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Foreword

ISO (the International Organization for Standardization) is a worldwide
federation of national standards bodies {ISO member bodies). The work
of preparing International Standards is normally carried out through 1SO
technical committees, Each member body interested in a subject for
which a technical committee has been established has the right to be
represented on that committee. International organizations, govern-
mental and non-governmental, in liaison with ISO, also take part in the
work, ISO collaborates closely with the International Electrotechnical
Commission (IEC) on all matters of electrotechnical standardization.

Draft international Standards adopted by the technical committees are
circulated to the member bodies for voting. Publication as an Interna-
tional Standard requires approval by at least 75 % of the member bodies

casting a vote,

International Standard ISO 8302 was prepared by Technhical Committee
ISO/TC 163, Thermal insulation.

Annex A forms an integral part of this International Standard. Annexes
B, C and D are for information only.
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Introduction

0.1 Document subdivision

_'This International Standard is divided into three sectiens representing
the most comprehensive assemblage of mformatlen required to use the
“guarded hot plate apparatus, i.e.

Section 1: General censmeranoes_ |
Section 2: Apparatus and error evaluation,

Section 3: Test procedures |

While the user of the method specified in this Internat[ondl Standard for
test purposes may heed to concentrate only on section 3, he must also
be familiar with the other two sections in order to oblain accurate re-
sults. He must be particularly knowledgeable about the general re-
quirements. Section 2 is directed towards the designer of the apparatus,
but he also, in order to provide good apparatus, must be concerned with
- the other sections of this method. Thus, the method will serve its pur-
'pose well. : - | -

' 0.2'- Heat transfer and meaisu_r"ed_properties

A Iarge proportion of _th'ermel- téstin_g E Tu‘hdert!aken' en 'Iigﬁt density
porous materials. In such cases, the actual heat transfer within them can
involve a complex combination of different contributions of

— radiation;
— conduction both in lhe solid 'and gas phase; and

— convection (in some operatlng conditlons)

plus their mteractlons together with mass transfer espemally in moist
materials. For such materials, the heat transfer property, very often
-~ wrongly called “thermal conductivity”, calculated from a defined formula
and the resuits of measurements of heat flow-rate, temperature differ-
ence and dimensions, for a specimen may be not an intrinsic property
of the material itself, This property, in accordance with ISO 9288, should
therefore be calied “transfer factor” as it may depend on the test con-
ditions {the transfer factor is often referred to elsewhere as apparent or
effective thermal conductivity). Transfer factor may have-a significant
dependence on the thickness of the specimen and/or on lhe temper—
ature difference for the same mean test lemperature

Heat transfer by radlatlon is the first source of dependence of transfer
factor on specimen thickness. As a consequence, not only material
- properties influence results, but atso the radiative characteristics of the
surfaces adjoining those of the specimen. Heat transfer by radiation also
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contributes to the dependence of transfer factor on temperature differ-
ences. This dependence canh be experimentally detected for each type
of material and for each mean test temperature when the temperature
difference exceeds defined limits. Thermal resistance is therefore the
property that better describes the thermal behaviour of the specimen,
provided It is accompanied by information on the radiative character-
Istics of the adjoining surfaces. If there is the possibility of the onset of
convection within the specimen (e.g. in light mineral woo! for low tem-
peratures), the apparatus orientation, the thickness and the temperature
difference can influence both the transfer factor and the thermal resist-
ance. In such cases, as a minimum it is required to fully specify the
geometry and the boundary conditions of the specimen tested, even
though information supplied in section 3 on test procedures does not
cover these test conditions in detail. In addition, it will take considerable
knowledge to evaluate the measurement, as such, especially when ap-
plying the measured values in practice.

The influence of moisture within a specimen on the heat transfer during
a measurement is also a very complex matter. Therefore, dried speci-
mens only shall be tested according to standard procedures. Measure-
menhts on moist materials need additional precautions not covered in
detall in this International Standard.

The knowledge of the physical principles mentioned is also extremely
important when a heat transfer property, determined by this test
method, is used to predict the thermal behaviour of a specific material
in a practical application even though other factors such as workman-

ship can influence this behaviour.

0.3 Background required

The design and subsequent correct operation of a guarded hot plate to
obtain correct results and the interpretation of experimental results is
a complex subject requiring great care. It is recommended that the de-
signher, operator and the user of measured data of the guarded hot plate
should have a thorough background of knowledge of heat transfer
mechanism in the materials, products and systems being evaluated,
coupled with experience of electrlcal and temperature measurements,
particularly at low signal levels. Good taboratory practice in accordance
with general test procedures should also be maintained. -

The in-depth knowledge in each area mentioned may be different for the
designer, operator and data usetr.

0.4 Design, size and national standards

Many different designs of guarded hot plate apparatus exist worldwide
which conform to present national standards. Continuing research and
development is in progress to improve the apparatus and measurement
techniques. Thus, it is hot practical to mandate a specific design or size
of apparatus, especially as total requirements may vary quite widely, -

0.5 Guidelines supplied |

Considerable latitude both in the temperature range and in the geo-
metry of the apparatus is given to the designer of new equipment since
various forms have been found to give comparable results. It is recom-
mended that designers of new apparatus read the comprehensive liter-
ature cited in annex D carefully. After completion of new apparatus, it
Is recommended that it be verified by undertaking tests on one or more
of the various reference materials of dlfferent thermal resistance levels

available.

vi
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This International Standard outlines just the mandat’Ory' requirements

‘hecessaty to design and operate a guarded hot plate in order to provrde |
correct results. | -

~Limit values for the apparatus performance and testing condltrons stated
in this Internatlonal Standard are given in‘annex A,

This International Standard also includes recommended procedures and
practices plus suggested specimen dimensions which together should
enhance general measurement levels and assist in improving inter-
laboratory comparisons and collaborative measurement programmes.
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Thermal msulatlon —_ Determmatlon of steady-state thermal

: apparatus

~ Section 1

11 Scope

This International Standard lays down a test method
which defines the use of the guarded hot plate

method to measure the steady-state heat transfer
through flat slab specimens and the calculatlon of its

heat transfer propetties.

This is an absolute or primary method of measure-
ment of heat transfer properties, since only meas-
urements of length, temperature and electrical
power are required. | | |

" Reports conforming to this standard test- method
shall never refer to specimens with thermal resist-

ance lower than 0,1 m2-K/W provided that thickness
limits given in 1.7.4 are not exceeded.

The limit for thermal resistance may be as low as
0,02 m2:K/W but the accuracy stated in 1.5.3 may not

be achleved over the full range.

If the specimens satlsfy only the requirements out-
fined in 1.8.1 , the resultant properties shall be de-
scribed as the thermal conductance and thermal
reS|stance or transfer factor of the speCImen

If the specamens satisfy the .requlrements of 1.8.2,
the resultant property may be described as the
mean measurable thermal conductivity of the specl-
- men being evaluated. |

If the specimens satisfy the requirements of 1.8.3,
the resultant property may be described as the
thermal conductivity or transmlsslwty of the material
being evaluated. -

1) To be published.

resistance and related propertles — Guarded hot plate

18O 9229

General

1.2 Normative references

The following standards contain provisions which,

through reference in this text, constitute provisions

of this International Standard. At the time of publi-
cation, the editions indicated were valid. All stan-
dards are subject to: revision, and parties to
agreements based on this International Standard
are encouraged to investigate the possibility of ap-
plying the most recent editions of the standards in-
dicated below. Members of IEC and ISO maintain

registers of currently valid lnter_national Standards.

ISO 7345:1987, Thermal msulatron — Physmal quan-
tmes and def nitions. .

Thermal msulatlon — Matenals pro-
ducls and systems — Vocabulary |

1SO 9251:1987, Thermal insulation - Heat transfer
conditions and- properties of materials —
Vocabulary. | |

1SO 9288:1989, Thermal lnsulatmn — Heat transfer by
rad:atron — Phys:cal quantftles and definitions,

ISO 9346:1987; Thermal insulation — Mass transfer
— Physical quantities and definitions.

1.3 Definitl'ons' '

- For the purposes ol thlS lnternatlonal Standard the

following deﬁnltlons apply.

The followlng quantlties are def‘ned in |SO 7345 or-
_In 1ISO. 9251 | o
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Quantity Symbol Units
Heat flow-rate P W
Density of heat flow-rate q W/m?2
Thermal resistance!) R m?2 -K/W
Thermal conductance A " W/(m2 -K)
Thermal conductivity?2) A W/{rm-K)
Thermal resistivity 4 m-K/W
Porosity - ¢
Local porosity - ¢,

1) In some cases it may be necessary to consider
also the temperature difference divided by the heat
flow-rate; no special symbol is assighed to this quan-
tity, sometimes also called resistance.

2) In the most general case c_f and grad T do not have

=
the same orientation (4 is not defined through a single
cohstant 4 but through a matrix of constants); more-
over conductivity changes while changing position
within the body, while changing the temperature and
changes with time,

The following definitions related to materlal proper-
ties are given in 1SO 9251:

porous medium
homogeneous medium
homogeneous porous medium

heterogeneous medium
isotropic medium
anisotropic medium
stable medium

Other terms not defined In ISO 7345 or ISO 9251:

1.31 thermally homogeneous medium: Is one in-

=%
which thermal conductivity [A] is not a function of
the position within the medium but may be a func-
tion of direction, time and temperature.

1 ;3.2 thermally Isotropic medium: Is one in which

- |
thermal conductivity [A] is not a function of direction
but may be a function of the posrtion with the

medium, of tlme and of the temperature ([/l] is de-
fined through a single value A in each point). |

1.3.3 thermally etable medium: Is one in whlch

=+ |
thermal conductivity 4 or [A] is not a function of
time, but may be a function of the co-ordinates, of
the temperature and, when applicable, of the direc-

tion,

1.3.4 mean thermal conductivity of a specimen: is
the property defined in steady-state conditions in a
body that has the form of a slab bounded by two
parallel, flat isothermal faces and by adiabatic

edges perpendicular to the faces, that is made of a
material thermally homogeneous, isotropic (or
anisotropic with a symmetry axis perpendicular to
the faces), stable only within the precision of a
measurement and the time required to execute it,
= |

and with thermal conductivity 2 or [A] constant or a
linear function of temperature.

-1.3.5 transfer factor of a specimen: Is defined by

f——g-i-———g-W(mK)

It depends on experimental conditions and charac-
terizes a specimen in relation with the combined
conduction and radiation heat transfer. It is often
referred to elsewhere as measured, equivalent, ap-
parent or effective thermal conductivity of a speci-

men.

1.3.6 thermal transmissivity of a material; |s defined

by

= -Ad

‘AR

when Ad/AR is independent of the thickness d. It is
independent of experimental conditions and charac-
terizes an insulating material in refation with com-
bined conduction  and radiation.  Thermal
transmissivity can be seen as the limit reached by
the transfer factor in thick layers where combined
conduction and radiation heat transfer takes place.
it is often referred to elsewhere as equivalent, ap-
parent or effective thermal conductivity of a
material. o

W/(m-K)

1.3.7 steady-state heat transfer property: Generic
term to identify one of the following properties:
thermal resistance, transfer factor, thermal conduc-
tivity, thermal resistivity, thermal transmissivity,
thermal conductance, mean thermal conductivity,

1.3.8 room temperature: Generic term to identify a
mean test temperature of a measurement -such that
a man ih a room would regard it comfortable if it
were the temperature of that room. -

1.3.9 ambient temperature; Generic term to identify
the temperature in the vicinity of the edge of the
specimen or in the vicinity of the whole apparatus.
This temperature is the temperature within thé cab-
inet where the apparatus is enclosed or that of the
laboratory for non-enclosed apparatus.

