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Abstract In the present study, the current international

standards and corresponding apparatus for measuring the

thermal conductivity of refractory glass fibre products have

been reviewed. Refractory glass fibres are normally pro-

duced in the form of low-density needled mats. A major

issue with thermal conductivity measurements of these

materials is lack of reproducibility in the test results due to

transformation of the test material during the test. Also

needled mats are inherently inhomogeneous, and this poses

additional problems. To be able to compare the various

methods of thermal conductivity measurement, a refractory

reference material was designed which is capable of

withstanding maximum test temperatures (1673 K) with

minimum transformation. The thermal conductivity of this

reference material was then measured using various

methods according to the different standards surveyed. In

order to compare different materials, samples have been

acquired from major refractory glass fibre manufacturers

and the results have been compared against the newly

introduced reference material. Materials manufactured by

melt spinning, melt blowing and sol–gel have been studied,

and results compared with literature values.

Keywords Glass fibre � High-temperature insulation �
Thermal conductivity � Measurement � Method � Panel
calorimeter method � Standard reference material

Introduction

One of the most important properties of a thermal insula-

tion material is its thermal conductivity, and this is often

the sole selection criterion for furnace constructions.

Depending on the application, the insulation material could

function for up to 15 years in an industrial furnace.

Therefore, only a 5–10 % advantage in insulating proper-

ties (lower thermal conductivity) could contribute greatly

to energy savings over the service lifetime [1, 2]. Thermal

conductivity values are used regularly in furnace design

and to calculate the required thickness of insulation in a

furnace to achieve a reasonable and safe temperature on the

outer shell [3, 4]. Therefore, accurate thermal conductivity

measurement of these materials is crucial.

Commercial materials

The insulating materials under investigation in this study

are designed for long-term applications at temperatures

ranging from 1173 to 1773 K and produced in various

different forms such as monolithic, insulating fire bricks

and glass fibres [5]. These products have a wide range of

applications in many industries as furnace insulation, fire

protection or functional products [6]. Fibres are normally

the preferred technology in applications for which a high

resistance to thermal shock is required. Glass fibres are

usually manufactured and supplied in different forms such

as bulk, needled blanket or blocks, encapsulated fibres and

vacuum-formed panels. Fibre insulation can have a number

of advantages over other forms of insulation including low

cost, flexibility, ease of installation, low thermal mass and

very high resistance to thermal shock which allows rapid

firing rates to save energy [7]. However, fibres are not

suitable for application in environments with very high gas
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velocities or in contact with certain molten metals or

glasses. A known disadvantage of some types of glass

fibres is the health hazards associated with them [8–10].

Conventional fibre insulation materials are commonly

known as refractory ceramic fibres (RCF), and these fibres

are classified as category 1A or 1B (definite and possible

human carcinogen, respectively) [11, 12]. In recent years,

major efforts from academic and industrial researchers

have led to the development of new generations of

refractory glass fibres which are biosoluble and minimise

the health risks which were formerly associated with these

types of materials. An example of these new fibre insula-

tion materials is the Superwool product range developed by

Morgan advanced materials [13, 14]. These products are

normally alkaline-earth silicate (AES) glass fibre products

which have low biopersistence proven through intra-tra-

cheal (IT) animal testing [15, 16].

Production

Glass fibre insulation products are normally manufactured

using noncontinuous methods such as melt spinning, melt

blowing or extrusion/spun sol–gel, with melt spinning

being the most common method due to its very high

throughput and low cost [17–19]. The spinning method

incorporates an open electric furnace which forces flow of

electricity through the molten glass using high electric

current and low voltage. A continuous melt stream is

generated by flow of the melt through a nozzle at the

bottom of the furnace; the melt stream then hits rapidly

rotating spinners which results in fibre formation, and these

are blown off the edge of the spinners onto a continuous

belt for further downstream processing. The generated

fibres are then formed into various shapes and products

such as nonwoven blankets, paper or vacuum-formed

shapes [6].

Due to the industrial nature of this method, the produced

materials are not homogeneous. Glass fibre materials which

are produced by melt spinning methods always contain

some un-fiberised material which normally occurs in the

form of spherical glass particles of various sizes. These are

commonly known as ‘shot’ particles. This inhomogeneity

impacts on thermal conductivity of the fibrous product and

therefore on measured thermal conductivities, limiting the

comparability of different measurement techniques.

Thermal properties, heat transfer mechanisms

and modelling

Glass fibre insulation is manufactured with various bulk

densities, usually in range 60–350 kg m-3 [1, 4, 20]. Bulk

densities can significantly affect measured thermal con-

ductivities [21, 22].

The total thermal conductivity of a material can be

explained as in (1), from [23]:

ktotal ¼ kradiation þ kconvection þ kconduction ð1Þ

A few studies suggest that convection effects in porous

materials with bulk densities of[20 kg m-3 or with small

pores are usually negligible [24]. However, whereas this

may be accurate for natural convection, low-density fibrous

insulation materials are usually gas permeable; therefore,

heat transfer due to forced convention [25] is not improb-

able. Miller [26] developed one of the earliest models to

explain the heat transfer mechanism in fibrous insulation.

