measuring plates. A nonlinear regression of Eq. 2
on the experimental data provides the constant thermal specimen resistance and thus
the thermal conductivity of the specimen during the different measurements at con-
stant mean temperatures (see Fig. 1).

A further complication for the determination of a true thermal conductivity
values results in the semitransparency of BK7 at higher temperatures. In 1961,
Gardon [4] gave an early overview of the influence of thermal radiation on the
heat transfer in glasses. He stated that for stationary plate methods at higher tem-
peratures apparent thermal conductivity values were determined which depend
on the thickness of the investigated specimen. This fact, according to Gardon, has
repeatedly led in the past to confusions regarding the wide spreading of measure-
ment results by different investigators. In retrospect, this effect is also one reason
of the unsatisfying result of the round robin test in 2002. In a good approxima-
tion, BK7 can be considered as a diathermic medium with a transparent band for
wavelength below 2.8 um while it is opaque above 5 um [5, 6]. Between 2.8 pm
and 5 um, there is a semitransparent transition regime, depending on the thickness
of the glass layer. The contribution of the radiative heat transfer to a determined
thermal conductivity value can be estimated in the case of using a GHP setup. A
one-dimensional configuration is assumed. The specimen is a slab enclosed by
two parallel measuring plates of the GHP apparatus. The one-dimensional radia-
tive heat flux density g, is approximately determined by

g %40 T AT F(A.T) = Ay, AT A3)

where ¢ is Stefan-Boltzmann constant, T,= (T2 +T3)(T,+T,)/4, is the radiative
mean temperature, AT the temperature difference between the hot and cold plate of
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Fig.1 GHP thermal conductivity measurement results, i.e., determined heat transfer coefficient (sym-
bols), on BK7 at different mean temperatures as function of the thermal conductivity of the gas atmos-
phere (vacuum, nitrogen and helium) [2]. Two sets of specimens with thicknesses with 8 mm and 20 mm
were investigated. Details of the GHP setup could be found in [3]. The lines indicate the theoretical
description according to Eq. 2
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the GHP, F(4,,T) the black body fraction [7] with 4, the cut-off wavelength (2.8 pm),
and 4,,, the apparent thermal conductivity.

Figure 2 shows the apparent radiative contribution to the true thermal conductiv-
ity due to the direct radiative heat exchange between the two measuring plates via
the diathermic BK7 for two specimen with thicknesses of 8 mm and 20 mm. The
black body fraction is also depicted. At 573 K only 2 % of the black body radia-
tion is transmitted in the wavelength range below 2.8 pm. This fraction increases
up to 10 % for a temperature of 773 K. With increasing thickness of the specimen
the apparent radiative thermal conductivity contribution increases. The measured
thermal conductivity values have to be reduced by this contribution, i.e., this corre-
sponds to corrections of less than 1 % at 573 K and of 4 % at 773 K for the specimen
with 8 mm thickness and 9 % for the 20-mm-thick specimen.

In the case of BK7 the applicability of the GHP method for the determination of
the true thermal conductivity is limited to temperature below 573 K. Above 573 K,
the measured values have to be corrected for the radiative contribution. The thicker
the specimen, the higher the correction.

The GHP technique has successfully been employed by Ebert [2] for the measure-
ment of the thermal conductivity of BK7, while Rudtsch and Hammerschmidt [8],
and Boumaza and Redgrave [9] employed it for measurements in PMMA, Longo
[10] for Pyrex 7740, and Filla et al. [11] for measurements on Pyroceram 9606.

The aforementioned discussion also holds for techniques that are based on the
same principles such as the radial-heated cylinders, the axial heat conduction and
the high-temperature longitudinal techniques, all employed for the measurement of
the thermal conductivity of solids.

b. Laser-flash method

The calculation of thermal conductivity values using values of density p, specific
heat capacity ¢, and thermal diffusivity a is carried out according to
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Fig.2 Apparent radiative contribution to the true thermal conductivity due to the direct radiative heat
exchange between the two measuring plates with emissivity 0.8 via the diathermic BK7 (cut-off wave-
length 2.8 ym) for two specimen with thicknesses of 8 mm and 20 mm as a function of temperature. The
black body fraction as function of temperature is shown for a cut-off wavelength of 2.8 um
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AT) = a(T) p(T) c,(T). @)

It is important that the thermal diffusivity value describes the true thermal dif-
fusivity without any thermal radiation effect due to ballistic radiative heat trans-
fer between the specimen front and rear side which could be critical for meas-
urements on semitransparent media above room temperature. The influence of
radiative heat transfer in the laser-flash experiment and correction methods was
described in detail elsewhere [12—-15].

In some cases, the ballistic radiative heat transfer is minimized by applying a
low-emissivity coating on the specimen surfaces [2, 16, 17]. Therefore, for speci-
men used for measurements up to 873 K, the surfaces were first coated with a
low-emissive gold layer and then with a graphite layer to optimize the absorption
of the laser pulse energy at the front side and the contactless detection of ther-
mal radiation at the rear side. The resulting measurement curves were evaluated
according to the model of Carslaw and Jaeger [18].

Taking into consideration the aforementioned discussion, Gobel et al. [16],
Hemberger et al. [17], and Ebert [2] have successfully employed the laser-flash
technique to measure the thermal conductivity of BK7, and Gaal et al. [19] for
measurements on Pyrex 7740 and Pyroceral 9606.

c. Transient hot wire

In this technique, a current is applied to a fine wire (or strip) of known length
which acts as both a heating element and a resistance thermometer. The wire is
placed between two solid samples, a current is applied, and the temperature rise
of the wire is measured as a function of time. The thermal conductivity is derived
from the reciprocal of the slope of the linear portion of the plot of the tempera-
ture rise versus the logarithm of the time.

The main problem of this technique is the contact resistance between the heat-
ing wire (or strip) and the solid sample. A successful solution of this problem
[20, 21] was to embed the wires in a thin soft silicon layer. The soft silicone
layer eliminates the possibility of having an air layer between the wire and the
solid, and thus it greatly enhances the contact between wire and silicone. In this
arrangement, measurements of the temperature rise at very short times provide
the properties of the silicone layer, while from measurements at longer times the
properties of the solid are acquired. However, measurements are restricted to the
highest temperature that the silicone remains soft (about 570 K). Assael et al.
[20-25] employed this technique for measurements of the thermal conductivity of
the five solids considered.