1.3.10 operator: Person responsible for carrying
out the test and for the presentation through a report
of the measured resuits.

1.3.11 data user: Person involved in the apptication
and interpretation of measured results to judge
material or system performance. |
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1.3.12  designer: Person who develops - the tus in assigned test conditions and who. identifies

constructional details of an apparatus in order to test procedures to verufy the predicted apparatus
meet predefined performance limits for the appara- ~ accuracy.,

14 Symbols and units

Symbol | _- | Dimension | - - | i | - Unit
A | Metering area measured on a selected isothermal surface '_ | . m?
4, Area of the gap o : _. Coe | m?2
A, Area of the metering section o . . | m?2
b Guard width, starting from the gap centre-line - = . - m
¢ | Imbalance coefficient. - | - S m |
¢,  Specific heat capacity of the plate S - JIkg'K)
c. | Specific heat capacity of the specimen - o | | J/(kg-K)
d | - Average thickness of a specimen - - '_ S - m

dy, dyy .y g | 1Thicknesees of specimens designated s, , 55 4 eeer g | m
d, Metal plate thickness - o o m
e Edge number - | o B -~
Ep - Error in the metering area value o o e
E, Error in the thickness value - | S : —
E, Error due to edge heat losses o -
E. - Error in the electrical power value - - - —
E, Error due to imbalance = | o - | =
E, Error due to non-symmetrical conditions o | —
Fq Error in the temperature dlfference | - | —
E, “Error in the heat ﬂew-rate | | | | o -
g - Gapwidth B I S m
by -  Density of heat ﬂow rate per unit temperature difference - | - W/{m2 K}
27 | | Side length of the metering section from gap centre to gap centre S m
m, Relative mass change after conditioning I o =
Mg ~ Relative mass change due to a conditioning after drymg ) =
‘m, Relative mass change after drying -~~~ - -- —
My Relative mass change after test ~ - —
M, - Mass as received - | | | kg
M, - Mass after drying | | " - ko
M, .~ Mass after conditioning | - | o kg
M, ‘Mass after test - 8 | - kg
Mg | -Mass before test | | | . - kg
P - Perimeter o | | | - 0m
g ~ Density of heat flow-rate | A o Wim?
Je . © Edge density of heat flow-rate - o o W/m?2
¥ - Thermal resistivity | ‘ S . mK/W
R Thermal resistance -~ - C m2 KW
R, Thermal resistance of edge insulation . S m2 ‘KW
! Time - - | | . . | s

| :7' | - _Transi’er factor | . S - W/(m-K)
T1- | o Temperatu're of the warm surface of the specimen =~ .~ K
T, - - Temperature of the cold surface of the specimen _' - K
T, Ambient temperature (temperature in the vicinity of the spemmen) K |
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Symbol Dimension Unit
1, Temperature on the edge of the specimen | K
T Mean temperature (usually (7, + T, )/2) K
V Volume ms3
by Heating unit thickness 11}
A Error parameter for the edge configuration —
Z, Error parameter for the surrounding temperature —
Zs Error paraimeter for imbalance -
Ad Increment of thickness I
AR Increment of thermal resistance m?2 -K/W
AT Temperature difference (usually 7| — T, ) K
AT, Temperature difference through the gap K
At Time interval | S
A Lq' Increment of transfer factor W/(m-K)
g Emissivity W/(m-K)
A Thermal conductivity W/(mK)
Aq Thermal conductivity of a material facing the gap W/{m-K)
Ay Thermal transmissivity _ W/ (m-K)
A Thermal conductance W/(m?2 -K)
4 Porosity —
¢ Local porosity —
() Heat flow-rate W
D, Heat flow-rate due to edge heat losses W
D, Heat flow-rate on the edge W
@, Heat flow-rate due to imbalance W
Dr Heat flow-rate in a test W
D, Heat flow-rate through the wires W
D, Gap heat flow-rate per unit temperature imbalance W/K
4 Density of the dry specimen kg/m3
Pp Density of the plate keg/m3
Pea Density of the specimen after conditioning kg/m3
o, Stefan-Boltzmann constant 5,67 W/(m2 -K4)

1.5 Significance

1.5.1 Factors Influencing heat transfer
properties

The heat transfer properties of a specimen of mat-
erial may

vary due-to variability of composition of the mat-
erial or samples of it;

be affected by moisture or other factors;
change with time;
change with mean temperature; and

depend upon the thermal history.

It must be recognized, therefore, that the selection
of -a typical value of heat transfer properties repre-

sentative of a material in a particular application
shall be based on a consideration of these factors

and will not necessarily apply without modification
to all service conditions. |

As an example, this method provides that the heat
transfer properties should be obtained on dried
specimens, although in service such conditions may
not be realized,

Even more basic is dependence of the heat transfer
properties on variables such as mean temperature
and the temperature difference. These dependen-
cies should be. measured or the tests made under

_conditions typical of use.



1.5.2 Sampling

~ Heat transfer propetties need an adequate amount
- of test information to be considered representative
of a material. A heat transfer property of a material
can be determined by a single measurement only if
the sample is typical of the material and the
specimen(s) is (are) typical of the sample. The pro-

cedure for selecting the sample should normally be

specified in the material specification. The selection
~ of the specimen from the sample may be partly
specified in the material specification. As sampling
Is beyond the scope of this test method, when the
~ problem is not covered by a material specifi catlon
| approprlate documents shall be consldered

-1.5.3 Accuracy and reprcduciblhty

The- evaluation of the accuracy'-of the method is

complex and is a function of the apparatus design,
of the related. instrumentation and of the type of
specimen under test. However, apparatus con-
structed and operated in accordance with this
method is capable of measuring heat transfer prop-
erties accurate to within 4 2 % when the mean

temperature of the test is near the room temper— -

ature.

With adequate precautions in the design of the ap-
paratus, and after extensive checkihg and cross-
referencing of measurements with other similar
apparatus, an accuracy of about + 5 % should be
obtainable -anywhere in the full operating range of
an apparatus. Such accuracy is normally easier to

attain using separate apparatus for the extremes in '

the range. The reproducibility of subsequent meas-

urements made by the apparatus on a specimen
maintained within the apparatus without changes in

test conditions is normally much better than 1 %.
When measurements are made on the same refer-
ence specimen removed and then mounted again
after long time intervals, the reproducibility of
measurements is normally better than 4+ 1 %. This
larger figure is due to minor changes in test condi-
tions, such as the pressure of the plates on the
specimen (that affect contact resistances), the rela-
tive humidity of the air around the specimen (that
~affects its moisture contents), etc.

These levels of reproducibility are required'to iden-
tify errors in the method and is desirable in quality
control applications. -

1.6 Prlnciple

“1 6.1 Apparatus principle

The gu_arded hot plate apparatus is intended to es-
tablish within specimen(s), in the form of uniform

ISO 8302:1991(E)

slab(s) having flat parallel faces, a unidirectional
uniform densitly of heat flow-rate at steady-state

" conditions as the one that would exist ih an infinite
slab bounded by two flat parallel isothermal Sur-
| faces. -

1.6.2 Apparatus type—s

From this basic prmc:ple were derwed two types of

~ guarded hot plate apparatus |

~a) with two specrmens-(andia central heating unit);

b) with a single specimen.

1.6.21 Twc-spec_lmen apparatus o

“In the two specimen apparatus [’see flgure1a)j' a
central round or square flat plate assembly consist-
ing of a heater and metal surface plates and called

the heating unit is sandwiched between two nearly

~identical specimens. The heat flow-rate is trans-

ferred through the specimens to separate round or
sglare lsothermal flat assemblles called the coollng

~ Units.

1.6.2.2 Single-specimen apparatus -

In the'single_s,pecimeh. app'aratus [see ﬁgur’e‘lb)]-,

the second specimen is replaced by a combination

~ of a piece of insulation and a guard plate. A zero
~ temperature-difference is then established across

this combination. Providing all other applicable re-
quirements of this Internation Standard are fulfilled,
accurate measurements and reporting according to

- this method may be accomplished with this type of

apparatus, but particular reference to the modifica-
tion of the norma!l hot plate apparatus with two

‘specimens should be made in the report

-1.6;3 Heating and co_oling units

The heating unit consists of a separate metering

. section, where the unidirectional uniform and con-

stant density of heat flow-rate can be established,
surrounded by a guard section separated by a natr-
row gap. The cooling units may consist of a contin-
uous flat plate assembly but it is preferable to have
them in a similar form to the heatmg unit.

1.6.4 Edge insulatlon and auxlhary guarded
sections | o

Additional edge insulation and/or auxiliary guard

~ sections are required, especially when ~operating

above or below room temperature
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Figure 1 — General features of tWo-speclmen and single-specimen guarded hot plate apparatus




- 1.6.5 Deflnltlon of the guarded hot plate
apparatus

The term “guarded hot plate” applies to the entire
assembled apparatus, that, hence, is called

“guarded hot plate apparatus”, The general features
of the appalatus with specimens installed are shown
| |n l"gure'l - |

1.6.6 Measuring the density of heat flow-rate

With the establishment of steady-state in ._th'e meter- -

ing section, the density of heat flow-rate, ¢, is de-
termined from measurement of the heat-flow-rate,
@, and the metering area, 4, lhat(l) crosses.

1.6.7 Meaeuring the temperature dllferen_ce |

The temperature difference across the specimen,
AT, is measured by temperature sensors fixed at the
surfaces of the metal plates and/or those of the
specimens whete. approprlate

1.6.8 Measuring the thermal resistance or
transfer factor

The thermal resistance, R, is calculated from a
“knowledge of g, A and AT if the appropriate condi-
tions given in 1.8.1 are realized. If the thickness, d,
of the specimen Is measured, the transfer factor,

4 , may be computed.

1.6.9 Computing thermal conductivity

" The mean thermal cendu_ctivity, A of the specimen_

may also be computed if the appropriate conditions
given in 1.8.2 are realized and the thlckness d, of
the spemmen E measured

1.6.10 Apparatus limits

‘The application of the method is Ilmlted by the ca-

pability of the apparatus to maintain _the

unidirectional uniform and constant density of heat
flow-rate in the specimen coupled with the ability to -
measure power, temperature and dimensions to the

limit of accuracy required.