In this model, apparent thermal conductivity was predicted

as a function of fibre diameter, bulk density and mean

temperature.

Numerous studies in recent years [22, 27–31] have led

to improved understanding of heat transfer mechanisms

through fibrous insulation materials. Several models have

been developed [32–36] to predict the thermal conductivity

through different mechanisms. In these models, radiation is

believed to have a minimal effect at temperatures below

773 K, but it becomes the dominant heat transfer mecha-

nism at high temperatures ([1073 K) [34]. Conduction

through the solid structure of the material, which can be

considered constant if the material has no transformation,

must also be considered [36, 37]. Gas conduction may also

occur through the free gas in open porosity which is

dependent on pressure, or through isolated gases in the

structure of the fibres [38].

The present study aims to identify the most reproducible

and accurate method of thermal conductivity measure-

ments for fibre-type insulation materials and to investigate

the source of variability in the measurements.

Materials and methods

Test methods

There are several well-established methods for measuring

thermal conductivity of insulation materials [39, 40], but

only a few of these methods are capable of conducting

measurements at temperatures greater than1273 K [21, 41, 42].

Generally, test methods are based on either transient or

steady-state measurements. Transient methods generally

have a simple set-up and can be performed rapidly; however,

these methods are known to have difficulty measuring non-

isotropic and low-density samples [43]. Conventional laser

flash methods also have issues with scattering effects in low-

density fibrematerialswhich could lead into underestimation

of the thermal conductivity [44]. On the other hand, steady-

state methods require much more effort in experimental set-

up and are consequently expensive and time-consuming to
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carry out. However, these methods are well known for their

unidirectional heat flow which allows for high-accuracy

measurements, even for nonisotropic materials, and panel

calorimeter methods offer the highest precision in mea-

surement amongst thesemethods [21]. The guarded hot plate

method [45] has the capability to measure thermal conduc-

tivities at temperatures below273 K. It is normally limited to

upper measurement temperatures of 773 K, but a few

instruments equipped with alumina heaters can conduct

measurements at temperatures of up to 1273 K [45]. In this

study, thermal conductivity measurements have been taken

using laser flash and hot wire transient methods and a panel

calorimeter steady-state method.

Hot wire cross-array method

In this method, a furnace is used to heat the specimen to a

specified temperature. An additional local heating source

(hot wire) which is embedded in the specimen is used to

introduce a local temperature rise at the centre of the

specimen, and the increase in temperature as a function of

time is recorded. The thermal conductivity (k) value can be

calculated using the known electrical power input to the hot

wire per unit length (Pi), elapsed times (t1, t2) and tem-

perature change at t1 and t1 (Dh1;Dh2) as shown in (2).

k ¼ Pi

4p
�

ln t2
t1

� �

Dh2 � Dh1
ð2Þ

The hot wire standard method used for measurements in

this study was ISO 8894 [46].

Laser flash method

In this method, one face of a thin specimen is subjected to a

pulse from a high-intensity laser. This short-duration radiant

energy is absorbed by the specimen and results in a tem-

perature rise on the other face of the specimen, the temper-

ature curve as a function of time is recorded and used to

calculate the thermal diffusivity (a). The thermal conduc-

tivity (k) can then be calculated using the specimen’s specific

heat capacity (Cp) and density (q) as shown in (3).

k ¼ aCpq ð3Þ

The measurement should be repeated at each temperature

of interest in order to produce a thermal conductivity

profile as a function of temperature. The standard method

used for the laser flash measurement in this study was

ASTM E1461 [47].

Panel calorimeter method

Panel calorimeter instruments normally consist of a furnace

that uniformly heats one face of the sample, and a

calorimeter and guards assembly on the other side of the

sample. Temperature sensors are placed on either side of

the test specimen (in some instruments, additional sensors

are also placed through the thickness of the specimen).

During the test, one side of the sample is heated to a set

temperature and the control guards on the other side of the

sample ensure that heat flow is unidirectional from the hot

face to the cold face. This is achieved by monitoring the

water temperature rise in each zone and varying the water

flow rate through individual guards. Measurements are

taken once the system has reached thermal equilibrium for

a set continuous period of time.

The calorimeter measures the differential water tempera-

ture. These measurements are used in a simple Eq. (4)

[48, 49] to calculate the heat flow rate ( _Q) from the mea-

sured temperature difference (DTw), specific heat capacity

of water (C) and mass (m) from water flow rate per unit

time ( _v) and density (q). Then, the thermal conductivity (k)

between each thermocouple pair with known separation (x)

and known mean temperature (DTtc) can be calculated for

the sample placed above the central calorimeter area (A).

k ¼
_Q � x

A � DTtc
;
_Q ¼ _m � C � DTw

_m ¼ _v � q ! k ¼
_v�q
t
� C � DTw

� �
� x

A � DTtc
ð4Þ

BS 1902-5.5 [50] and ASTM C201 [48] standard methods

were used in this study for the panel calorimeter thermal

conductivity measurements. The main differences between

these standards are specimen size and number of specimen

temperature sensors; these are considered further in the

discussion section.