In other instruments with similar working principles, the heating element
is placed in a thin polyimide layer, which in turn is placed between the solids,
and the contact resistance is dealt through the evaluation of the raw data. Ham-
merschmidt and Meier [26] employed a transient hot bridge for measurements
in BK7, Pyrex 7740, and PMMA, and Log, and Metallinou [27] and Gustafsson
[28] employed the transient plane source to measure the thermal conductivity of
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PMMA. Similar instruments were employed by Kubicar et al. [29, 30] for meas-
urements on BK7 and PMMA, and Malinaric and Dieska [31] for measurements
on PMMA.

d. Other techniques

The principle of the 3o method is the application of an alternating current of
angular frequency o through a thin metal heater line that has been directly depos-
ited on an electrically insulated specimen. The method was extensively employed
by Cahill and Pohl [32] for the measurement of thin films and solids. Nevertheless,
the measurements of Cahill and Pohl [32] were not included in the primary datasets
as (a) no uncertainty budget was given, and (b) measurements seemed to be higher
than all others. In the case of Pyrex 7740, however, the measurements of Cahill [33]
cover a very wide range and seem to agree well with the rest. Hence, regardless of
the fact that no uncertainty is quoted, this set was included in the primary dataset,
with a high estimated uncertainty.

Finally, we note that there are a few other heat transfer experiments employed for
the measurement of the thermal conductivity of these solids. These are considered
very carefully as usually no proper description, or uncertainty budget is included.
Hence, the measurements on PMMA of Dawson et al. [34] (heat transfer experi-
ment), on Pyrex 7740 by Matsumoto and Ono [35] (radiative heat exchanger tech-
nique), and the measurements on SS304 by Takahashi et al. [36] (steady-state direct
electric heating), these were considered as primary data.

2 BK7

BKY7 is a borosilicate glass produced by Schott AG, Germany, and is widely used for
optical systems as it can be manufactured with outstanding homogeneity. In weight
percent, it consists mainly of 70 % silica, 10 % boron oxide, 8.4 % sodium oxide and
8.4 % potassium oxide. Its density is 2504 kg-m~ at 298 K [37], and it has isotropic
thermophysical properties with excellent long-term stability as long as the material
is not heated above its glass transition temperature of approximately 830 K [37].

In the case of BK7, an intercomparison among 11 European laboratories was
organized by PTB [5], aiming to qualify it as a possible candidate reference mate-
rial for thermal conductivity, produced in 2002 uncertainties up to 20 % at ambient
temperature and 40 % at higher temperatures, which were far in excess of the labora-
tories’ quoted uncertainties. Hence, this material is still under consideration.

2.1 Data Compilation

Table 1 shows, to the best of our knowledge, all the experimental datasets for the
measurements of the thermal conductivity of solid BK7. In the table, the supplier of
the sample, the technique employed, and the uncertainty quoted are also presented.
Furthermore, the form in which the data are reported and the temperature range
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covered is also noted. In the case of data in diagrams a free online standard digitiz-
ing software was employed to read the values (no influence on the quoted uncer-
tainty was detected). The datasets have been classified into primary and secondary
sets, as mentioned in Sect. 1. Following our aforementioned discussion, the guarded
heat-flow measurements of Ebert [2], as well as the laser-flash measurements of
Gobel et al. [16], Hemberger et al. [17], and Ebert [2] were very carefully performed
and hence form part of the primary data. Primary data are also shown in Fig. 3.

In addition to these, Assael et al. [24, 25, 37] employed a transient hot-wire tech-
nique to measure the thermal conductivity of BK7 with uncertainty of 1.5 % and
1.0 %. To avoid contact resistances, the two 25-pm-diameter wires were embed-
ded in a 1 mm flat silicone paste squeezed between two specimens of BK7. The
method is absolute backed by a full theory. These measurements also form part of
the primary dataset. A transient hot-wire was also employed by Ebert [2], with 5 %
uncertainty, and these measurements also formed part of the primary dataset. Ham-
merschmidt and Meier [26] employed a very carefully designed, transient hot bridge
with a 2 % uncertainty for the measurement of the thermal conductivity of BK7,
while Kubicar et al. [29] employed a pulse-transient technique with a 5 % uncer-
tainty. Both these sets also formed part of the primary dataset. Finally the more
recent 30 measurement of Cao et al. [38] was also included in the primary dataset.

2.2 Discussion

The primary data for the thermal conductivity, A (W-m~"-K~') shown in Table 1,
were fitted as a function of the absolute temperature, T (K), to Eq. 1. Coefficients c;

1.6
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Fig.3 Primary experimental thermal conductivity measurements for BK7, as a function of the tempera-
ture. (X) Cao et al. [38], (4) Assael et al. [37], (@) Calorim., (@) MDSC Gobel et al. [16], (<>) Hem-

berger et al. [17], (a) Assael et al. [25], (W) Hammerschmidt [26], (A)Assael et al. [24], (m) Kubicar
etal. [29], (@) LF, (< ) GHP, (¢) THW, Ebert [2]
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are shown in Table 7 and recommended values obtained through Eq. 1 are shown in
Table 8.

The uncertainty (at the 95 % confidence level) over the whole temperature range,
79-773 K, is 5.2 % (AAD is 2.3 % and BIAS is 0.0 %), dropping to 4.3 % over the
restricted temperature range 273—773 K. Strictly speaking however, since the meas-
urements in the range 79-233 K have an associated uncertainty of 11.6 %, this value
should be employed for the uncertainty in this temperature range.

Figure 4 shows the percentage deviations of the primary thermal conductivity
data of BK7 from those calculated by Eq. 1, as a function of the temperature. It can
be seen that the proposed reference correlation for BK7 represents all primary data
within the mutual uncertainties.

3 PMMA

Polymethyl methacrylate (PMMA) or Perspex® is an amorphous, colorless thermo-
plastic material of excellent optical transparency, and a luminous transmittance of
about 92 %. It has good abrasion resistance and dimensional stability, but is brittle
and notch sensitive. Its water absorptivity is very low when compared with other
polymer materials, and its density is (1185 +5) kg:m~> [37].