1.6.11 Specimen limits

' The application of the method is also limited bythe
form of the specimen(s) and the degree to which

they -are identical in thickness and uniformity of -

structure (in the case of two-specimen apparatus)
and whether their surfaces are flat or parallel.
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1.7 leltall_ons due to apparatus
1.7.1 Limitations due_ to centact resistances

When testing a specimen of high thermal
conductance and rigid (i.e. specimens of a material
too hard and unyielding to be appreciably altered in
shape by the pressure of the heating and cooling

- units), even small hon-uniformities of the surface of

both specimen and the apparatus (surfaces not per-
fectly flat) will allow contact resistances not uni-
formly distributed between the specimens and the

~ plates of the heating and of the coollng umts

These will cause non-uniform heat flow-rate dlstrib-—

. ution and thermal field distortions within the speci-
- mens; moreover, they will make accurate surface

temperature measurements difficuit to undertake.
For specimens having thermal resistances less than

0,1 m2-K/W, special techniques for measuring sur-
face temperatures will be required. Metal surfaces

should be machined or cut llat and parallel and
stress-relieved.

1.7.2 Upper limits for the thermal reSis_tance

The upper limit of thermal resistance that can be
measured is limited by the stabilily of the power
supplied to the heating unit, the abilitv of the instru-
mentation to measure power level and the extent of

- the heat losses or gains due to temperature imbal-
~ance errors (analysed later) between the central
-metering and guard sections of the spemmens and

of the heating unit.

1.7.3 -leits to temperature dll_ference-

Provided that uniformity and stability of the temper-
ature of the surfaces of the heating and cooling unit
plates, the noise, resolution and accuracy of the
instrumentation and the restrictions on temperature

- measurements can be maintained within the limits

outlined in sections 2 and 3, temperature differences
as low as 5 K, when measured differentially, can be
used in the measurements, provided the require-
ments described in 2.1.4.1.2 to 2.1.4.1.4 are met.

Lower temperature differences shall be reported as

hon-compliance with this International Standard.

If temperature measurements of each plate are
made by means of thermocouples with independent
reference junctions, the accuracy of the calibration
of each thermocouple may be the limiting factor in

the accuracy of measured temperalure differences.

In this case, it is recommended that temperature
differences of at least 10 K to 20 K are used in order

to minimize temperature dlfference measurement'
errors. -

Higher temperature differences. are limited only by

_the' capabilily of the apparatus to d’eli_\{er -enough



1SO ‘8302;1991(E)

power while maintaining required temperature uni-
formity.

1.7.4 Maximum specimen thickness

The boundary conditions at the edges of the speci-
mens due to the effects of edge insulation, of auxil-
lary guard heaters and of surrounding ambient
temperature will limit the maximum thickness of
specimen for any one configuration, as described in
section 2 (see also 3.2.1). For inhomogeneous, com-
posite or layered specimens, the mean thermal
conductivity of each layer should be less than twice
that of any other layer.

This shall be regarded as a rough rule of thumb
asking only for an estimate made by the operator
that does not necessarily imply the measurement of
conductivity of each layer. it is expected that in this
situation the accuracy will remain close to the one
predictable for tests onh homogeneous specimens.
No guidelines can be supplied to assess measure-
ment accuracy when this requirement is not met.

1.7.5 Minimum specimen thickness

The minimum specimen thickness is limited by con-
tact resistances given in 1.7.1. Where thermal con-
ductivity or thermal resistivity or thermal
transmissivity or transfer factor iIs required, the
minimum -specimen thickness is also limited by the
accuracy of the instrumentation for measuring the
thickness.

1.7.6 Metering area definition

Theoretical investigations show that the metering
area, i.e. the area of the specimen traversed by the
heat flow-rate fed by the central metering section, is
related to the specimen thickness and to the gap
width. As the thickness tends to zero, the metering
area tends to the area of the central metering sec-
tion, while for thick specimens the metering area is
bounded by the line defining the centre of the gap
(2.1.1.3). To avoid complex corrections, this defi-
nition can be retained, provided the thickness of the
specimen is at least ten times the width of the gap.
For some special applications see also 3.1c).

1,7.7 Maximum operating temperature

The maximum operating temperature of the heating
and cooling units may be limited by oxidation, ther-
mal stress or other factors which degrade the
flatness and uniformity of the surface plate and by
changes of electrical resistivity of electrical insu-
lations which may affect accuracy  of all electrical
measurements.

1.7.8 Vacuum conditions

Particular care must be taken if a guarded hot plate
apparatus is used for measurements under vacuum
conditions, If a high vacuum is desired, the materials
of the apparatus must be carefully selected to avoid
excessive outgassing. Under vacuum conditions,
especially at lower temperatures, serious errors can
arise if due care is not taken when installing heater
and temperature sensor leads so as to minimize
extraneous heat flow-rates and temperature meas-
urement errors,

1.7.9 Apparatus size

The overall size of a guarded hot plate apparatus
will be governed by the specimen dimensions which
range hormally within the limits of 0,2 m to 1 m di-
ameter or square. Samples smaller than 0,3 m may
nol be representative of the bulk material, while
specimens larger than 0,5 m may create consider-
able problems in maintaining the flatness of the
specimens and plates, temperature uniformity,
equilibrium time and total cost within acceptable

limits.

For ease of inter-laboratory. comparisons and for
general improvement in collaborative measure-
ments, it is recommended that the design of future
guarded hot plate apparatus be based upon one of
the following suggested standard dimensions:

- 0,3 m diameter or square;

-— 0,5 m diameter or square;
and in addition:

— 0,2 m diameter or square if only homogeneous
materials are tested;

— 1 m diameter or square if specimens are to be
measured at a thickness that exceeds the limits
permitted for an 0,5 m apparatus.

1.8 Limitations due to specimen

1.8.1 Thermal resistance, thermal
conductance or transfer factor

1.8.1.1 Speclmen honiogeneliy

When making measurements of thermal resistance
or thermal conductance in inhomogeneous speci-
mens, the density of heat flow-rate .both within the
specimen and over the faces of the metering area
may be neither unidirectional nor uniform. Thermal
field distortions will be present within the specimen
and can give rise to serious errors. The region in the
specimen contiguous to the metering area and es-
pecially near the edges of this area is most critical.



It is hard to give reliable guidelines on the applica-
bility of the method in such cases. The major risk is
that the imbalance errors, edge heat loss. errors,
etc., now unpredictable, can vary in an unpredict-
‘able way when inhomogeneities take different rela-
tive positions within the specimen. The result is that
all the checks proposed in 3.4 can be affected by
systematic errors masking the true differences re-
lated to the d|fferent tests.

'In some specimens the varlatloh in structure may
occur over small distances. This is true for many
thermal insulations. |

In other spemmens dlrect thermal short circuits may

-eXist between the surfaces of the specimens in con-
tact with the plate of the heating and cooling units.
The largest effect occurs when sections of material
which conduct heat readily, with extended surface

area on each side of the specimen, are connected

by a path of low thermat resmtanee retative to other
paths. |
1.8.1.2 Temperature-diﬁerence correlation

Thermal resistance or thermal conductance are of-
ten a function of temperature differences across the

specimen. In the report, the range of temperature

differences that apply to the reported values of the
two properties must be defined, or it must be clearly

~ stated that the reported value was determmed at a

single temperature difference.

'1.8.2 Mean thermal conductwity of a
Specimen |

In order to determine the mean thermat conductivity
(or thermal transmissivity) of a specimen (see
1.3.4), the criteria of 1.8.1 shall be fulfilled. The
specimen shall be homogeneous or homogeneous

porous as defined in [ISO 9251. Homogeneous.

porous. specimens shall be such that any inhomo-
geneity has dimensions smaller than one-tenth of
the specimen thickness. In addition, at any one

mean temperature, the thermal resistance shall also

be independent of the temperature difference es-
tablished_ across the specimen.

The thermal resistance of a material is known to
depend on the relative magnitude of the heat trans-
fer process involved, Heat conduction, radiation and
convection are the primary mechanisms. However,

the mechanisms can combine or couple to produce

non-linear effects that are difficult to analyse or
measure even though the basic mechanisms are
Well researched and understood. |

 The magnitude of all heat transfer'-processés de-
pends upon the temperature difference established
- across the specimen. For many materials, products
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and systems, a complex dependence may occur at
temperature differences which are typical of use. In
these cases, it is preferable to use a temperature
difference typical of use and then to determine an
approximate relationship for a range of temperature
differences. The dependence can be linear for a
wide range of temperature differences.

Some specimens, while meeting the_ homogeneity

criteria, are anisotropic in that the component of

thermal conductivity measured in a direction paral-
lel to the surfaces is different to that measured in a
direction normal to the surfaces. For such speci-

‘mens, -this can resuit in larger imbalance and edge
loss errors. If the ratio between these two measur-

able values is lower than two, reporting according
to this method is still possible if imbalance and edge

heat loss errors are determined separately with

anisotropic specimens mounted in the apparatus.

1.8.3 'T'h'er'm-al conductivity, thermél

- transmissivity or thermal resistivity of a

material

1.8.3.1 General

In order to determine the thermal conductivity or
thermal resistivity of a materiai, the criteria of 1.8.2
shall - be fulfilled. . In addition, adequate sampling
must be performed to ensure that the material is
homogeneous or homogeneous porous, and that the
measurements are representative of the whole
material, product or system. The thickness of the
specimens must be greater than that for which the

- transfer factor of the material, product or system

does not change by more than 2 % wnth further in-
crease in thlckness | -

1.8.3.2 Depéndence on specimen thickness

Of the prbceis-ses involved, ohly conduction produces

a thermal resistance that is directly proportional to
the thickness of a specimen. The others result in a
more complex relationship. The thinner and less
dense the material, the more likely that the resist-
ance depends on processes other than conduction,
The result is a condition that does not satisfy the
requirements of the definitions for thermal conduc-
tivity and thermal resistivity — both of which are in-
trinsic properties — since the transfer factor shows
a dependence on the specimen thickness. For such

-~ ‘materials, it may be desirable to determine the

thermal resistance at conditions applicable to their
use. There is believed to be a lower limiting thick-
ness for all materials below which such a depend-
ence occurs. Below this thickness, the specimen
may have unique thermal heat transfer propetrties,
but not the material. It remains, therefore, to estab-
lish this minimum thickness by measurements.
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1.8.3.3 Determination of minimum thickness for
which heat transfer properties of the material may
he defined

If the minimum thickness for which the thermal
transmissivity can be defined is not known, it is
necessary to estimate this thickness.

In the absence of an established method, the some-
what crude procedure outlined in 3.4.2 may be used
for determining the thickness and whether it occurs
In the range of thicknesses in which a material is
likely to be used. |

it Is important to differentiate between added thetr-

mal resistance in measurements caused by the
placement of the temperature sensors below the

10

surfaces of the plates, added resistance caused by
poor specimen surfaces, and added . resistance
catised by the coupling of the conduction and radi-
ation modes of heat transfer in the specimens. All

three can affect the measurements in the same way,

and often the three may be additive.