International standards

Many international standards are associated with high-

temperature thermal conductivity testing. These include hot

wire (parallel and cross-array) [46, 51, 52] and laser flash

[47] among transient methods and guarded hot plate [53]

and panel calorimeter [48, 50] among the steady-state

methods. These standard methods call for specimens in a

variety of different shapes and sizes, and high-temperature

capability differs greatly between methods and instruments.

A selection of these specifications is presented in Table 1.
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Standard reference materials

To the best of the authors’ knowledge, there are currently

no standard reference materials or samples for fibre-type

insulation that are available for calibration, benchmarking

purposes or comparative studies on high-temperature

thermal conductivity. Consequently, there have been few

comparative studies published on the thermal conductivity

of high-temperature insulation materials.

An account of early comparative thermal conductivity

studies on fibrous thermal insulation is given in [21].

Transient methods have been reported to measure consis-

tently *15–20 % higher thermal conductivity values

compared to steady-state panel methods. The source of

these differences has been attributed to the anisotropy of

the material [54, 55].

Thermal conductivities of calcium silicate refractory

boards were measured by plate, cylinder and hot wire

methods in different directions, and the results were

reported to be within ±10 % of one another for the dif-

ferent methods [21]. Thermal conductivity of alumina fibre

mats measured through the thermal diffusivity method has

been reported to be significantly lower than panel

calorimeter method [56]. However, in almost all of the

previous studies, difficulties have been reported in terms of

reproducibility of results. This has largely been due to

anisotropy of the samples, for example, variations in den-

sity and structure of samples obtained even from the same

batch of product from the same manufacturer. In addition

to sample-to-sample variability, there is also the issue of

transformations within the sample during measurement at

high temperature, which will result in changes in the nature

and structure of the material. Due to the nature and pro-

duction methods of these types of materials, the structure

and properties exhibit small variabilities, not only from

sample to sample but even within different parts of the

same sample. Additionally, these materials have different

thermal properties in three dimensions due to orientation of

the fibres during manufacture. Therefore, development of a

standard sample is crucial to conducting thermal conduc-

tivity studies of such materials.

Results

Development of standard reference material

The standard reference material considered in this study

was selected to satisfy certain requirements including

refractoriness to 1673 K and no more than 4 % permanent

linear change in dimensions after heat treatment [57–59].

The standard reference material had to be representative of

fibre-type insulation, so similar density and total porosity

as well as similar structure were essential to ensure that the

thermal properties and heat transfer mechanisms involved

at various different temperatures closely matched those of

typical fibre insulation materials. More importantly, the

material was required to have a good after-service

mechanical strength in order to allow for easy handling.

This was a particular challenge as strength of fibrous

insulation materials normally decreases significantly after

they have been exposed to high temperatures. Moreover,

the material was required to exhibit minimal transforma-

tions during short-term exposure to high temperatures, to

ensure that the key physical and chemical properties of the

materials would remain unchanged during thermal con-

ductivity measurement at different temperatures and also

from one test to another. Finally, a material with minimal

Table 1 International standards for thermal conductivity testing

Method Standard Maximum temperature/K Specimen size/mm

Transient hot wire BS EN 993-15 [51] (parallel) 1523 250 9 114 9 75

(2 pieces)

ISO 8894-1 [46] (cross-array and

resistance thermometer)

1523 250 9 114 9 75

(2 pieces)

ASTM C1113-09 [52] (resistance

thermometer)

1773 228 9 114 9 76

(2 pieces)

Transient laser flash ASTM E1461 [47] (thermal diffusivity) 1273–2773 10 9 10 9 5 max

(1 piece)

Steady-state guarded hot plate ASTM C177 [53] 1273 208 (diameter)

75 (height)

Steady-state panel calorimeter BS 1902-5.5 [50] 1673 230 9 228

64/76 (height)

ASTM C201 [48] 1773 452 9 336

50–110 (height)
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health hazard was preferable. The issue with anisotropy of

the material can be negligible if the sample is tested in the

same direction in all measurements.

The first candidate material which was investigated for

development of the standard reference material was

97 mass% Al2O3–3 mass% SiO2 fibres manufactured using

the sol–gel method [60]. Alumina-rich fibres are known for

their excellent refractoriness, high strength and high tem-

perature stability [61]. To improve the mechanical strength,

vacuum-formed panels had been made from these fibres.

This material demonstrated very good high-temperature

thermal performance as well as stability in terms of

transformations. However, the mechanical strength, mod-

ulus of rupture (MOR), of the sample after heat treatment

was not desirable (MOR\ 250 kPa). Several trials were

conducted to improve the mechanical strength by increas-

ing the amount of inorganic binders in the vacuum-formed

panel. The strength of the board was increased using var-

ious treatments, and the maximum measured MOR was

400 kPa for the fired sample. Although this exceeded the

industry standards [59], it was considered unlikely to meet

the strength requirements for the standard material, and

hence, it was not investigated further.