Because of its amorphous structure, PMMA was a preferred material in the 50 s
and 60 s of the last century for the experimental verification of theoretical heat con-
duction models in amorphous polymers. Thus, measurements have been performed
in temperatures as low as 1 K (e.g., Reese [40, 41], Berman [42]), however with
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Fig.4 Percentage deviations of the primary experimental thermal conductivity measurements for BK7,
from those calculated by Eq. 1, as a function of the temperature. (X) Cao et al. [38], (4) Assael et al.
[37], (@) Calorim., (@) MDSC Gobel et al. [16], (¢») Hemberger et al. [17], (a) Assael et al. [25], (@
) Hammerschmidt [26], (A) Assael et al. [24], (W) Kubicar et al. [29], (@) LF, (<) GHP, (¢) THW,
Ebert [2]
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higher uncertainties and large disagreements between each other. In this work, we
concentrate in measurements over 90 K, as they are more reliable and can be consid-
ered as primary data for developing a reference correlation.

In 2001, Tye and Salmon at NPL (published in 2004 [43]), after a very careful
investigation aiming to produce a candidate thermal conductivity reference polymer,
proposed an equation for the thermal conductivity of PMMA, covering a tempera-
ture range 273-353 K, with an uncertainty of 1 % at the 95 % confidence level.

In 2004, Rudtsch and Hammerschmidt [8], for PTB, also aiming to propose a
thermal conductivity reference material candidate, coordinated in PTB an intercom-
parison project for PMMA involving 17 European laboratories. Unfortunately, the
thermal conductivity values produced even at 303 K, ranged from 0.16 W-m~!-K™!
to 0.21 W-m~!“K~!, while uncertainties ranged from 8 % to 13 % in the thermal con-
ductivity values, which far exceeded the laboratories’ quoted uncertainties. It was
argued that the most probable reason for this discrepancy was the improperly treated
effect of contact resistance (see also Sect. 2.1). To prove independently that the ther-
mal contact resistance was adequately taken into account, in the same article, values
obtained at PTB by two different methods (guarded hot plate and transient hot strip)
were also reported.

In 2009, Rides et al. [44] for NPL also carried out an intercomparison project for
PMMA, but no values were recommended. Finally, in 2014 Rohde et al. [45] pub-
lished an inter laboratory (11 techniques: 9 laser-flash instruments, 1 hard disk, and
1 transient hot-wire instrument) comparison of thermal diffusivity for PMMA, with
average values with an uncertainty of 4 % (at the 95 % confidence level), covering a
temperature range 293-373 K.

Another point that ought to be discussed is the glass transition temperature of
PMMA. Rides et al. in 2009 [44] stated that the glass transition range, measured
by differential scanning calorimetry with heating at 10 K-min~!, occurred between
approximately 373 K and 403 K. Dixit et al. [46] in 2009 also employed a differen-
tial scanning calorimetry to investigate the glass transition temperature of PMMA,
and a value of 356.95 K was quoted. Dos Santos [47] in 2013 measured a glass tran-
sition temperature of 386 K. Furthermore, they observed a drop in its thermal con-
ductivity several degrees before the glass transition temperature value determined
by DSC. This fact may be explained having in mind that the conventional glass tran-
sition is a kinetic (rate-dependent) manifestation of an underlying thermodynamic
phenomenon, and corresponds to the temperature at which the forces that keep the
connected chain segments of a solid polymer are overcome by the thermally induced
movement within the experimental time scale. Hence, the value of such a property
depends on the heating rate and the time that the material remains at a fixed constant
temperature. For the thermal conductivity measurements of PMMA performed with
the transient hot-wire technique, the actual glass transition temperature is attained
around 360 K [46], and not at 385 K as determined by the classical differential scan-
ning calorimetry.

Hence, following this discussion it seems best not to consider values of the ther-
mal conductivity of solid PMMA over 360 K.

It should be also noted that stretched PMMA may have in extreme cases a 50 %
increase in thermal conductivity in the direction of elongation [48].
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3.1 Data Compilation

Table 2 shows, to the best of our knowledge, all the experimental datasets for the
measurements of the thermal conductivity of solid PMMA. These are also shown
in Fig. 5. As previously, in the table, the supplier of the sample, the technique
employed, and the uncertainty quoted are also presented. Furthermore, the form in
which the data are reported and the temperature range covered is also noted. The
reference correlation of Tye and Salmon [43], as well as the average values proposed
by Rohde et al. [45], are also shown on the top of the table. The datasets have been
classified into primary and secondary sets.

The measurements of Assael et al. [24, 25, 37] were performed in a 2-Ta-wires
transient hot-wire instrument. To avoid contact resistance the wires were embedded
in a silicon layer, and squeezed between two samples of the solid. As the technique
is absolute and its uncertainty is better than 2 %, these measurements were consid-
ered as primary data. The transient hot-bridge instrument developed by Hammer-
schmidt and Meier [26] operating with an uncertainty of 2 %, as well as the transient
plane-source (hot disk) instrument of Rudtsch and Hammerschmidt [8], operating
with an uncertainty of better than 2.2 %, were also part of the primary datasets. Sim-
ilarly, of very low uncertainty, less than 2 % were the dynamic plane-source meas-
urements of Malinaric and Dieska [31], the pulse transient method of Kubicar et al.
[30], the transient heating technique of Lima e Silva et al. [49] and Jiang [50], and
the radial heated cylinder measurements of Chen et al. [51]. All these measurements
formed part of the primary dataset.

Following our previous discussion on guarded hot-plate instruments in Sect. 2.1,
we also included in the primary datasets the guarded hot-plate measurements of
Rudtsch and Hammerschmidt [8] and Shoulberg and Shetter [52], performed with an
uncertainty of about 2 %, as well as the higher uncertainty measurements of Miller
and Kortlar [53] and Boumaza and Redgrove [9].

Finally we did include in the primary dataset, the higher uncertainty measure-
ments of Dawson et al. [34], Stefkova and Zmeskal [54], Log and Gustafsson [55],
and Eiermann and Hellwege [48], as in their papers, a full description of the tech-
nique employed, the uncertainty of the instrument and the origin of the sample
measured were given.