1.8.4 Warping

Special care should be exercised with specimens
with large coefficients of thermal expansion that
warp excessively when subjected to a temperature
gradient. The warping may damage the apparatus
or may cause additional contact resistance that may
lead to serious errors in the measurement. Specially
designed apparatus may be necessary to measure
such materials,



1SO 8302:1991(E)

 Section 2: Apparatus and error evaluation --

21 --Apparatus de‘scri'ptiojn'and dééign
requirements - | |

Throughout the majority of this section aparatus re-
quiring the use of a pair of specimens is described;
the requirements that apply to the single-specimen
apparatus can be readily identified, | S

2.1.1 Heating_unit
2111 General- description .

The heating unit consists of a central metering sec-
tion and a guard section. The metering section con-
sists of a metering section heater and metering
section surface plates. The guard section consists
of one or more guard heaters and guard surface

plates. The surface plates are usually made of metal

of high thermal conductivity. |

The working surfaces of the heating unit and booling

unit plates shall not chemically react with the spec-
imen and the environment, shall be smoothly fin-

‘Ished to conform to a true plane, and should be
checked periodically. . | | |

The maximum departure of a surface from a plane

should not exceed 0,025 % in all operating condi-
tions, i.e. with reference to figure 2, assuming an

ideal plane to be in contact with the surface at P,

then at any other point B of the surface the ratio
between the distance AB from the plane and the
distance AF from the reference contact point shall
-be smaller than 0,025/100. |

21.1.2 Materials

The materials used in the 'con-struction of the heating

unit must be chosen carefully giving adequate con-

sideration to their performance at the temperatures
at which the heating unit is to be operated.

The heating unit shall be desighed to ensure ade-
quate density of heat flow-rate and suitable charac-
teristics for the intended use. The heating unit shall
be designed and constructed so that when in oper-
ation, deviations from temperature uniformity for
each face are not greater than 2 % of the temper-
ature difference across the specimen. -

For the twO-'spe(-:imen apparatus the two faces of the

metering section and of the guard section should be
within 0,2 K of their average temperature, at least
for specimens having a thermal resistance greater
than 0,1 m2:-K/W and tested at a mean test temper-
ature close to room temperature. L

The heating unit shall also ._b-e desighed and con-
structed so that the two faces do not warp or depart
from planeness at the operating temperatures, '

The surfaces of all plates shall have and maintain a

total hemispherical emittance greater than 0,8 at the

operating temperatures.

2.1.1.3 Gap and metering area

The heating unit shall-have a definite separation or
gap between the surface plates of the metering and
the guard section. The area of the gap in the plane
of the surface plate shall not be more than 5 % of
the metering section area. - |

The separation between the h-eatér-windirigs-ahd the

gap between the metering section and the adjacent

~guard section shall be desighed so as to distribute

heat to the surface plates uniformly according to the
temperature uniformity criteria in 2.1.1.2.

The dimension of the metering area shall be deter-
mined by measurements to the cenire of the gap
that surrounds this area, unless calculations or tests
are used to define the area more precisely. For

~some special applications, see 3.1 c).

Figure 2 — Surface departure from a true plane

11
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2.1.1.4 Imbalance through the gap

A suitable means such as a multijunction thermopile
shall be provided to detect the average temperature
imbalance between the surface plates of the meter-
ing and guard sections, | =

When a temperature imbalance exists between the
metering and guard sections, an amount of heat will
flow between the two elements, partly through the
specimen (heat flow-rate dependent on temperature
imbalance and specimen thermal conductivity) and
partly through the gap itself (heat flow-rate depend-
ent on temperature imbalance only). This heat flow-
rate crossing the gap under thermal imbalance is
the most severe limit when measuring high resist-
ance specimens.

In a square guarded hot plate apparatus, it is known
that temperature imbalance is not perfectly uniform
along the whole gap, though little quantitative infor-
mation is available on this subject. When only a
limited number of imbalahce sensors is used, it is
suggested that the most representative positions to
detect the average balahce will be those at a dis-
tance from the corners of the metering section equal
to one-quarter of the side of the metering section
along the gap.

The corners and the axes shall be avoided (see fig-
ure 3 and reference [5]),

2.1.1.5 Imbalance sensors

If the imbalance sensors are installed in supporting
sheets placed beiween the metal plates and the

specimen(s) [see figure4a)], or within grooves in
the. metal plates on the side in contact with the
specimen(s), thermal resistances can exist between
the sensor and the metal plates, between the sen-
sors and the surface of the specimen(s), and be-
tween the sensors mounted on the metering section
and those mounted on the guard section. The effect
of thermal resistance between imbalance sensors
and metal plates or specimen(s), as shown in
figure 4a), in principle applies to all these situations.

When the apparatus is in operation, the temperature
of the sensors is due to the combined effect of ther-
mal balance between the metal plates of the meter-
ing section and of the guard section, and of the
density of heat flow-rate flowing from the metal
plates to the specimen. Correct balance is obtained
only if the resistance between the metal plates and
the sensors is made negligible with respect to the
other resistances mentioned or when the heat flow-
rate flowing from the plates to the specimens does
not cross the sensors, as in figure 4b) or 4c¢). Similar

considerations are true when the sensors are in-

stalled between the metal plates and the electrical
heaters of the heating unit.

As a resuit, the installation of the sensors in grooves
in the metal plates either facing the specimens or
the heaters, the use of thin sheets suppotrting the
imbalance sensors, or similar solutions, should be
avoided unless a careful experimental and analyt-
ical check under all operating conditions of the
thermal resistances mentioned has been carried
out.

Figure 3 — Recommended positions for the imbalance sensors

12
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The presence of the gap and of the mechanical
connections through it create small temperature
gradients in the metal plates of the heating unit in
contact with the samples, and therefore the- imbal-
ance sensors shall be positioned to register the
temperature imbalance existing along the edge of
the gap and not the imbalance existing between
some arbitrary points of the metal plates on the
metering section and on the guard section. It is
suggested that the distance between the gap edge

and the sensor should be smaller than 5 % of the
side or diameter of the metering section,

Since an uncertainty in the true temperature bal-
ance will always exist, the gap thermal resistance
should be made as high as practically possible.
Good general rules are that any mechanical con-
nection between metering section and guard section
should be made as small as possible, avoiding
where possible, metal or continuous connections.
Electrical wires should cross the gap through ob-
lique paths and should be of thin diameter and of
metal with low thermal conductivity. The use of
copper should be limited to a minimum,

2.1.2 Cooling unit

The cooling units shall have surface dimensions at
least as large as those of the heating unit, including
the guard heater(s). They shall consist of metal
plates maintained at a constant and uniform tem-
nerature, within 2 % of the temperature difference
across the specimen and lower than that of the
heating unit. This can be accomplished by the use
of a constant-temperature fluid, by the use of elec-
trical heaters, by the use of thermal insulation of
uniform thermal resistance applied between the
outermost surfaces of the heating units and appro-
priate auxiliary cooling plates, or by a combination
of these, as suitable for the cooling unit temperature
desired.

Fluid-cooled metal plates require particular care in
their design in order to obtain temperature uniform-
ity (see [8] and [24]), The temperature difference be-
tween the inlet and the outlet fluid should be
evaluated for the situation of the highest thermal
load in combination with a given flow-rate of the
fluid, For most fluid-path layouts, this temperature
difference is larger than any temperature non-
uniformity of the plate. The best results will be ob-
tained with helical counter-flow paths for the fiuid.
However, In this case the thermal resistance be-
tween the fluid and the metal plate should be suffi-
ciently high (see I3l and {24]), otherwise plate

temperature hon-uniformity can be even larger than

the temperature difference between the inlet and
outlet fluid.
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2.1.3 Edge insulation and edge heat losses

Deviation from one-dimensional heat flow in the

- specimen is due to non-adiabatic conditions at the
- edges of the heating unit and of the specimens.

Moreover, heat losses from the edges of the heating
unit and specimens will cause lateral temperature
gradients in the surface plates of the guard section,
thus creating additional deviation from the ideal
one-dimensional heat-flow pattern intended.

Heat losses from the specimen edge cause edge
loss errors which can be computed only for homo-
geneous isotropic opaque specimens under simpli-
fied boundary conditions. These errors will be
minimal if the ambient temperature corresponds to
the mean temperature of the specimens. For infor-

mation on the computation, see 2.2.1 and [4] [5],
[10], [11], [19], [28] and [37],

Little or no information is available on the other
edge heat loss errors, The heat losses from the
outer edges of the guard section and the specimen
shall, therefore, be restricted. This can be accom-
plished by edge insulation, by controlling the ambi-
ent temperature, by an additional outer guard, by a
linear gradient guard or by a combination of these
methods; four possible configurations are shown in

figure 5.

A very important heat flow path from the heating unit
edges is along the wires of the heaters and temper-
ature sensors. It is therefore necessary to provide
an isothermal surface close to the heating unit and
at the same temperature. All of the wires should be
fastened securely to the surface. This isothermal
surface may be an auxiliary guard or any other
suitable surface. The level of thermal-imbalance
should be limited so that heat flow-rate exchanged
through the wires will not exceed 10 % of the heat
flow-rate crossing the samples in unidirectional
ideal conditions.

2.1.4 Measuring devices
2.1.4.1 Temperature measurements

2.1.4.1.1 Imbalance detection

The temperature-imbalance sensors may be read
individually and the temperature difference calcu-
lated, or, better, they may be connected differentially
to indicate such temperature difference directly.
Small diameter thermocouples, not greater than
0,3 mm, connected as a thermopile, are often used
for this purpose. The detection system shall be suf-
ficiently sensitive to ensure that the error in the
measured property due to the gap temperature im-
balance shall be restricted to 0,5 %, as determined
experimentally or analytically. The sensitivity of
many temperature sensors falls off drastically as the
temperature is decreased. Particular care must
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‘Figure 5 — Possible configurations to restrict edge heat losses
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therefore be taken in designing thermopile meas-
urement and control systems to operate under low
temperature conditions.

2.1.41.2 Temperature differences in the apparatus

Any proven method capable of measuring the tem-
perature difference betweenh heating and cooling
surfaces to an accuracy of 1 % may be used for the
measurement of temperatures in the apparatus,

The surface temperatures are often measured by
means of permanently mounted temperature sen-
sors, such as thermocouples, set in grooves in the
surface plates or placed just under the surface in
contact with the specimen.

Other solutions, like thermocouples embedded in
thin sheets, require particular care to reduce errors
in the detection of surface temperatures, mainly with
low resistance specimens. Some examples of
thermocouple connections are shown in figure 6.
Systematic errors associated with the thermocouple
measurements are frequently due to the fact that
their wires are not perfectly homogeneous, so that
temperature differences along them generate small
electromotive forces. The effect is usually larger in
alloys than in pure metals. In figure6a), each
thermocouple has the referéence junction in the
bath R and can be read individually.

When high accuracy is required in temperature dif-
ference measurements but not in the absolute tem-
perature of the heating and cooling units, the
differential connections of figure 6b) or 6¢) are two
eXxamples to reach this goal. When using differential
connections, best results are obtained when the
wires 1,, 2., 1 and 2, in figure 6b) and 6¢) are made

of pure metals (for example: copper) and the wires

connecting H4 to C4 or Hy to C, in the same figures,
remain within the cabinet A, at a temperature close
to those of the heatihg and cooling units, In this sit-
uation, the temperature difference along the con-
nections is kept to a minimum. On the contrary,
most of the advantages are lost if the differential
connection is made by clamping together leads 1
and 1’ of figure 8a).

Connections of the type shown in figure 6b) allow
averaging of systematic errors of each differential
measurement, while the connections illustrated in
figure 6¢) reduce to a minimum metallic linkages
between heating and cooling units.