The next candidate material investigated was a new

generation of biosoluble high-temperature insulation fibre

manufactured by Morgan Advanced Materials using the

melt spinning process. It has been exonerated based on

European regulations (REACH) [62]. The fibres were made

of an alkali aluminosilicate glass. Long-term stability of

this material has been confirmed during the development

process. To achieve maximum strength, the as-made glass

fibres were formed into a rigid vacuum-formed panel using

colloidal silica as an inorganic binder. The material was

heat-treated for 24 h at 1473 K to ensure that the inorganic

binder was fully activated, crystallisation was completed

and change in dimensions was minimised. Mechanical

testing was carried out on the heat-treated sample, and the

material demonstrated an average MOR exceeding 3 MPa

tested by standard method [63]. A small sample of the final

material was gold-coated by a sputter coater and mounted

on conductive carbon sticker for electron microscopy.

Figure 1 presents backscattered scanning electron micro-

scopy (SEM) images showing the microstructure of the

final sample. On the basis of the above test results which

demonstrated the stability of this material, it was decided to

select this material as the standard reference material.

Final materials were produced and heat-treated as

described above and subsequently ground and machined to

achieve flat surfaces and the required dimensions (as

described in Table 1) for testing. As mentioned previously,

different test methods require completely different speci-

men dimensions. In order to cover at least the most com-

mon test methods, two sets of samples (named A and B)

were produced in the largest specimen dimensions (ASTM

C201 [48]) and one was cut into several smaller pieces as

shown in Fig. 2 so that it would be compatible with a

number of different instruments and methods.

Test reproducibility

Testing was carried out using two custom-built panel

calorimeter thermal conductivity instruments based on the

ASTM C201 standard for castable refractories [48] (no

standard method currently exists for fibre insulation

materials). These instruments are capable of carrying out

Fig. 1 Backscattered SEM images showing microstructure of the

final standard reference material sample
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T–1B
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114 mm 114 mm 114 mm
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m
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m
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m
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m
m

Fig. 2 Schematic of the introduced standard reference material,

consisting of three layers of 25 mm thick modular specimen
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thermal conductivity measurements at temperatures of up

to 1673 K. The 76 9 76 mm centre calorimeter and guards

are constructed of copper with a very thin layer of black

paint on the surface for optimised radiation absorption. A

thick SiC plate is placed between the heating source and

sample to ensure uniform heating. A total of four ther-

mocouples are placed on either side and through the

thickness of the sample which will produce three adjacent

and three nonadjacent thermocouple pairs per measurement

that can all be used to calculate the thermal conductivity as

described in panel calorimeter method.

Intra-laboratory single method reproducibility

Both sets of developed samples were tested using both of

these instruments separately. Additionally, the samples were

tested on the same instrument three times to ensure repro-

ducibility of the results. Measurement results are presented

in Fig. 3. Thermal conductivity measurements of the same

set of samples measured with the same instrument were

reproducible to within±0.6 %; test results of the same set of

samples measured on different instruments were repro-

ducible to within ±5.3 %; test results of different sets of

samplesmeasured on the same instrument were reproducible

to within±5.4 %; and test results of different sets of samples

measured on the two different instrumentswere reproducible

to within ±10 % as summarised in Table 2.

Inter-laboratory comparison of different methods

In the next stage of this work, standard samples were sent

to a selection of established analytical laboratories for

thermal conductivity testing using different methods.

Results from both transient and steady-state methods were

obtained and are presented in Table 2 and Fig. 4.

No results are presented here for thermal conductivity

measurements obtained using the laser flash diffusivity

method. Two attempts were made to measure the intro-

duced standard reference sample using an ANTER Flash-

LineTM 3000 Thermal Diffusivity System at an external

laboratory. The instrument required very small sample

dimensions (10 9 10 9 3 mm) compared to other meth-

ods. The faces of the sample were gold-coated using a

sputter coater and were subsequently spray-coated with

carbon in order to achieve a uniform emissivity on the

sample face which will be the laser’s target. The instrument

failed to measure the thermal diffusivity after repeated

attempts. This was probably due to the very high level of

porosity (89 %) in this material causing scattering of the

laser.

Comparison of different insulation materials

Thermal conductivities of several different fibre insulation

materials were measured using the internal panel

calorimeter rigs, and results are presented in Fig. 5. Total

porosity of these products varied between 87 and 97 %.

Maximum use (also commonly known as classification

temperature) range of these materials is 1373–1873 K [57].

Thermal conductivity in the classification temperature

range has been measured in between 0.02 and

0.70 W m-1 K-1. The effect of bulk density on thermal

conductivity of fibre mats and blankets is evident and in

good agreement with the literature [21, 42]. For example,

the thermal conductivity at 1380 K for a fibre blanket with

bulk density of 81 kg m-3 is approximately 29 % greater

than that of a blanket made of same type of fibre but with a

bulk density of 139 kg m-3. Fibre products normally have

low thermal conductivities at temperatures below 773 K,

and in most cases, the thermal conductivity is a function of

temperature; therefore, testing at high temperatures is

necessary to differentiate between the high-temperature

performances of these materials.