The 3w measurements of Cahill and Pohl [32], and the guarded hot-plate meas-
urements of Hattori [61], were not included in the primary dataset, as they did not
quote the uncertainty of the measurements. Furthermore, the measurements of
Cahill and Pohl [32] were consistently higher than the rest, while the measurements
of Hattori were very much lower (see Fig. 5), which was also reported for other
measurements that he also performed [62]. No uncertainty was also given for the
single transient hot-wire measurement of Takeuchi and Suzuki [60]. Quite lower
than anybody else were also the guarded hot-plate measurements of Zeng et al. [57]
(see Fig. 5). Finally as secondary measurements, we considered the high-uncertainty
measurements of Cao et al. [38], Qiu et al. [56], and Lin et al. [59], as well as the
2004 Malinaric [58] measurements as they were superseded by their 2009 meas-
urements of lower uncertainty [31]. We note, that although we did include the sin-
gle measurement of Cao et al. [38], in the primary dataset for BK7, in the case of
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Fig.5 Experimental thermal conductivity measurements for PMMA, as a function of the temperature.
(Q) Assael et al. [37], (] Malinaric and Dienska [31], (@) Assael et al. [25], (/™) Dawson et al. [34],
(¢) Hammerschmidt and Meier [26], (A) Stefkova and Zmeskal [54], (0) Assael et al. [24], () Kubicar
et al. [30], (x) Rudtsch and Hammerschmidt [8], (o) Boumaza and Redgrove [9], (@) Lima e Silva et al.
[49], (@) Chen et al. [51], (@) Log and Gustafsson [55], (fgf) Miller and Kotlar [53], (([)) Jiang et al.
[50], (+) Eiermann and Hellwege [48], (*) Shoulberg and Shetter [52], ((J) Cao et al. [38], (0) Qiu
et al. [56], () Zeng et al. [57], ([JJ) Malinaric [58], (@) Lin et al. [59], (¢) Cahill and Pohl [32], (&
) Takeuchi and Suzuki [60], (Q) Hattori [61], as well as the reference correlation of (ws=) Tye [43], and
the proposed average values of (@) Rohde et al. [45]

PMMA the 6 % quoted uncertainty by Cao et al. [38] is large compared to the rest of
the primary data used.

Figure 6 shows the primary datasets, shown also in Table 2, employed for the
measurement of the thermal conductivity of PMMA.

3.2 Discussion

The primary data for the thermal conductivity, 4 (W-m~"-K~!) shown in Table 2,
were fitted as a function of the absolute temperature, 7 (K), to Eq. 1. The coeffi-
cients c; (W-m~"-K~") are shown in Table 7. In the same table the temperature range,
T ange (K), of applicability of Eq. 1, derived from the corresponding temperatures in
Table 2, is also presented.

As shown in Table 7, in the case of PMMA, the uncertainty (95 % confidence
level) over the whole temperature range, 95-363 K, is 4.4 % (AAD is 1.8 % and
BIAS is 0.3 %). Figure 7 shows the percentage deviations of the primary thermal
conductivity data of PMMA from those calculated by Eq. 1, as a function of the
temperature. It can be seen that the new reference correlation represents well within
the mutual uncertainties, the previous reference correlation proposed by Tye and
Salmon [43], the average values proposed by Rohde et al. [45], and all primary data.
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Fig.6 Primary experimental thermal conductivity measurements for PMMA, as a function of the tem-
perature. (Q) Assael et al. [37], (J[]) Malinaric and Dienska [31], (@) Assael et al. [25], (#®) Dawson
et al. [34], (¢) Hammerschmidt and Meier [26], (A) Stefkova and Zmeskal [54], (0) Assael et al. [24],
(4) Kubicar et al. [30], (x) Rudtsch and Hammerschmidt [8], (a) Boumaza and Redgrove [9], (@) Lima
e Silva et al. [49], (@) Chen et al. [51], (@) Log and Gustafsson [55], (fg) Miller and Kotlar [53], ((D)
Jiang et al. [50], (+) Eiermann and Hellwege [48], (*) Shoulberg and Shetter [52], ((J) Cao et al. [38],
(0) Qiu et al. [56], (£) Zeng et al. [57], ([J Malinaric [58], (@) Lin et al. [59], (¢) Cahill and Pohl
[32], ((|8) Takeuchi and Suzuki [60], (Q) Hattori [61], as well as the reference correlation Of (we) Tye
[43], and the proposed average values of (@) Rohde et al. [45]

Finally, recommended values obtained through Eq. 1, and the corresponding
coefficients c; from Table 7 are shown in Table 8.

4 Pyrex7740

Pyrex 7740 is a well-known Type I, Class A borosilicate glass, which conforms to
ASTM EA438 [37]. Pyrex 7740 is an original product of Corning, USA, patented
in 1915. It has a density of 2.23x10° kg-m™ at 293 K [37] and consists approxi-
mately of 80.7 % silica, 13 % boron oxide, 4.0 % sodium oxide and 2.3 % aluminum
oxide. It has a low coefficient of expansion, which allows to be manufactured in rela-
tive heavy walls giving it mechanical strength and thermal shock resistance, while
retaining reasonable heat resistance. Moreover, it is highly resistant to chemical
compounds such as strong acids, alkalis, etc., and can withstand temperatures up to
760 K [37]. Therefore, due to its excellent thermal and mechanical properties, Pyrex
7740 is used in many laboratory and industrial applications.

In 1966, Powel et al. [63] published reference values of the thermal conductivity
with a 5 % maximum uncertainty covering a temperature range 100 K to 700 K. Three
years earlier a National Bureau of Standards (NBS) complementary report by Flynn
[64] stated probable thermal conductivity values for Pyrex 7740 from 273 K to 573 K
which resulted from literature values, unpublished data and NBS measurements with
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Fig.7 Percentage deviations of the primary experimental thermal conductivity measurements for
PMMA, from those calculated by Eq. 1, as a function of the temperature. (Q) Assael et al. [37], (][]
) Malinaric and Dienska [31], (@) Assael et al. [25], (™) Dawson et al. [34], (¢) Hammerschmidt and
Meier [26], (A) Stefkova and Zmeskal [54], (0) Assael et al. [24], () Kubicar et al. [30], (x) Rudtsch
and Hammerschmidt [8], (a) Boumaza and Redgrove [9], (@) Lima e Silva et al. [49], (@) Chen et al.
[51], (©) Log and Gustafsson [55], (fg) Miller and Kotlar [53], ((D) Jiang et al. [50], (+) Eiermann and
Hellwege [48], (*) Shoulberg and Shetter [52], ((J) Cao et al. [38], ({}) Qiu et al. [56], (£ Zeng
et al. [57], ((Jp Malinaric [58], () Lin et al. [59], (¢>) Cahill and Pohl [32], (f) Takeuchi and Suzuki
[60], (0) Hattori [61], as well as the reference correlation of (=) Tye [43], and the proposed average
values of (@) Rohde et al. [45]

uncertainties of 5 % below 573 K and mentioned higher uncertainties above because of
thermal radiation effects. Similar to BK7, Pyrex 7740 is transparent for thermal radia-
tion at wavelengths below 2.7 um and radiation effects are in the same order of mag-
nitude occur, although they tend to be smaller than for BK7. In 1985, Hulstrom et al.
[65] recommended values from round robin tests, characterized by a 10.3 % standard
deviation (at the 95 % confidence level), covering a temperature range 323 K to 573 K.