Temperature sensors can be either completely in-
sulated electrically from the plates or grounded to

them only in a single point of the whole circuit (as

a consequence, in differential connections only one
junction of a thermocouple can be grounded). The
amount of electrical insulation required depends on
whether the sensors are shielded by grounded
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metal plates of the heating or cooling units or they
are only insulated from other electrical circuits; in
the latter case, the insulation resistance should
normally be larger than 100 M{2. Computations and
experimental verifications shall be made to be sure

“that other circuits do not affect the accuracy of the

measurements of heat transfer properties.

The number of temperature _sensors on each side
shall be not less than NJA_. or 2, whichever is
greater, where N = 10 m—1 and A is the area in
square metres of one face of the metering section
plate.

It is recommended that one temperature sensor be
placed in the centre of the metering area section
and that a similar number of temperature sensors
be permanently and similarly installed at corre-

sponding positions in the facing cooling units.

2.1.4.1.3 Temperature difference across the
specimen

Due to possibie influence of contact resistances be-
tween the specimen and the apparatus, different
methods exist to determine the temperature differ-
ence across the specimen.

Some recommended techhiques are as follows;
errors inherent to some methods are described in
[6], yet in some instances the choice of the method
itself is left to the judgement of the operator.

a) For non-rigid specimens (see 1.7.14) with flat uni-
form surfaces that conform well to flat surfaces
of the plates, and with thermal resistance greater
than 0,5 m2-K/W, the temperature difference
across them is normally taken to be indicated by
the temperature sensors, usually thermocouples,
permanently mounted in the heating and cooling
unit surfaces.

b} Rigid specimens (see 1.7.1) may be installed in
the apparatus with thin sheets of suitable homo-
geneous material interposed belween the speci-
men and each plate. The resistance of the
composite sandwich (sheet/rigid
specimen/sheet) is determined as in a) and the
temperature difference across the specimen can
be computed if the resistance of the sheets is
known (see 3.22.2.1 for limitations of this
method).

¢) Anothetr method used to determine the temper-
ature difference across a rigid specimen is by
means of separate temperature sensors, usually
“thermocouples, mounted flush with or interior to
the surfaces of the specimen. This technique can
also be used in conjunction with thin layers of
low resistance material interposed between the

specimen and the plates.
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Flgure 6 — Some thermacouple layouts
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2.1.4.1.4 Type and placement of temperature
sensors |

Thermocouples mounted in the surfaces of the
plates shall be made of wire not larger than 0,6 mm
in diameter and preferably not larger than 0,2 mm
in diameter for smaller size apparatus.
Thermocouples placed against or set into the sur-
faces of the specimens should be made of wire not
larger than 0,2 mm in diameter. For low resistance
specimens it is recommended that thermocouples
be placed within the specimen surface whenever
possible; otherwise thinner diameter thermocouples
must be used.

The thermocouples that are used to measure the
temperature of the hot and cold faces of the speci-
men should be fabricated from either calibrated
thermocouple wire or from wire that has been certi-
fied by the supplier to be within the special limits of
error given in tableB.1. Thermocouplies used to
measure temperatures in the range from 21 K to
170 K should have a standard limit of error of
+ 1 %. For information concerning the installation,
sensitivity and accuracy of thermocouples in the
cryogenic temperature range, see 171 to (9],

The resulting error in temperature differences due
to distortion of the heat flow pattern around the
temperature sensor, due to temperature sensor drift
and due to other temperature sensor characteristics
shall be less than 1 %.

Similar criteria shall be applied to temperature sen-
sors different from thermocouples.

2.1.4.2 Thickhess measurements

Means shall be provided for measuring the thick-
ness of the specimen to within 0,5 %. Because of
the changes of specimen thickness possible as a
resuit of thermal expansion, or compression by the
- plates, it Is recommended that, when possible,
specimen thickness be measured in the apparatus
at the existing test temperature and compression
conditions. Gauging points, or measuring studs at
the outer four corners of the cooling unit plates or
along the axes perpendicular to the plates at their
centres, will serve for these measurements. The ef-
fective specimen thickness is determined from the
average difference in the distance between the
gauging points when the specimen is in place in the
apparatus and when it is not in place, and the same
force Is used to press the cooling unit plates towards

each other.,

2.1.4.3 Electrical measurement system

The design of the measuring system will depend on
the heater design, on the type of temperature sen-
sors used and on the temperature-difference sens-
ing circuitry. The range of the outputs from these

18

will vary according to the operating range of the
apparatus. In all likelihood, it will vary by several
otders of magnitude. This necessitates either highly
linear, wide-range (mulitidigit) or less linear, multi-
range, measuring instruments. The choice will be

~ governed by the general requirements of the user.

~ A measurement system having a sensitivity and ac-

curacy of at least 0,2 % of the temperature differ-

- ence across the specimen shall be used for

measurement of the output of all temperature- and
temperature-difference sensors. Measurement of
the power to the heating unit shall be made to within
0,1 % over the full operating range.

2.1.5 Clamping force

A means shall be provided for imposing either a re-

producible constant clamping force upon the system
to promote good thermal contact or for maintaining
accurate spacing between the plates of the appara-
tus.

A steady force, which will thrust the cooling units
toward each other, can be imposed by means of
constant-force springs, a system of levers and dead
weights, or an equivalent method. It is unlikely that
a pressure greater than 2,5 KPa will be required for
the majority of insulating materialis.

When compresible specimens are tested, it may be
necessary to use stops of small cross-sectional area
and low thermal conductivity between the corners
of the cooling unit plates and the cornetrs of the
guard section. Other means may be used to impose
the distance between heating unit and cooling unit
plates; a constant pressure arrangement is not

needed for such tests.

2.1.6 Enclosure

The guarded hot plate apparatus shall be placed in
an enclosure equipped to maintain the desired
interior environmental gas temperature and dew or
condensation point when the cooling unit temper-
ature is below room temperature or when the mean
temperature is substantially above room tempetr-

ature.

Means to control the environmental pressure and
gas property should be provided if measurements
are required in different gaseous environments.

2.2 Evaluation of errors

2.2.1 Imbalance and edge heat loss errors

Most of this error evaluation assumes conducting
specimens opaque to ratiation. In case of low den-
sity materials semitransparent to radiation, some
expressions may be inaccurate.




If ¢ is the heat flow-rate that in the ideal
unhidirectional condition would travetrse the speci-
men (in a single-specimen apparatus) or both spec-

imens (in a two-specimen apparatus) and ¢y is the
actual value, the error in heat flow measurement

E¢, iS:

The heat ﬂow-rate, -¢, can be expressed as
¢ = (7 AAT)|d (see 3.5.2). For conducting

specimens opague to radiation A replaces .

Assuming that the metering _seotion,' the guard sec-

tion and the cooling units are at the uniform tem-

peratures, Ty, Ty — AT, and T, respectively, that the

specimens are homogeneoue and isotropic with
conductivity 1 and that their edges exchange heat

towards a medium at the uniform temperature

To=T,+e (T, T,), where e is a dimensionless
number theoretical analysts (Bode [28}) shows that
| AT,
E¢=Z|+€ZQ+ AY"ZS

where Z,, 7, and Z, depend on the specimen di-
mensions, on the gap and guard section width, on

the conductivity of the specimens, on the surface
coefficients of heat transfer, on the edges of the

~_specimens and on the thermal connectlons through
~ the gap.

When the imbalance temperature difference through

the gap, AT, is equal to zero, ¢ is affected only by
a heat ﬂow-rate ¢, that corresponds to edge heat
loss errors E,; as a consequence Z, is a parameter

associated to the imbalance error ;. The evaluation
of Z,, Z, and Zz requires very complex series ex-
pansion, yet, when the surface coefficient of heat

transfer tends to infinity, the following approximate

expression can be derived (see [11)):

fe_%“_71+€72--
. RS
h( ) 1
. __d__ COS +-
nl cosh(ﬂ:———-)+1
_2
C comm(e kL)

cosh(n %) — 1 |
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This simplified theoretical expression givee_correot
results only when test conditions match the model:
for example it does not work for specimens

-semitransparent to radiation or for non-isotropic or
- non-homogeneous specimens, either. opaque or

eemitransparent to radiation. The use of the formula

Is suggested only to set limits on the design of the

apparatus to minimize the effect of the edge heat

losses but shall never be used to correct measured |
data.

The Ioweet values are obtained when the value of e

is close to 0,5. However, it is difficult to maintain the

specimen edges exactly at the mean test temper-
ature which corresponds to e = 0,5, so computations

should be carried out with e not greater than 0,25,

From the imbalance error Iy = (AT /AT)73, an error
heat flow-rate g = Eqd can be expteesed as

d"g- o ((f'o + AC)ATQ

_where

¢, AT, represents the heat flow-rate flowing di-.
rectly across the gap due to conduction
in the heater and temperature-sensor
leads, in the mechanical connections,
etc.; |

Ac AT, is the heat flow-rate throiJQh one speci-
men or both specimens in a two-
~ specimen apparatus.

_'Frorn the aboVe expression_, it is e-vi_d_ent that

,_d (% )
ZG_'_A (/1 +c)

The ooefflolent ¢ is not strictly a constant and was

~ predicted theoretroally (see 1191) as

| 16/ 4 |
- " )

I |

oonsidering, under approximate boundary condi-
tions, the heat flow-rate through both specimens in

- a two-specimen apparatus,

The Value of ¢, can be oom_puted using elementary
heat transfer formulae for any given design of the

‘heating unit, provided the dimensions and the mat-

erials of construction are known. The values of ¢, -
and ¢ can also be checked experimentally (see [1]

and 2.4.4). In this discussion the difference in tem-
. perature imbalance around the guard-metering sec-

tion gap for square apparatus as described in 2.1.1.4

‘has been assumed negligible; also assumed negli-

gible are the problems due to the positioning of im-
balanhce sensors described in 2.1.1.5. If these were

not negligible, the correspondmg errors should be
added to £,
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2.2.2 Errors due to non- symmetrlcal
conditions |

If the two specimens are not identical, the temper-
ature differences may differ slightly. If it is assumed
that each specimen has the same thermal conduc-
tivity and this is constant with temperature, the error
E. = AA/A due to non-symmetrical conditions can be

wrltten as follows:

Y B Nl
-5 (%2 ) !

+ (7a— Top) — (TtB —Tog) dpn—dp
NI - x S — -
2T, = T)) 2d

where subscripts A indicate quantities measured on
the first specimen, subscripts B indicate quantities
measured on the second specimen, and those with-
out subscripts are average values.

If the thermal conductivity of each specimen is dif-
ferent or it is temperature-dependent, the formulae
which define E, are more complex. Similar ex-
pressions may be derived for the other heat transfer
properties. E. is negligible if the requirements of
3.2.1 and 3.3.6 are fulfilled.

2.2.3 Other errors

The measured properties are affected by other de-

terminate sources of errors that must be considered
both by the designer of apparatus and by the oper-
ator. These errors depend upon the accuracy of
measurements of dimensions and electrical volt-
ages at low levels. The major ones are

a) errot in the meaeured electric power to the me-
tering section, [r;

b) error in the dimensions of the appropriate me-
tering area for cut and uncut specimens and for

the heating unit and gap dimensions, [,;

c) errors in the value of temperature and temper-
ature differences, Iy; these depend on the accu-
racy of the calibration of the temperature
sensors, accuracy and noise of measuring in-
struments, uncertainty in the definition of the
point where the temperature is measured by the
sensors and uncertainties due to contact resist-
~ances between spemmens and temperature

Sensors,

d) errors in thickness measurements, f4,; these de-
pend on the accuracy of the instruments, on the
uncertainty in defining the average thickness due
to the lack of flathess of the specimens and the
apparatus surfaces, and on the lack of agree-

ment with test conditions if the thickness is not
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measured when the specimens are mounted in
the apparatus.