Discussion

In agreement with several previous studies, the most repro-

ducible and accurate measurements were obtained using the

adapted ASTMC201 steady-state panel calorimeter method.

The variability in the intra-laboratory and inter-laboratory

0.33
Sample B - Internal Rig #1 (ASTM C201) Run #1

Sample B - Internal Rig #1 (ASTM C201) Run #2

Sample B - Internal Rig #2 (ASTM C201) Run #1

Sample B - Internal Rig #2 (ASTM C201) Run #2

Sample A - Internal Rig #1 (ASTM C201) Run #1

Sample A - Internal Rig #1 (ASTM C201) Run #2

Sample A - Internal Rig #2 (ASTM C201)
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Fig. 3 Initial testing and reproducibility of measurements. The

thermal conductivity in all tests was calculated for linear mean

temperature of only adjacent sample thermocouple pairs
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results generated in this study using the ASTMC201method

was in good agreement with previous round-robin testing

experiments which were published in the standard method

[48]; however, this variability has been achieved using a

more representative anisotropic fibrousmaterial rather than a

dense castable isotropic refractory material with a different

thermal conductivity profile, as was used in the previous

round robin in [48].

There are several instrumental errors that could explain

the observed variability in results. As explained in the

panel calorimeter experimental method, the thermal con-

ductivity could be calculated for a mean temperature from

any adjacent or nonadjacent thermocouple pair. One con-

cern here is that the temperature profile through the

thickness of the sample is usually nonlinear for this type of

material. According to all standard methods, it is common

practice that the mean temperature between a thermocouple

pair is calculated on a linear basis. However, in reality this

could deviate from the actual mean temperature. The

temperature profile through the thickness of the introduced

standard reference sample in this study, measured by four

thermocouples during the panel calorimeter test, is pre-

sented in Fig. 6. In Fig. 6, the nonlinear regressions for the

temperature readings from four sample thermocouples

have been calculated using a combination of thermal

modelling software [64] and a curve-fitting program [61].

The best fit to the data points was achieved using an

inverted hyperbola function (5):

y ¼ x

Aþ B xð Þ þ C ð5Þ

Table 2 Intra-laboratory and inter-laboratory comparison of results reproducibility

Standard reference material Thermal conductivity measurement method(s) Intra-laboratory

variance

Inter-laboratory

variance

Single specimen (sample A) Panel calorimeter (ASTM C201) single instrument ±0.6 % n/a

Single specimen (sample A) Panel calorimeter (ASTM C201) multiple instruments ±5.3 % ±9.8 %

2 specimens (samples A and B) Panel calorimeter (ASTM C201) single instrument ±5.4 % n/a

2 specimens (samples A and B) Panel calorimeter (ASTM C201) multiple instruments ±10 % n/a

Single specimen (sample A) Panel calorimeter (ASTM C201) versus hot wire (ISO

8894)

n/a ±45 %

2 Specimens (samples A and B) Panel calorimeter (ASTM C201 vs. BS 1902-5.5) n/a ±69 %

Sample B - Internal UK Lab Rig #1
(ASTM C201/4TCs/Adj Pairs)

Sample B - Internal UK Lab Rig #2
(ASTM C201/4TCs/Adj Pairs)

Sample B - External Lab 1 - France
(ASTM C201/4TCs/Adj Pairs)

Sample A - External Lab 2 - UK
(BS 1902:5.5/2TCs)

Sample B - External Lab 3 - Germany
(ASTM C201/4TCs/Adj Pairs)

Sample A - External Lab 1 - France
(ISO 8894 Cross-array
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Fig. 4 Inter-laboratory comparison of thermal conductivity measure-

ment methods. Thermal conductivity in the methods using more than

two sample thermocouples (TCs) has been calculated for linear mean

temperature of only adjacent sample thermocouple pairs
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Fig. 5 Thermal conductivities of various different thermal insulation

materials as a function of temperature, measured by an adapted

ASTM C201 panel calorimeter method calculated for linear mean

temperature of only adjacent sample thermocouple pairs
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The calculated integral mean temperatures deviated by up

to 8.4 % from linear mean temperatures in the regions of

sample thickness which were farthest from the heating

source, especially measurements at higher temperatures.

However, this variation was considerably lower

(0.3–0.7 %) at lower temperatures and closer to the heating

source. Subsequently, the fitted function was used to

recalculate the thermal conductivity values based on

integral mean temperature between each adjacent thermo-

couple pair, as shown in Fig. 7. Nonlinear regression [65]

was used to compare the data. Variations in calculated

thermal conductivity values were in range 2.5–4 % at

different temperatures.

The above issue with the nonlinear temperature profile

could explain the variabilities in the results obtained from

the BS 1902:5.5 panel method; this method uses only two

temperature sensors on each side of a thick (75 mm)

sample and uses linear mean temperature to report thermal

conductivity values.