In September 1990, the European Community Bureau of Reference (BCR) finally
issued a certificate for Pyrex glass material [66]. This certified material is now available
as CRM 039 from the European Union Institute of Reference Materials and Measure-
ments (IRRM) in Geel, Belgium. However, it should be noted that this certificate refers
only to a Pyrex glass and not specifically the 7740 grade. These certified values are
characterized by a 1.7 % standard deviation at the 95 % confidence level.

4.1 Data Compilation
Table 3 shows, to the best of our knowledge, all the experimental datasets for the

measurements of the thermal conductivity of solid Pyrex 7740. These are also
shown in Fig. 8. As previously, in the table, the supplier of the sample, the technique
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employed, and the uncertainty quoted are also presented. Furthermore, the form in
which the data are reported and the temperature range covered is also noted. The ref-
erence correlation of Williams and Shawyer [66], as well as the reference values of
Hulstrom et al. [65] and Powel et al. [63], are also shown on the top of Table 3, and
in Fig. 8. The datasets have been classified into primary and secondary sets.

As discussed in the case of PMMA, the Pyrex 7740 measurements of Assael et al.
[23, 25, 37] were performed in a 2-Ta-wires transient hot-wire instrument. To avoid
contact resistance the wires were embedded in a silicon layer, and squeezed between
two samples of the solid. As the technique is absolute and its uncertainty is bet-
ter than 2.0 %, these measurements were considered as primary data. The transient
hot-bridge measurements obtained by Hammerschmidt and Sabuga [67, 68] with an
uncertainty of 2.5 %, as well as the laser-flash measurements of Gaal et al. [19],
performed with a 2 % uncertainty, and the pulse-transient measurements of Milano
et al. [69], performed with a 1.7 % uncertainty, were also part of the primary data-
sets, as full descriptions of the experimental setups were published (Fig. 9).

Following the discussion in Sect. 2.1, the guarded comparative-longitudinal-heat-
flow measurements of Pillai and George [71], obtained with an uncertainty of 2 %,
were also included in the primary dataset. Carefully designed guarded hot-plate
instruments were also employed by Longo [10] operating at 3.8 % uncertainty, and
by Ohmura [70], and Miller and Kotlar [53], with 5 % uncertainty. These were also
part of the primary dataset. Two more sets were included in the primary dataset, as
shown in Table 3; the short transient hot-strip measurements of Log and Metallinou
[27] obtained with a 3 % uncertainty, and the radiative heat exchanger measurements
of Matsumoto and Ono [35] with a 5 % uncertainty.

Finally, although the 3o measurement of the thermal conductivity of PMMA per-
formed by Cahill [33] was considerably higher than the rest, in the case of Pyrex
7740 they cover a very wide range and seem to agree well with the rest. Hence,
regardless of the fact that no uncertainty is quoted, this set is the last one included in
the primary dataset, with caution.

Examining the secondary data in Table 3, the guarded hot-plate measurements
of Fujishiro et al. [77] were up to 40 % lower than the rest. The dynamic measure-
ment access technique employed by Zawilski and Tritt [75] with no quoted uncer-
tainty produced values which were up to 20 % higher than the rest. Similarly the
calorimetric measurements of Yang et al. [79], with no quoted uncertainty, showed
values that extended from — 15 % to +15 %, from all other measurements. In the
secondary dataset, the guarded hot-plate measurements of Himeno et al. [78] were
also included, as the uncertainty quoted was 10 %. In addition, data from Flynn [64]
were also assigned to the secondary data, as some of them were already taken into
account for Powell’s reference values. Campbell et al. [73] published in 2013 data
between 93 K and 748 K derived by laser-flash measurements. The authors men-
tioned that due to the specific preparation, i.e., applying gold coatings at both sides
of the specimen to avoid ballistic radiative heat transfer, at higher temperatures no
radiation effects were observed. However, the data show at the lowest and highest
temperatures deviations of —18 % and only in a medium temperature range, and
their data were close to the proposed polynomial for the primary data. This and
the fact that no clear statement of the uncertainties was given, led the decision to
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Fig. 8 Experimental thermal conductivity measurements for Pyrex 7740, as a function of the tempera-
ture. (Q) Assael et al. [37], (¢) Ohmura [70], (@) Assael et al. [25], (x) Longo [10], (0) Assael et al.
[23], (+) Gaal et al. [19], (@©) Milano et al. [69], (¢>) Hammerschmidt and Sabuga [67], () Hisano and
Placido [76], (@) Miller and Kotlar [53], (@) Log and Metallinou [27], (o) Matsumoto and Ono [35],
(*) Pillai and George [71], (A) Cahill [33], (¢))) Cao et al. [38], (e) Chen et al. [72], (@) Campbell
et al.[73], ((J) Tleoubaev and Brezinski [74], (0) Zawilski and Tritt [75], (O) Fujishiro et al. [77], (l)
Himeno et al. [78], (<)) Yang et al. [79], (s ) Flynn [64], as well as the reference correlation (s
) and indicative values (we «=) of Williams and Shawyer [66], the reference values Of (=) Hulstrom
etal. [65], and the reference values of (¢p) Powell et al. [63]

consider these data as secondary data. Finally, the single transient hot-wire measure-
ment of Chen et al. [72], and the two modified guarded hot-plate measurements of
Tleoubaev and Brezinski [74] were also included in the secondary data set, as they
quoted no value for the uncertainty.

4.2 Discussion

The primary data for the thermal conductivity, 4 (W-m~"-K~!) shown in Table 3,
were fitted as a function of the absolute temperature, 7 (K), to Eq. 1. The coeffi-
cients c; (W-m~'-K~!) are shown in Table 7, while recommended values are shown
in Table 8.