2.2.4 Total error

The majority of the errors cited in 2.2.3 are system-
atic, and thus the total error is additive, However,
the probability that they all act in one direction in the
sense of increasing or decreasing the measured
property (thermal conductivity. thermal
transmissivity or resistivity, thermal resistance,
transfer factor or thermal conductance) is limited.
The correct definition of the maximum probable er-
ror will require a complex statistical analysis, but if
there is no one error which is far larger than all of
the others, the maximum probable error ranges be-
tween 50 % and 75 % of the total error.

2.3 Apparatus design

2.3.1 Required performance

When a guarded hot plate apparatus is to be de-
sighed, preliminary decisions must be taken on the
following parameters:

a) minimum and maximum specimen thickness to
be tested in the apparatus;

b) minimum and maximum specimen thermal re-
sistance;

¢) minimum and maximum temperature difference
across the specimen,;

d) sensitivity of the balancing system of the guard
section;

e} minimum cooling unit temperature;
fy maximum heating unit temperature,;

g) overall apparatus accuracy as maximum accept-
able error in measured property in a defined
worst-case condition;

h) surrounding environment.

2.3.2 Tentative selection of apparatu
dimensions

As a first trial take the side or diameter of the cen-
tral metering section to be four times the maximum
specimen thickness and the guard section external
side or diameter to be eight times the maximum
specimen thickness.

Compare these dimensions with those suggested In
1.7.9 and choose one of them.




2.3.3 Heating unit temperature uniformity

Deﬁne a tentative thickness for the metal plates of
the heating unit. Large temperature non-uniformities

exist in the guard section due to edge heat losses.

Compute edge heat losses ¢, through the wires,

and edge heat losses ¢, through the side of the
guard section and through the side of the specimen

(see 2.1.3).

For the first case shown in figure 5, where no auxil-
lary guard section is used, assume surrounding in-
sulation of uniform thermal resistance R, where R,
is either due only to natural convection or is the in-
sulation thermal resistance considered as a flat
slab. A very rough estimation of edge heat losses
q’.)e, can be computed as

R ['—(Ti T2)+(d+ )U = a)]

‘i’el“’N*’_ =
where
Cd - is the test spe_eimen thickness, in

metres:

(T, — T,) is the difference in temperature be-
| - tween the hot and cold surfaces of
- the specimen, in kelvins; |

¥ " is the thlckness of the heating unit,

| -{n metres; -

P | is the perimeter of the guard section,
- in metres; |

R, s the mlmmum thermal resistance

of the edge Insulatlon in kelvins
square metre per watt; |

' T, is the mean temperature of the
| “specimens, in kelvins; |

T, s the temperature of the outer sur- -

- face of the edge insulation (in prac-

tice it can be assumed as equal to
the ambient temperature), in kelvins,

It should be noted that ¢, depends on both
(Tin — Ty) and (T —
slrable that the net heat flow-rate from the outer
edges of the specimens be kept nearly equal to
Zero, (T — T,) should be kept small.

Evaluate then the deviation fr_om isothermal condi-
tions in the metal plates of the heating unit roughly
- computing the heat flow-rate ¢, + ¢, in the guard
section which exceeds the one that would flow in the
unidirectional condition. Then, assuming that this
heat flow-rate is transmitted uniformly by the guard

T,); consequently, since it is de-
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-eectlon heater to the guard section metal platee as

the density of heat flow-rate g, and that it is ex-
changed only through the external guard section
edges, calculate temperature non unlformitlee on
the metal plates (see figure 7). -

| Slmilar consrderallone may be used to evaluate

temperature non-uniformities in the metering sec-

- tion and in the guard section due to the presence of

the gap. This check must be carried out when the
density of heat flow-rate through the heating unit is
maximum; a proven design should be used when the
designer has no prior experience in guarded hot

plate apparatus design.

At the conclusion of the calculations, check whether
the thickness of the metal plates of the heating unit
is satisfactory; this thickness should not greatly ex-
ceed the minimum thickness required to reach tem-
perature uniformity stated in 2.1.1.2, as thick plates
will increase imbalance errors.

2,34 Co_olln”g unit tem'peratl_lre_ u_niformit-y |

-Com-pute th_‘e maximum heat flow-rate cro_ssing the

specimen when its thermal resistance is minimum

and the temperature difference across the specimen

iIs maximum. Add the heat flow-rate due to edge
heat losses and the heat flow-rate exchanged from
the cooling units towards the environment. Define

the cooling system, the metal plate thickness and

mass flow-rate of the cooling fluid (when pertinent)
to reach the temperature uniformity stated in 2.1.2,

2.3.5 Imbalance a‘nd edge heat loss -err'ors

Determine the maximum allowed value for E + E,
and define a tentative gap wrdth in accordance W|th
2.1.1. 3 -

A narrow gap increases imbalance errors while a

wide gap increases uncertamtles in the deﬁmtlon of

- the meterlng area

Calculate the apparatus parametels qfvc, and ¢ as
defined in 2 2.1. |

Evaluate imbalance and edge heal loss errors as
SUQgested in 2.2.1. They are maximum when the
specimen thermal resistance and .specimen thick-
hess are maximum and when (7, — 75) is minimum.

If errors due to edge heat losses through the speci-
men and the guard section, as just outlined, cannot
be evaluated, the heat flow-rate in the guard section
must be calculated: the amount due to edge heat
losses should not exceed 20 % of the heat flow-rate
flowing in the specimen under ideal unidirectional
conditions; see 2. 3.3 for tentatlve calculatlone
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¢el +¢w

Fi_gure' 7 — Evaluating temperature uniformity in a metal plate

The imbalance error must be compatible with the
sensitivity of the imbalance detecting system and
should not be far larger or smaller than edge heat
loss error. At this point the optimum guard section
width and the maximum allowed specimen thickness
should be verified (see [5]), Annex C contains a list-
ing of a computer program that gives the maximum
specimen thickness, once the sum (I + ;) has
been defined, For a range of appropriate variables
of the guarded hot plate apparatus this can be
modified to evaluate the performance of any appa-
ratus. - | |

If thé results are not satisfactory, different apparatus
dimensions may be necessary or it may be neces-

sary to add a second peripheral guard section; find
a new approach and go back to the beginning of

2.3.

2.3.6 Detalled design

Once satisfactory values for the size and dimensions
of the apparatus have been found

a) define surface tolerances according to minimum
specimen thickness;

b) select surface finishing to reach an emissivity of
0,8 or greater (at room temperature, oxidized
metallic surfaces and many paints meet this re-
quirement);

c) define all apparatus details such as temperature
sensor positions and mounting, heater layout,
wiring, mechanical connections, thickness
measurement devices, etc.;

d) select a cooling system according to minimum
cooling unit temperature;

e) select a conditioning system according to the
required surrounding environment and according
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to the needs of its stability and drifls to keep
edge heat loss errors within the stated values;

fy select automatic temperature-control systems
according to minimum temperature drifts and
fluctuations acceptable by the apparatus;

g) choose the power supply for the central metering
section according to the maximum power re-
quirements stated in 2.3.1 and with drifts com-
patible with the minimum power corresponding
to maximum specimen thermal resistance and
minimum temperature difference;

h) select the electrical measuring system with 3
sensitivity and an accuracy in accordance with
the minimum temperature difference on the ap-
paratus.

2.3.7 Total error

Evaluate all the errors explained in 2.2, calculate the
total error and compare it with the overall apparatus
accuracy given in 2.3.1; the design will be success-
fully completed when the total error defined in 2.2.4
is smaller than the overall apparatus accuracy.

2.4 Performance check

When a new or modified designh is evolved, a set of
careful checks must be performed before starting

regular testing.

2.4.1 Planeness

The planeness of the surface can be checked with
a4 metal straightedge held against the surface and
viewed at grazing incidence with a light behind the
straightedge. Departures as small as 25 pm are
readily visible, and farge departures can be meas-
ured using shimstock or thin paper.

'y
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2.4,2 Electrical connections-and'autcmattc .
controllers | |

- Thin, low thermal resistance specimen(s) shall be

mounted in the apparatus, and the assembly al-

lowed to reach thermal equilibrium with the air of

the laboratory when the apparatus is installed. All
temperature sensors shall indicate temperatures
very close to the temperature of the air of the labo-

ratory; check the noise of each sensor. Check insu-

lation of all electrical circuits with an ohm meter.

Ccmpute the maximum expected voltage on the
~ heaters of the heating unit; apply a voltage close to
- the one just computed between the heating unit

metal plates and one lead of the heater of the me-
tering section or of the guard section (no current
should flow); if grounding, guarding and electrical
Insulation of the temperature sensors are correct,

ho change will be observed in their readings. Re-

peat the procedure also at the extremes of the op-
erating temperatures of the apparatus; below room
temperature, one frequent reason for the degrada-
tion of the electrical insulation is moisture. Also at

high temperatures, electrical msulatlon can exhibit
wide changes. -

The next step is that of checkmg hoise and drifts of -

all automatm controllers

2.4.3 Temperatu_re meaeurements

When the apparatus is enclosed in a conditioned
cabinet, mount the specimen(s) in the apparatus,
regulate the cooling unit temperature at some rele-
vant value within its range. Control the ambient

temperature within the cabinet at the same temper-
ature

Do not supply any electrical_ power to the heating
unit central section and guard section. The heating

unit temperature shall match the cooling unit tem- _.

perature within the noise of the measuring system.

Moreover, the guard section temperature shall also |

be balanced with the metering section, again within
the noise of the imbalance-detection instrumentation
(this isothermal configuration can also be used to
check thermocouples). Wrong results can be due

~ elther to a poor design of the conditioning cabinet
~ and-of the insulation of the apparatus or to wrong
wiring and connections of the temperature sensors.

- 2.4.4 Imbalance errors

Tests should be carried out on new equipment using
different specimens and guard to metering section
temperature-imbalances, to determine the maxi-
mum imbalance error for any kind of specimen (see
2.2.1; [1] to 151 and [12]), The parameter ¢, and ¢ ex-
plalned in 2.2.1 shall be determined as follows. A

- - series of measurements should be carried out on a
(couple of) specimen(s) of low thermal conductivity
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with a range of values for the temperature imbal-
ance AT, and the change of measured thermal con-
ductivity recorded The results should be fitted to a
straight line to define AL/AT,,

‘The experiments and computation should be re-

peated for a (couple of) specimen(s) of high thermal

conductivity. By means of the values AAJA = E, and

the two equations of the type [, = (AT, /AT)Za, the
two unknowns ¢, and ¢ can be obtamed Similar
equations can be used for other measured proper-
ties. -

The noise and drifts of the imbalance detection
instrumentation must be smaller than the voltage
correspcndlng to the minimum imbalance allowed
in the worst test condltions -

2.4.5 Edge heat losses

Edge heat losses give rise to the greatest measure-
ment inaccuracy- when both the thickness and ther-
mal resistance of the specimens are large and when

the temperature difference across them is small.