Other instrumental uncertainties involved in calcula-

tions include change in water properties due to tempera-

ture such as change in specific heat capacity of water

from 4181 J kg-1 K-1 at 298 K to 4179 J kg-1 K-1 at

303 K and change in water density from 997.1 kg m-3 at

298 K to 995.7 kg m-3 at 303 K. Additionally, mea-

surement of water temperature rise with the most precise

and reasonably priced platinum resistance temperature

sensors is accurate to within ±0.03 K. Moreover, the

water flow through the calorimeter is not always perfectly

constant, and the flow rate measurement normally

includes ±1 % error, even using precise digital flow

metres.

Furthermore, uncertainty of the thermocouple pair dis-

tance (separation) can introduce substantial errors into the

measurements. This could be caused by thermocouple

movements during the test or by operator error. Finally,

sample thermocouples are only accurate to ±3 K. All of

the above instrumental errors above would accumulate (in

sum of quadrature) to a ±3 % uncertainty for the ASTM

C201 panel calorimeter method.

Conclusions

This study has established good inter-laboratory repro-

ducibility of high-temperature thermal conductivity mea-

surement of a standard high-temperature fibre insulation

material using an adapted panel calorimeter method based

on the ASTM C201 standard. Some variability has been

established in measured thermal conductivities between

different test methods including ASTM and BS panel

calorimeters, hot wire, and thermal diffusivity by laser

flash. Results support the use of adapted methods based on

the ASTM C201 standard being the most precise, and this

method is suggested for wider use in fibrous insulation

thermal conductivity measurement.

The new biosoluble alkali aluminosilicate fibre insula-

tion panel has been introduced as a standard reference

material for calibration and benchmarking purposes, and

for comparative studies of high-temperature thermal

conductivity.
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Fig. 6 Temperature profile through the sample thickness during the

panel calorimeter test. Solid lines represent the linear regression, and

broken lines represent nonlinear regression (inverted hyperbola)

between the data points

Exponential function fitted to thermal
conductivity data point calculated
based on linear mean temperatures

Exponential function fitted to thermal
conductivity data point calculated
based on Integral mean temperatures

Thermal conductivity values calculated
for linear mean temperature between
adjacent termocouple pairs

Thermal conductivity values calculated
for integral mean temperature between
adjacent termocouple pairs

Temperature/K

T
he

rm
al

 c
on

du
ct

iv
ity

/W
 m

–1
 K

–1

273 473 673 873 1073 1273 1473

0.33

0.28

0.23

0.18

0.13

0.08

0.03

Fig. 7 Variation in thermal conductivity values calculated for linear

or integral mean temperature between adjacent thermocouple pairs.

Broken line is guide for the eye only

F. Modarresifar et al.

123



Open Access This article is distributed under the terms of the

Creative Commons Attribution 4.0 International License (http://crea

tivecommons.org/licenses/by/4.0/), which permits unrestricted use,

distribution, and reproduction in any medium, provided you give

appropriate credit to the original author(s) and the source, provide a

link to the Creative Commons license, and indicate if changes were

made.

References

1. Caspersen L. Next-generation insulation products cut energy

consumption. Ind Heat. 2001;2:1–4.

2. Wimmer H. High temperature wool working for the environment.

cfi/Ber DKG. 2005;82:35–9.

3. Wynn A, Magni E, Marchetti M, Chernack S, Johnson C. Insu-

lating firebrick: maximizing energy savings in iron and steel

applications through product selection. Assoc Iron Steel Technol.

2012;5:261–8.

4. Rebernak T, Chernack S. Maintenance for energy efficiency. Ind

Heat. 2009;11:54–7.

5. Hamling M. 1700 �C rapid cycle furnace insulation design part I:

ceramic fiber properties. Ind Heat. 1988;55:3–31.

6. European Ceramic Fibres Industry Association website 2014.

http://www.ecfia.eu/products.

7. Clauss B, Schawaller D. Modern aspects of ceramic fiber

development. Adv Sci Technol. 2006;50:1–8.

8. Maxim LD, Mast RW, Utell MJ, Yu CP, Boymel PM, Zoitos BK,

Cason JE. Hazard assessment and risk analysis of two new syn-

thetic vitreous fibers. Regul Toxicol Pharm. 1999;30:54–74.

9. Greim H, Utell MJ, Maxim LD, Niebo R. Perspectives on

refractory ceramic fiber (RCF) carcinogenicity: comparisons with

other fibers. Inhal Toxicol. 2014;26:789–810.

10. Mast RW, Maxim LD, Utell MJ, Walker AM. Refractory ceramic

fiber: toxicology, epidemiology and risk analyses: a review. Inhal

Toxicol. 2000;12:359–99.

11. WHO. IARC Monographs on the evaluation of carcinogenic risks

to humans: man-made mineral fibres and radon. 1988;43.

12. WHO. IARC monographs on the evaluation of carcinogenic risks

to humans: man-made vitreous fibres. 2002;81.

13. Jubb GA, Martin JL. High temperature resistant saline soluble

fibres. The Morgan Crucible Company PLC. European Patent

EP1725503B1. 02 July 2005.

14. Freeman CJ. Saline soluble inorganic fibres. The Morgan Crucible

Company PLC. European Patent EP1212265B1. 25 June 2003.