As shown in Table 7, in the case of Pyrex 7740, the AAD is 1.4 % and the BIAS
0.0 %. The uncertainty (95 % confidence level) over the whole temperature range,
32 Kto 742 K, is 3.7 %. As however, below 190 K, the correlation is only based on
the values of Cahill [33], it would be wiser to assign an uncertainty of not less than
10 % in that temperature range. Even at temperatures above 573 K, the data should
be considered with a higher uncertainty toward lower values, i.e., 10 %, since only
few data are available and a detailed quantitative discussion of radiant heat transfer
is still missing. Figure 10 shows the percentage deviations of the primary thermal
conductivity data of Pyrex 7740 from those calculated by Eq. 1, as a function of the
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Fig.9 Primary experimental thermal conductivity measurements for Pyrex 7740, as a function of the
temperature. (Q)) Assael et al. [37], (¢) Ohmura [70], (@) Assael et al. [25], (x) Longo [10], (0) Assael
et al. [23], (+) Gaal et al. [19], (@) Milano et al. [69], (¢) Hammerschmidt and Sabuga [67], (@) Miller
and Kotlar [53], (@) Log and Metallinou [27], (a) Matsumoto and Ono [35], (*) Pillai and George [71],
() Cahill [33], as well as the reference correlation (mmss) and indicative values (ws «m) of Williams and
Shawyer [66], the reference values Of (sss=) Hulstrom et al. [65], and the reference values of (¢p) Pow-
ell et al. [63]

temperature. It can be seen that the new reference correlation represents well within
the mutual uncertainties, the previous reference correlation proposed by Williams
and Shawyer [66] and Hulstrom et al. [65], the reference values proposed by Powell
et al. [63], and all primary data.

5 Pyroceram 9606

Pyroceram 9606 is an opaque glassy ceramic with high strength and elastic modulus
and an operating temperature covering the range 75 K to 1250 K. It is mechani-
cally stable to 1450 K [80]. The polycrystalline ceramic consists primarily of sil-
ica (56 %), aluminum oxide (19.6 %), magnesium oxide (14.9 %), titanium oxide
(8.6 %), and other (0.9 %) [81]. The density is 2.60%10° kg‘m_3 at 293 K [63].
Originally, it was developed by Corning Glass Works (now Corning Inc.) in the 50s.
It is particularly well defined and thermally stable, and it was proposed as a standard
reference material for thermal conductivity by the National Institute of Standards
and Technology (NIST), USA, in 1966 [63], and with lower uncertainty in a more
restricted temperature range, in 1985 [65].

Moreover, since May 2007, Pyroceram 9606 is supplied by the European Com-
mission Institute for Reference Materials and Measurements (http://www.irmm.jrc.
be/) as a certified thermal-conductivity and thermal-diffusivity reference material
(designated as glass ceramic BCR-724) up to 1025 K [80]. This certification was
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Fig. 10 Percentage deviations of the primary experimental thermal conductivity measurements for Pyrex
7740, from those calculated by Eq. 1, as a function of the temperature. (Q ) Assael et al. [37], (¢ )
Ohmura [70], (@ ) Assael et al. [25], (x) Longo [10], (0 ) Assael et al. [23], (+) Gaal et al. [19], (@ )
Milano et al. [69], (¢ ) Hammerschmidt and Sabuga [67], (@ ) Miller and Kotlar [53], (@ ) Log and
Metallinou [27], (A ) Matsumoto and Ono [35], (* ) Pillai and George [71], (A ) Cahill [33], as well as
the reference correlation (= ) and indicative values (w» «= ) of Williams and Shawyer [66], the refer-
ence values Of (wwss= ) Hulstrom et al. [65], and the reference values of (4 ) Powell et al. [63]

the outcome of a research project, funded by the European Union under the ‘Com-
petitive and Sustainable Growth’ program (“HTCRM—High Temperature Certified
Reference Materials”, Contract SMT4-CT98-2211/2003). The uncertainty of the
certified thermal conductivity value was +6.5 %, while that of the thermal diffusiv-
ity was 6.1 %.

5.1 Data Compilation

In Table 4, and Fig. 11, all published thermal conductivity measurements, to our
knowledge, of Pyroceram 9606 are shown. In the same table and in the figure, the
aforementioned 2007-reference correlation of Salmon et al. [80], the 1985-reference
correlation of Hulstrom et al. [65], as well as the 1966-reference values proposed by
Powell et al. [63], are also shown.

As previously we included in the primary dataset the measurements of Assael
et al. [20, 21, 37] performed in a transient hot-wire instrument, with two Ta wires
embedded in a silicone layer squeezed between two samples of the solid, to reduce
contact effects. These measurements were obtained with an absolute uncertainty
of better than 2 %. The transient plane source measurements of Feng and Li [82],
obtained with a 1.8 % uncertainty, and the laser-flash diffusivity measurements
of Gaal et al. [19], obtained with 3 % uncertainty, were also included in the pri-
mary dataset. Moreover, we included in the primary dataset, the guarded hot-plate
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Fig. 11 Experimental thermal conductivity measurements for Pyroceram 9606 as a function of the tem-
perature. (€) Feng and Li [82], ((J)) Assael et al. [37], (@) Salmon et al. [85], (@) Assael et al. [21], (O0)
Gaal et al. [19], (0) Assael et al. [20], (m) Filla and Slifka [83], (- -) Matsumoto and Ono [35], (ll) Cao
et al. [38], (&) Tleoubaev and Brezinski [74], (+) Zawilski and Tritt [75], ((D) Filla [11], (¢) Hisano
and Placido [76], (—) Suliyanti et al. [86], (fg) Gustafsson [28], (k) Ohta et al. [87], (») Cahill [33],
(ww) Salmon et al. [80], (m =) Hulstrom et al. [65], (@) Powell et al. [63]

measurements of Filla [83], and the radiative heat exchange measurements of Mat-
sumoto and Ono [84], obtained with 5 and 3.5 % uncertainty. Finally, in the same
table and figure, we showed the interlaboratory average values of the thermal con-
ductivity of Pyroceram 9606, published by Salmon et al. [85].

In the secondary dataset, we allocated all measurements with uncertainty higher
than 5 %, or no quoted uncertainty. We also included the laser-flash measurements
of Suliyanti et al. [86] as they were distinctively lower than most other measure-
ments. The data by Filla et al. [11] represent mean values derived by GHP meas-
urements on different thick specimens. The derived values of thermal conductiv-
ity increase slightly with specimen thickness due to the influence of radiative heat
transfer (cf. 2.1).

In Fig. 12, the percentage deviations of the primary thermal conductivity meas-
urements from the reference correlation of 2007 proposed by Salmon et al. [80] as a
function of temperature are shown. It is apparent that the associated uncertainty of
6.5 % at the 95 % confidence level can be improved.