Mount a (couple of) specimen(s) with thermal re-
sistance and thickness close to the maximum design
value. Then measure the power supplied to the
guard section; it Should not greatly exceed the one-
required by the specimen under - perfect
umdlrectlcnal conditions.. | -

Checks must then be carried out to measure ekper—
imentally the effect on measured properties of the

‘edge heat losses. The only direct method, where

applicable, is to alter the ambient temperature and
observe the corresponding change in guard section

~ power and in measured thermal properties. This in-

formation is of considerable help in defining, for any
type of specimen (homogeneous or not, |sot|oplc or
hot, etc), the level of acceptable drifts in ambient
temperature (see 2.2.1).

When it is impossible to change the ambient tem-

- perature, a useful method of determining whether

or not sufficient edge guarding or insuleticn IS pres-
ent to reduce edge heat loss error in the specimen

Is to measure the temperature 7T, using a

thermocouple soldered or peened to a thin metal
strip embedded into one specimen at the centre of
an edge. Under these conditions, the fcllowmg cri-

- terion should be met;

To— T, 01
AT S
where
- T. is  the mean ternperature'- of the

specimen(s);

AT is the temperature difference acrose the
-specimen(s). |

23



ISO 8302:1991(E)

This method will only work for homogeneous speci-
mens. For best accuracy, the factor should be less

than 0,02.

2.4.6 Emissivity of apparatus working
surfaces

If an air gap of thickness d, ranging from 5 mm to
30 mm, is created between heating and cooling unit
surfaces, preventing the onset of natural convection,
the density of heat flow-rate per unit temperature
difference, A, Is the sum of A/d and 40,75 /(2]e — 1)
(1 is the conductivity of air and o, Is Stefan-
Boltzmann constant), The best fit of the plot of A
versus 1/d supplies both the air conductivity and
4o, Tol(2]e — 1), hence the apparatus emissivity.
When the onset of natural convection cannot be
avoided, more complex procedures are required
(see [21] and [38]), , -

2.4.7 Llnearlty test

When the equipment has met the desigh require-
ments throughout the checks 2.4.3 to 2.4.6, mount a
specimen (or a couple of specimens) made of a
thermally stable material the conductivity of which
is a linear function of temperature. The Bureau
Communautaire de Référence (BCR) reference mat-
erial RM 64 (glass fibre board with a hominal density
close to 90 kg/m3) and the National Bureau of Stan-
dards (NBS) standard reference material SRM 1450
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(glass fibre board with density ranging from
110 kg/m3 to 170 kg/m3) meet these requirements
between 170 K and 370 K, and 255 K and 330 K re-

spectively. Measure the conductivity at a given

mean. test temperature with widely different tem-
perature differences, for example 10 K, 20 K and
40 K. The resuits must be independent of the tem-
perature difference,

Repeat the check at some other relevant mean test
temperatures, If the results are unsatisfactory, this
is llkely to be due to the combined effects of edge
heat losses and bad placement of the imbalance
Sensors.

2.4.8 Proven performance checks

When all the other checks are successful, tests shall
be made on at least two sets of material of Khown
thermal stability which have been calibraled at a
nationally recognized laboratory. Tests shall be
made for each specimen at two mean temperatures
typical of the operating range. All tests shall be
conducted within 90 d of calibration, where possible.
Any difference In results should be carefully studied

to determine why they arise and how they can be

removed. Appropriate action should be taken. Re-
ports on materials tested according to this methoad
shall be issued only after successful comparisons.
No further checking will be necessary, though peri-
odic checks are recommended.




Section 3:

31 General'_

The measurement ef the heat transfer preperiies of

a low thermal conductance sample or of a thermal
- msulating material, product or system can be car-
ried out in accordance with a set of SpeCIflCatIOnS
based upon this International Standard.

It is assumed that the opetrator is fully conversant
with all of the foregoing basic principles of heat
transmission and those of the design and operation
of the guarded hot plate apparatus, It is further as-
sumed that the operator can discuss their impact on
the measurements with a person submitting a par-
ticular specimen or sample for test or requiring
specific information on the heat transfer propertles

o ‘of the material, product or system.

Thus before any measurements are - undertaken,
having ascertained that valid measurements are
- possible with guarded hot plate apparatus, a num-
ber of decisions have to be made, which. relate to
the specific property desired or needed as a result
of any direct measurement (e.g. thermal conductivity

~ or thermal resistance), or to any correlation desired

- or needed among measured properties (e.g. thermal
conductivity as a function of temperature or thermal
conductivity as a functlon of density at a given tem-
perature). |

In particular'these decisions will be influenced by

a) The size and form of apparatus either available
- or hecessary. A particular apparatus of one size

may hot be sufficient to carry out measurements

~on all specimen thicknesses to enable all of the

requisite heat transfer properties to be deter-

- mined directly or by interpolation from measure-
ments on thicknesses up to its maximum fimit,
see 3.4.2. Similarly, the range of both tempetr-
ature and environmental conditions either avail-

able or necessary may not be sufficient to yield =

the required information directly or by interpo-
lation from measurements over the respective
ranges available with the apparatus.

b) The eize and number of'specimens either pro-
~ vided or needed. This will depend on the ultimate
- requirement of a particular sample or material.
If the material, product- or system is highly
anisotropic in nature, whether measurements
are possible with the guarded hot plate appara-
tus should first be determmed (see 3.4.1).

C) The need or deslrablllty of interposing thin
“sheets of low thermal resistance between the
specimen and the apparatus and the need or

- desirability of instrumenting the specimen with
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Test procedures

~temperature sensors (thermocouples) see
2.1.4.1.3). These techniques are intended to make

- correct measurements of the temperature differ-
ence across the specimen of low thermal resist-

~ance and/or of rigid material. For materials,
products - or systems of high thermal
conductance, especially when they are
anisotropic in nature, in some laboratories the
specimens are fabricated either in the form of
central and annular sections of corresponding
sizes to the metering and guard sections of the
apparatus being used, or of the same size as the
‘central section, replacing the gap and guard-
portions of the spemmen with a suitable insulat-
ing materlal | |

These techniques cannot be encouraged until a
theoretical assessment of implied errors Is
~ available, yet in both sijtuations the metering
area, 4, to be used in calculations shall be
1 Ag

A =An+ g5 -

where

A, is the metering sectton area;

Ay -- '3 the Qap area;
A s the specimen conductivity;
g s the conductivity of the 'insma’tihg

- material or the conductmty of the
material filling the reglon facing the

~ gap.

d) The need or desirability of enclosing the speci-

men in thin water-vapour tight envelopes. These

~ techniques are -intended to prevent either

moisture adsorption after drying or change In
moisture content after conditioning.

_e)- The need for either specimen thickness epacers

or applied pressure on the spemmen

The operalor_ must also be conscious of the differ-
ence between a measurement the goal of which is
to determine one of the steady-state heat transfer

properties defined in section 1, and a measurement

required by a material specification. The latier may

- be required by a sampling plan on specimens that

do not conform to all the requirements stated in this
International Standard. A typical situation is that of
specimens not flat enough to ensure good contact
with the apparatus, or not parallel, as required in
3.2.2.2.1, or tested at a thickness far from the end
use. The numerical results of such tests must
therefore be regarded merely as a convenient basis
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for the acceptance or rejection of lots of a particular
material, and not necessarily as a meaningful heat

transfer property of the material or specimen.

3.2 Test specimens

3.2.1 Selection and size |

One or two specimens shall be selected from each
sample according to the type of equipment (see
1.6.2). When two specimens are required, they shall
be as nearly identical as possible with thicknesses
differing by less than 2 %. The specimen or speci-
mens shall be of such size as to cover the heating
unit surfaces completely, except in special applica-
tions described in 3.1 ¢). They shall either be of the
actual thickness to be applied, or of sufficient thick-
ness to give a true average representation of the
material to be tested (see also 3.4.2). They shall also
meet the general requirements outlined in 1.7 and
1.8. The relationship between the thickness of the
test specimen used and the dimensions of the heat-
ing unit shall be restricted so as to limit the sum of
the imbalance and edge heat loss errors to 0,5 %
when using the formulae of 2.2.1, if applicable.
Where the heating unit has other constructional de-
tails, a separate analysis shall be made to deter-
mine the point al which the sum of the imbalance
and edge heat loss errors will be equal to 0,5 %.

3.2.2 Preparation and conditioning

3.2.21 Conformance to material specifications

Preparation and conditioning of the specimens shall
be in accordance with the appropriate material
specification. The following guidelines are given
where no specification is available.

3.2.2.2 Guldelines for all specimens except loose
fills

3.2.2.21 Preparation

The surface of the test specimens shall be made
plane by appropriate means (sandpapering, face-
cutting in a lathe, and grinding are often used), so
that close contact between the specimens and the
apparatus or interposed sheets can be effected.

For rigid materials, the faces of the specimens shall
be made as flat as the heating unit (see 2.1.1.1) and
shall be parallel over the total surface area within
2 % of the specimen thickness.

When the specimen is of rigid material and has a
thermal resistance smaller than 0,1 m2:K/W, either
thin sheets [see 2.1.4.1.3 b) ] or temperature sensors
mounted on the specimen [see 2.1.4.1.3 c)] shall be
used to determine the temperature difference
across the specimen. When using the solution given
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in 2.1.4.1.3 b), the thermal resistance of the sheets

- shall not be larger than one-tenth of the thermal re-
sistance of the specimen. The resistance of the

composite sandwich (sheet/rigid specimen/sheet)
will be determined using the temperature drop indi-
cated by the permanent temperature sensors in the
heating and cooling unit surface plates, The resist-
ance of the interposed sheet alone will similarly be
measured in a separate test made at the same
mean temperature and with the same average
thickness as when used on the surfaces of the
specimens. The resistance of the rigid specimen will
then be calculated from the two resistances ob-
tained. | -

This procedure may allow severe errors if used
without care, as the thermal resistance of the thin
sheets include the contact resistances between the
apparatus and the sheets, and therefore the sheet
resistance cannot always be derived by the know-
ledge of thermal conductivity of the same material
in thicker specimens. In addition, the thermal field
within the sheets for the case when they are
mounted within the apparatus and the specimen
may be very different to that when tested alone.
Thermal field differences may also be larger when
the thermal conductivities of the specimens and
sheets are similar and when the sheet thickness is
comparable or smaller than the gap width (see
thickness limits stated in 1.7.5 and 1.7.6).

When using the solution given in 2.1.4.1.3 ¢), the use
of very thin wire or foil-type thermocouples is re-
commended. These must be installed either on or
within the specimen surfaces and the measurement
thickness must be adjusted to make appropriate al-
lowance for the position of the thermocouples.

The method of measuring the specimen temperature
difference may be subject to uncertainties difficult to
evaluate, among them being the effect of distortion
of heat flow lines in the immediate vicinity of the
thermocouple due to its presence, the effect of im-
precision in ascertaining the exact position of the
effective thermocouple junctions, and the effect of
local inhomogeneities in the surface of the specimen
at the thermocouple junction, such as pores, voids

ot inclusions.