15. Driscoll KE, Costa DL, Hatch G, Henderson R, Oberdorster G,

Salem H, Schlesinger RB. Intratracheal instillation as an exposure

technique for evaluation of respiratory tract toxicity: uses and

limitation. Toxicol Sci. 2000;55:24–35.

16. Searl A, Buchanan D, Cullen RT, Jones AD, Miller BG, Soutar

CA. Biopersistence and durability of nine mineral fibre types in

rat lungs over 12 months. Ann Occup Hygiene. 1999;43:143–53.

17. Bunsell AR, Berger MH. Fine diameter ceramic fibres. J Eur

Ceram Soc. 2000;20:2249–60.

18. Wallenberger FT, MacChesney JB, Naslain R, Ackler HD.

Advanced inorganic fibers: processes, structure, properties,

applications. 1st ed. New York: Springer; 2011. p. 3–84.

19. Boyd DC, Danielson PS, Thompson DA, Velez M, Reis ST, Brow

RK. Glass. In: Kirk-Othmer Encyclopedia of Chemical Technology.

2004. doi:10.1002/0471238961.0712011902152504.a01.pub2.

20. Class P, Deghilage P, Browne RC. Dustiness of different high-

temperature insulation wools and refractory ceramic fibres. Ann

Occup Hygiene. 2001;45:381–4.

21. Wulf R, Barth G, Gross U. Intercomparison of insulation thermal

conductivities measured by various methods. Int J Thermophys.

2007;28:1679–92.

22. Song W, Chan APC, YuW. Experimental and theoretical study on

heat-insulating properties of fibrous assemblies in natural state

using a new apparatus. J Therm Anal Calorim. 2014;115:1183–93.

23. Rohsenow WM, Hartnett JR, Cho YI. Handbook of heat transfer.

3rd ed. New York: McGraw-Hill Professional; 1998. p. 1–10.

24. Farnworth B. Mechanisms of heat flow through clothing insula-

tion. Text Res J. 1983;53:717–25.

25. Angirasa D. Forced convective heat transfer in metallic fibrous

materials. J Heat Transf. 2002;124:739–45.

26. Miller WC, Scripps TA. Relating apparent thermal conductivity

to physical properties of refractory fibre. Am Ceram Soc Bull.

1982;61:711–4.

27. Petrov VA. Combined radiation and conduction heat transfer in

high temperature fiber thermal insulation. Int J Heat Mass Transf.

1997;40:2241–7.

28. Karamanos A, Papadopoulos AM, Anastaselos D, Heat transfer

phenomena in fibrous insulating materials. In: Proceedings of

WSEAS/IASME international conference on heat and mass

transfer. Corfu. Greece. 17–19 August 2004. p. 1–12.

29. Spinnler M, Winter ERF, Viskanta R, Sattelmayer T. Theoretical

studies of high temperature multilayer thermal insulations using

radiation scaling. In: Proceedings of Eurotherm 73 on computa-

tional thermal radiation in participating media. Mons. Belgium.

15–17 April 2003.

30. Singh OK, Panwar NL. Effects of thermal conductivity and

geometry of materials on the temperature variation in packed bed

solar air heater. J Therm Anal Calorim. 2013;111:839–47.

31. Miao SQ, Li HP, Chen G. Temperature dependence of thermal

diffusivity, specific heat capacity, and thermal conductivity for

several types of rocks. J Therm Anal Calorim. 2014;115:1057–63.

32. Arambakam R, Vahedi Tafreshi H, Pourdeyhimi B. Modelling

performance of multi-component fibrous insulations against

conductive and radiative heat transfer. Int J Heat Mass Transf.

2014;71:341–8.

33. Cui P, Wang F, Liang Z. Improved computation formula of

thermal conductivity of fibrous porous materials. Adv Mat Res.

2011;152–153:605–12.

34. Daryabeigi K, Cunnington GR, Knutson JR. Combined heat

transfer in high porosity high-temperature fibrous insulation:

theory and experimental validation. J Thermophys Heat Transf.

2011;25:536–46.

35. Daryabeigi K. Heat transfer in high-temperature fibrous insula-

tion. In: 8th AIAA/ASME joint thermophysics and heat transfer

conference, St Louis, Missouri. 24–26 June 2002.

36. Daryabeigi K, Cunnington GR, Knutson JR. Measurement of heat

transfer in unbounded silica fibrous insulation and comparison

with theory. Therm Cond. 2008;29:292–301.

37. Lee SC, Cunnington GR. Conduction and radiation heat transfer

in high-porosity fiber thermal insulation. J Thermophys Heat

Transf. 2000;14:121–36.

38. Manohar K, Kochhar GS. Experimental investigation of the

influence of air conduction on heat transfer across fibrous mate-

rials. J Mech Eng Res. 2011;3:319–24.

39. Cha J, Seo J, Kim S. Building materials thermal conductivity

measurement and correlation with heat flow meter, laser flash

analysis and TCi. J Therm Anal Calorim. 2012;109:295–300.