5.2 Discussion
The primary data for the thermal conductivity, 1 (W-m_l-K_l), shown in Table 4,

were fitted as a function of the absolute temperature, T (K), to Eq. 1. The coeffi-
cients c; (W-m~“K~") are shown in Table 7.
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Fig. 12 Percentage deviations of the primary experimental thermal conductivity measurements for
Pyroceram 9606, from those calculated by Salmon et al. 2007 [80] reference correlation, as a function of
the temperature. () Feng and Li [82], ((J)) Assael et al. [37], (@) Salmon et al. [85], (@) Assael et al.
[21], (O) Gaal et al. [19], (o) Assael et al. [20], (- -) Matsumoto and Ono [35], ((D) Filla [11], (w—)
Salmon et al. [80], (m =) Hulstrom et al. [65], (@) Powell et al. [63]

As shown in Table 7, in the case of Pyroceram 9606, the AAD is 1.3 % and
the BIAS —0.4 %. The uncertainty (95 % confidence level) over the temperature
range, 290 K to 1275 K, is 3.5 %. Figure 13 shows the percentage deviations of
the primary thermal conductivity data of Pyroceram 9606 from those calculated
by Eq. 1, as a function of the temperature. It can be seen that the new reference
correlation represents well within the mutual uncertainties, the previous reference
correlation proposed by Salmon et al. [80], the correlation of Hulstrom et al. [65],
the reference values of Powell et al. [63], and all primary data. Furthermore it
represents everything with the uncertainty of 3.5 % (at the 95 % confidence level)
which is much better than the 6.5 % uncertainty of the previous reference correla-
tion [80].

6 SS304

SS304 is a low-carbon member of the 18-8 type austenitic stainless steel [88], with
a slightly higher chromium content for improved corrosion resistance. This steel is
susceptible to intergranular corrosion in the temperature range 700 K to 1150 K, due
to carbide precipitation. Its density is 8000 kg-m~> at 293 K [88]. The 304L is a still
lower carbon version of the 304 steel [88], with improved resistance to intergranular
corrosion. The small difference of carbon content between SS304L and SS304 (see
Table 5) is judged to be insignificant in altering the electrical and thermal properties
[89].
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Fig. 13 Percentage deviations of the primary experimental thermal conductivity measurements for
Pyroceram 9606, from those calculated by Eq. 1, as a function of the temperature. (¢») Feng and Li [82],
((P) Assael et al. [37], () Salmon et al. [85], (@) Assael et al. [21], (O0) Gaal et al. [19], (0) Assael et al.
[20], (- -) Matsumoto and Ono [35], ((D) Filla [11], (wee=) Salmon et al. [80], (m =) Hulstrom et al.
[65], (@) Powell et al. [63]

6.1 Data Compilation

In 1977, Chu and Ho [89] examined 20 thermal conductivity sets of SS304 and seven
sets for SS304L. These showed that the thermal conductivity of the two steels was vir-
tually the same. The values they recommended covered a temperature range from 1 K
to 1672 K (melting point) with an uncertainty of 5 %. Based mostly on the same data-
sets, in 1985 Bogaard [90] presented also a review paper on the thermal conductivity
of SS304 between 100 K and 1707 K, with an uncertainty of 4 %. Since the values
proposed by Bogaard cover an extensive temperature range with a good uncertainty, it

Table 5 Composition (mass%)

of $5304 and SS304L [88] AISI/ASTM 304 AISI/ASTM 304L

EN X2CrNil18010 EN X2CrNil18010
EN 1.4301 EN 1.4301

C <0.08 <0.03

Si <1.00 <1.00

Mn <2.00 <2.00

P <0.045 <0.045

S <0.015 <0.015

Ni 8.00-10.50 8.00-10.50

Cr 17.50-19.50 17.50-19.50

Fe Makes up the rest Makes up the rest
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is interesting to investigate more recent measurements as to whether any improvement
is possible.

In an attempt to investigate a slight anomalous infection of the thermal conductiv-
ity values reported by Bogaard [90] between 300 K and 500 K, Graves et al. [91], in
1991, measured the thermal conductivity of AISI 304L steel and found no such behav-
ior. Graves employed two instruments: (a) a high-temperature longitudinal heat transfer
instrument in Oak Ridge National Laboratory with a 1.5 % uncertainty (rising to 3 %
over 700 K), and (b) a laser-flash apparatus of 1.5 % uncertainty. These measurements
were part of the primary datasets. Assael et al. [22] employed an absolute 2-Ta wires
transient hot wire in a thin silicon paste, and squeezed between two samples of the
solid, to measure the thermal conductivity with an uncertainty of 1.5 %. These meas-
urements were also included in the primary dataset.

As we are only interested in investigating the possibility of improving the uncer-
tainty of the Bogaard et al. [90] reference correlation, we only considered in the pri-
mary dataset, measurements that are characterized by an uncertainty of less than
4 %. Only two other such sets are available to our knowledge. The measurement of
Takahashi et al. performed in a steady-state direct electric heating instrument over the
range 293 K to 449 K with an uncertainty of 3.6 % and the measurement of Blackwell
obtained in an axial heat conduction instrument at 304 K with an uncertainty of 4 %.
Hence, these two sets were also included in the primary dataset. The rest of the meas-
urements of higher or no available uncertainty are included in the secondary dataset.

Table 6 shows all measurements of the thermal conductivity of SS304. These are
also shown in Fig. 14.

6.2 Discussion

The primary data for the thermal conductivity, A (W-m™!-K~') shown in Table 6, were
fitted as a function of the absolute temperature, 7' (K), to Eq. 1. Only the range 293 K to
546 K was employed as in this range there are at least two datasets. The coefficients c;
(W-m~K™!) are shown in Table 7.

As shown in Table 7, in the case of SS304, the AAD is 1.0 % and the BIAS —0.5 %.
The uncertainty (95 % confidence level) over the restricted temperature range, 293 K
to 546 K, is 2.7 %. Figure 15 shows the percentage deviations of the primary ther-
mal conductivity data of SS304 from those calculated by Eq. 1, as a function of the
temperature. It can be seen that in this restricted range, the new reference correlation
represents well within the mutual uncertainties, the previous reference values proposed
by Bogaard et al. [90], those of Chu and Ho [89], and all primary data. Furthermore,
it represents everything with the uncertainty of 2.7 % (at the 95 % confidence level)
which is much better than the 4 % uncertainty of the previous reference correlation
[90].
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Fig. 14 Experimental thermal conductivity measurements for SS304, as a function of the temperature.
(@) Assael and Gialou [22], (x) Blackwell et al. [92], (A) HTL, (a) LF Graves et al. [91], (¢) Takahashi
et al. [36], () Dongmei et al. [93], (+) Rempe and Knudson [95], (@) Hadi et al. [94], (O0) Qiu et al.
[56], (—) Yao [96], (%) Sweet et al. [97], as well as the reference values of (0) Bogaard [90], and the
reference values of (@) Chu [89]