40. Cai G, Xu Z, Li W, Yu W. Experimental investigation on the

thermal protective performance of nonwoven fabrics made of

high-performance fibers. J Therm Anal Calorim. 2015;121:

627–32.

41. Gross U, Barth G, Wulf R, Son LT. Thermal Conductivity of non-

isotropic materials measured by various methods. High Temp

High Press. 2001;33:141–50.

42. Zhang B, Xie W, Du S, Zhao S. An experimental study of

effective thermal conductivity of high temperature insulations.

J Heat Transf. 2008;130:034504.

Thermal conductivity of refractory glass fibres

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.ecfia.eu/products
http://dx.doi.org/10.1002/0471238961.0712011902152504.a01.pub2


43. Jannot Y, Degiovanni A, Payet G. Thermal conductivity mea-

surement of insulating materials with a three layers device. Int J

Heat Mass Transf. 2009;52:1105–11.

44. Gembarovic J, Taylor RE. A method for thermal diffusivity

determination of thermal insulators. Int J Thermophys. 2007;28:

2164–75.

45. Salmon D. Thermal conductivity of insulations using guarded hot

plates, including recent developments and sources of reference

materials. Meas Sci Technol. 2001;12:R89–98.

46. BS EN ISO 8894-1:2010. Refractory materials: determination of

thermal conductivity, Part 1: Hot-wire methods (cross-array and

resistance thermometer). British Standards; 2010. p. 1–19.

47. ASTM E1461-13. Standard test method for thermal diffusivity by

the flash method. ASTM International; 2013. p. 1–11.

48. ASTM C201-93 (Reapproved 2013). Standard test method for

thermal conductivity of refractories. ASTM International; 2013.

p. 1–6.

49. Fourier J. Analytical theory of heat. New York: Dover Publica-

tion; 1955.

50. BS 1902-5.5:1991. Refractory materials—Part 5: refractory and

thermal properties—Section 5.5 Determination of thermal con-

ductivity (panel/calorimeter method) (method 1902-505). British

Standards; 1991. p. 1–10.

51. BS EN 993-15:2005. Methods of test for dense shaped refractory

products, Part 15: determination of thermal conductivity by the

hot wire (parallel) method. British Standards; 2005. p. 1–17.

52. ASTM C1113/C1113M-09 (Reapproved 2013). Standard test

method for thermal conductivity of refractories by hot wire

(platinum resistance thermometer technique). ASTM Interna-

tional; 2013. p. 1–6.

53. ASTM C177-13. Standard test method for steady-state heat flux

measurements and thermal transmission properties by means of

the guarded-hot-plate apparatus. ASTM International; 2013.

p. 1–23.

54. Davis WR, Downs A. Hot-wire test: a critical review and com-

parison with the BS 1902 panel test. Brit Ceram Trans J.

1980;79:44–52.

55. Hagemann L, Peters E. Thermal conductivity—comparison of

methods. ASTM-Method, hot wire method and its variations.

Interceram. 1982;31.

56. Litovsky E, Kleiman JI, Menn N. Measurement and analysis by

different methods of apparent, radiative, and conductive ther-

mophysical properties of insulation materials. High Temp High

Press. 2003;35:101–8.

57. The Association of German Engineers (VDI). Emission control—

production and processing of fibrous materials—high-tempera-

ture insulation wool. VDI 3469. 2007;5:1–25.

58. ASTM C892-10. Standard specification for high-temperature

fiber blanket thermal insulation. ASTM International; 2010.

p. 1–4.

59. ASTM C612-14. Standard specification for mineral fiber block

and board thermal insulation. ASTM International; 2014. p. 1–5.

60. Wainwright RC, Thomas DH, Oliver SP. High temperature

resistant fibres. The Morgan Crucible Company PLC. United

States Patent US8163377B2. 24 April 2012.

61. Chandradass J, Balasubramanian M. Sol–gel processing of alu-

mina fibres. J Mater Process Technol. 2006;173:275–80.

62. Jubb GA. Inorganic fibre compositions. The Morgan Crucible

Company PLC. European Patent EP2086897B1. 17 Nov 2010.

63. EN ISO 5014:1997. Dense and insulating shaped refractory

products—determination of modulus of rupture at ambient tem-

perature. International Standard; 1997. p. 1–5.

64. Hilger S, Daniel R.GmbH SIMU-THERM thermal modelling

software. 2007; v6.5.

65. Silva WP, Silva CMDPS. LAB fit curve fitting software (Non-

linear Regression and Treatment of Data). 2011;v7.2.48.

F. Modarresifar et al.

123


	Thermal conductivity of refractory glass fibres
	A study of materials, standards and test methods
	Abstract
	Introduction
	Commercial materials
	Production
	Thermal properties, heat transfer mechanisms and modelling

	Materials and methods
	Test methods
	Hot wire cross-array method
	Laser flash method
	Panel calorimeter method
	International standards
	Standard reference materials

	Results
	Development of standard reference material
	Test reproducibility
	Intra-laboratory single method reproducibility
	Inter-laboratory comparison of different methods
	Comparison of different insulation materials

	Discussion
	Conclusions
	Open Access
	References