Table 7 Coefficients of recommended reference correlation for the thermal conductivity (Eq. 1), tem-
perature range of applicability and associated uncertainties

BK7 PMMA Pyrex 7740 Pyroceram 9606 SS304
co(W-m™ K1)  —0.09072569 0.07051730  —0.063 949789 6.021 828 3.232 264 61
¢; Wm™ K™  1.996 151 0.264 756 574 2.364 448 35 —3.034446 57 23.6935737
e (Wm™ K™ —1.185182  —0.143002702 —1.77983423 124720006  —21.444751
c;(W-m™ K™ 03195379  —0.037964 414 0.653987846 —0.24519953 10.2589524
c; (Wm™K™l)  —0.028 83142 0.037034680 —0.084597452 0.01822542  —1.7523797
Trange (K) 79-773 95-363 32-742 290-1275 293-546
AAD (%) 23 1.8 1.4 1.3 1.0
BIAS (%) 0.0 0.3 0.0 -0.4 -05
Uncertainty 5.8 45 3.7° 3.5 2.7

(95 % conf.)

% The value of 5.2 %, increases to 11.6 % over the temperature range 79-233 K, and drops to 4.3 % over
the temperature range 273-773 K

® The value of 3.7 %, increases to 10 % at temperatures below 190 K, or higher than 573 K

7 Recommended Values

As already described, Table 7 shows for the five solids examined, the coefficients c;
of the recommended thermal conductivity reference correlations according to Eq. 1,
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Fig. 15 Percentage deviations of the primary experimental thermal conductivity measurements for
SS304, from those calculated by Eq. 1, as a function of the temperature. (@) Assael and Gialou [22], (x)
Blackwell et al. [92], (A) HTL, (A) LF Graves et al. [91], (a) Takahashi et al. [36], (4), as well as the
reference values of (¢») Bogaard [90], and the reference values of (@) Chu [89]

Table 8 Recommended values for BK7, PMMA, and Pyrex 7740

BK7 PMMA Pyrex 7740
T (K) A(W-m K™ T (K) A (W-m K™ T (K) A (W-m™-K™h
79 0.395 95 0.144 32 0.190
100 0.496 100 0.147 50 0313
150 0.698 150 0.170 100 0.594
200 0.853 200 0.183 150 0.798
250 0.968 250 0.190 200 0.946
293.15 1.043 293.15 0.192 250 1.051
300 1.053 300 0.192 293.15 1.120
350 1.116 350 0.195 300 1.129
400 1.162 363 0.196 350 1.191
450 1.198 400 1.246
500 1.228 450 1.302
550 1.258 500 1.362
600 1.291 550 1.429
650 1.329 600 1.504
700 1.376 650 1.584
750 1.431 700 1.665
773 1.459 742 1.728
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its temperature range, T},,.., of application, for each solid, as well as the AAD, the
BIAS and the uncertainty at the 95 % confidence level of each correlation.

In Tables 8 and 9, recommended values of the thermal conductivity calculated
from Eq. 1 and corresponding coefficients in Table 7, for each solid, are shown.

8 Conclusion

As described in this work, as a result of a careful examination of existing measure-
ments, following conclusions were reached:

— In the case of BK7, a new reference correlation for its thermal conductivity is
proposed. Its uncertainty (at the 95 % confidence level) over the whole tempera-
ture range, 79 K to 773 K, is 5.2 % (AAD is 2.3 % and BIAS is 0.0 %), dropping
to 4.3 % over the restricted temperature range 273 K to 773 K. In the temperature
range 79 K to 233 K, an uncertainty of 11.6 % should be employed because of
the underlying uncertainties of the primary data in this range.

Table 9 Recommended values Pyroceram 9606 $S304
for Pyroceram 9606 and SS304

T (K) A (W-m™ K™ T (K) 2 (W-m™ K™
290 3.94 293.15 14.32
293.15 3.92 300 14.43
300 3.90 350 15.24
350 371 400 16.10
400 3.57 450 17.03
450 3.45 500 18.00
500 3.35 546 18.87
550 3.27

600 3.20

650 3.14

700 3.10

750 3.05

800 3.01

850 2.98

900 2.94

950 291

1000 2.87

1050 2.84

1100 2.81

1150 2.78

1200 2.76

1275 2.75
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An improved extended reference correlation is proposed for PMMA, with an
uncertainty (at the 95 % confidence level) of 4.4 %, over the whole temperature
range, 95 K to 363 K (AAD is 1.8 % and BIAS is 0.3 %).

In the case of Pyrex 7740, a new reference correlation for its thermal conductiv-
ity is proposed with AAD 1.4 % and BIAS 0.0 %. Its uncertainty (at the 95 %
confidence level) over the whole temperature range, 32 K to 742 K, is 3.7 %.
Below 190 K, the correlation is only based on the values of Cahill [33]. There-
fore, an uncertainty of not less than 10 % is assigned in that temperature range.
At temperatures above 573 K, the data should be considered with a higher uncer-
tainty toward lower values, i.e., 10 %, since only few data are available and a
detailed quantitative discussion of radiant heat transfer is still missing.

A lower uncertainty reference correlation is proposed for Pyroceram 9606 as
actually stated in literature. Over the temperature range 290 K to 1275 K, the
uncertainty (at the 95 % confidence level) is 3.5 % (AAD is 1.3 % and BIAS is
-0.4 %).

A lower uncertainty reference correlation but in a more restricted temperature
range is proposed for the thermal conductivity of SS304. Over the temperature
range 293 K to 546 K, the uncertainty at the 95 % confidence level is 2.7 %
(AAD is 1.0 % and BIAS is —0.5 %).

This work provides reference correlations for thermal conductivity, which are

helpful to improve the quality of thermal conductivity measurements on solids. It
also shows in which areas there is still room for improvement, e.g., to increase meas-
urements at low temperatures. Low-uncertainty measurements (<4%) are certainly
required at temperatures lower than 233 K for BK7, lower than 200 K for PMMA,
lower than 190 K for Pyrex 7740, and lower than 290 K for Pyroceram 9604 and
SS304. Finally, the present work indicated in which cases derived thermal conduc-
tivity values need to be carefully analyzed (e.g., measurements on semitransparent
glasses at higher temperatures).
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