Comparison of results obtained by both methods will
help to reduce measurement errors.

The number of uniformly distributed thermocouples
on each side of the specimen in the area contiguous
to the metering section should be not less than
Nﬂ, or 2. whichever is greater, where N =
10 m—1 and A is the area in square metres of one
side of the metering section. |If separate
thermocouples are used, the effective thickness of
the specimen shall be taken as the average dis-
tance, perpendicular to the faces of the specimen,
between the centres of the thermocouples on the

two sides.




For the type and placement of the thermocouples
see 2.1.4.1.4. The use of the procedures described
in 2.1.4.1.3 b) or 2.1.4.1.3 c) is recommended also
when the thermal resistance of the specimen ranges
between 0.5 m2-K/W and 0,1 m2-K/W or when the

specimen is of a rigid material.

3.2.2.2.2 Conditioning

After the determination of the mass of the
specimen(s), they shall be conditioned to constant
mass in a desiccator or a ventilated oven at an ap-
propriate temperature for the material. Thermally
sensitive materials should not be exposed to tem-
peratures that will change the specimens in an un-
typical manner. Where specimens are to be used in
a given temperature range, they should be condi-
tioned to constant mass at the upper limit of this
range, in a non-stagnant, controlied environment.

The system may be closed if an absorber ot
adsorber is used. One example is a sealed
desiccator at 330 K to 335 K with stirred air for con-
ditioning of certain foam plastics.

A relative loss of mass is calculated from the mass
determined before and after the drying. When the
time required to carry out the measurements of the
heat transfer properties is short compared with the
time required by the specimen to absorb signircant
quantities of moisture from the laboratory air (for
example, concrete specimens), it is suggested that
the specimens be mounted quickly in the apparatus
at the end of the drying period to prevent moisture
pick-up. In the opposite situation (for example, when
testing specimens of light density fibrous materials
or of plastic foams), it is suggested that the condi-
tioning be continued by leaving the specimens in a
room at the standard laboratory atmosphere (tem-
perature of 296 K + 1 K, and relative humidity of
50 % -+ 10 %) to reach equilibrium with the room
alr (constant mass). In intermediate situations (for
example with some high density fibrous materials),
the judgement of the conditioning procedure is left
to the experience of the operator. |

To reduce testing time, the specimen(s) may be
conditioned to the mean test temperature imme-
diately prior to being placed in the apparatus. To
prevent moisture migration to or from the specimen
during the test, the specimen itself may be enclosed
in a vapour-tight envelope. If the presence of the
envelope introduces sighificant thermal resistances
between the specimen and the apparatus, the en-
velope must be treated as the thin sheets used o
test rigid specimens, as described in 2.1.4.1.3.
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3.2.2.3 Guidelines for loose-fill materials

3.2.2.3.1 General

When testing loose-fill materials it is recommended
that the thickness of the specimen should be at least
10 times and whenever possible 20 times the mean
dimension of the beads, grains, flakes, etc. of the
loose-fill material. Most critical conditions are those
when beads, grains, etc. are rigid. When the re-
quirement cannot be fulfilled, alternate test methods
such as the guarded or calibrated hot box should be
considered. To prepare the specimen(s) it is recom-
mended that a representative portion, slightly
greater than the amount needed for the test, be
taken from the sample and weighed before and after
it has been condmoned as in 3.2,2.2.2, where appli-
cable. -

From these masses, the percentage mass loss Is
calculated. An amount of the conditioned matervial is
weighed out such that it will produce one (two)
specimen(s) of the desired as-tested density using
the procedure described in the material specifica-
tion, or, where no specification exusts either
method A or B glven below. -

As the ultimate volume of the specimen is knhown,
the required mass can be determined. The speci-
mens are then quickly mounted in the apparatus or
left to reach equilibrium with the standard laboratory
atmosphere, according to the guidelines given ear-
lier. When method A is used, or method B with cov-
ers of insignificant thermal resistance, the specimen
surface temperatures should be taken as equal o
those of the surface of the heatlng and coohng unit

plates.

3.2,2.3.2 Method A

This method is suggested when operating the appa-
ratus in the verlical position. ,

Set up the guarded hot plate apparatus with the re-
quired spacings between the heating unit and the
cooling unit(s). Place low conductivity material that
is suitable for confining the sample around or be-
tween the outer edges of the guard section and the
cooling unit(s) in such a manner that it forms one
(two) box(es) open on the top (one on either side of
the heating unit).

Divide the weighed, conditioned material into four
(eight) equal portions (four for each specimen).
Place each portion in turn in (each of) the (two)
specimen space(s), vibrating, packing, or tamping
each portion in position until it occupies its appro-
priate one-quarter volume of the space, and taking
care to produce specimen(s) of uniform density
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32233 Method B

This method is suggested when operatmg the appa-
~ ratus in the horlzontal position. |

Use a (two) shallow box(es) of thin-walled low con-

ductivity material having outside dimensions the
- same as those of the heating unit. The box edges
‘shall be of such width as to make the depth of the

box equal to the thickness of the specimen to be

tested. Make covers for the open faces of the
box(es) using either thin sheet plastic material not
mote than 50 pm thick or heat-resistant and non-
reflective sheets (asbestos paper or other suitable
uniform sheet material), these to be glued or other-
- Wise fastened to the edges of the box(es).

~ The total hemispherical emittance of the -surf'aces

- seen from the specimen must be 0,8 or greater at

operating temperatures. if the covers have signif-
~ icant thermal resistance, the method of determining
- the net specimen thermal resistance presented in
3.2.2.2 for rigid specimens can be used. (Divide the
- weighed conditioned material into two equal
portions, one for each specimen). With one cover in
place, and with the box(es) lying horizontally on a

flat surface, place a (one) portion in the (each) box,

taking care to produce a (two) specimen(s) of (equal
and) uniform density throughout. Then apply the re-
maining cover(s), to make closed specimen(s) that
can be put mto positlon in the guarded hot plate
~ apparatus.

Fluff compressible materials during placement so
that the covers bulge slightly to make good contact
with the plates of the apparatus at the desired den-
sity. For some materials, material loss during prep-
aration of the specimen may necessitate reweighing
before test, in which case determine the mass of the
conditioned box and covers after the test to compute
the as-tested density of the material.

3.3 Test method

3.3.1 Méss |

Just before mounting the specimen(s) in the eppa- '

ratus, determine |ts mass with an accuracy better
than 0,5 % -

3.3.2 Thlckness ahd density -

The as-tested thickness (and cohsequentl-y the as-

tested volume) is either the thickness imposed by
~positioning the heating and the cooling unit or the
~ thickness of the spemmen(s) as measured at the

- beginning of the test.

Specimen(s) thickness can be measured either as
~ Indicated in 2.1.4.2 or outside the. apparatus with

~ Instrumentation that will reproduce the pressure on
the specimen during the test. From these data and
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the mass of the conditioned spem:ﬁen determined
as in 3.3. 1 the as-—tested densﬂy can be computed.

Blankelt- or batt-type materials are usually tested

at imposed thickness; material specifications define
this thickness for many materials but sometimes the

result of the test may not meaningfully describe the
heat transfer property of the material, as pointed out
in 3.1. |

With some materials (for example light-density

- fibrous materials) it may be more accurate to

measure the density of the portion of the specimen
bounded by the metering area rather than the den-
sity of the full specimen; this helps to obtain a more
correct correlation between density and measured
heat transfer propetties.

Whenever possible monitor the thlckness durmg the

- test,

When the procedure of 2.1.4.1.3c) is used', the -

thickness to be used to evaluate heat transfer prop-
erties must be adjusted making appropriate allow-

ance for the position of the thermocouples.-

3.3.3 Temperature difference selection

Seleet the lempereture difference to be in _aCcefd_;

ance with one of the following:

) The requwements of a particular material prod-

uct or system spec:ﬁcatlon

b) The condltlons of use for the particular specimen
or sample being evaluated. [If this implies very

- low temperature differences, the accuracy re-
quired for measuring this quantity may be low-
ered. If this implies large temperature
differences, it may be impossible to predict edge
heat loss and imbalance errors, as theoretical
evaluations assume specimens with thermal

- conductivity mdependent of temperature (see
2.2.1)].

¢) As low as poseible, for exemple 5K lo 10 K,
when determining an unknown relationship be-
tween temperature and heat transfer properties. -

| d) The lowest temperature difference (-:ompatl'ble

with the accuracy required for the measurement
of this quantity, when mass transfer within the
specimen(s) is to be reduced to a minimum: this
may imply non-compliance with this International
Standard, as mentioned in 1.7.3.

3.3.4 Amblent_conditions

13.3.41 Air relative h-umldity

- When heaf transfer properties are desired f_‘oi’ the

situation in which the specimen is immersed in air



~ (or some other gas) adjust the humidity of the at-

mosphere surrounding the guarded hot plate appa-

- ratus during a test to a dew-point temperature at
least 5 K below the cooling unit temperature.

For inter-laboratory compatisons, it is suggested to
use as standard atmosphere the one with the dew-
point temperature between 5 K and 10 K- belew the
cooling unit temperature,

When enclosing the specimen in a vapour-tight en-

velope to prevent moisture migration to or from the

specimen, the test conditions must be such that no

water condensation will take place on the portion of

~ the envelope in contact with the cold side of the
specimen.

3.3.4.2 Tests with other gases or in vacuum

For operation at cryogenic temperatures, the appa-
ratus with the specimen(s) mounted should be
purged with a dry gas prior to cooling. At temper-
atures between 77 K and 230 K, use dry gas rather
than air as the atmosphere, and place the apparatus
In a sealed cabinet. If nitrogen is used at cold unit
temperatures below 125 K, take care to adjust ni-
“trogen pressure so as to avoid condensation, Al
temperatures between 21 K and 77 K, gases with
lower condensation temperatures such as helium
are normally required as the atmosphere of the
sealed cabinet. Sometimes dry hydrogen is used.

CAUTION — Hydrogen is a colourless, odourless and
highly flammable gas and must be handled only by
qualifled and experienced personnel.

The thermal conductivity of air, nitrogen, hydrogen
~and helium are quite different and will therefore
~ have a significant effect on the thermal transmission
properties of the materials being tested. Care
should be taken to record the type of ambient gas,
its pressure and temperature and to include this
Informatlon in the report. | -

- When heat transfer propertues are desired for the

situation in which the specimen is in vacuo, evacu-
ate the system prior to cooling.

3.3.5 Heat -flow-rate measurements

Measure the average electrical power supplied to
the metering section to an accuracy of not less than
0,2 %; d.c. current is strongly recommended. With
d.c. current, potentiometric four wire measurements
of current and voltage are normally used.

Automatic regulation of the input power is recom-
mended. Random fluctuations or changes in input
power shall be less than that required to cause the
temperature of the heating unit surfaces to fluctuate

or to change in the test period by more than 0,3 %
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of the temperature dlfference between the heating
and cooling units. "

Adjust and maintain the power input to the gquard
section, preferably by automatic control, to obtain

 the degree of temperature balance between the

metering and guard section that |s requrred for con-
formance to 2.1.4.1.1.- |

3.3.6 Cold surface control

When a two-specimen apparatus is used, adjust the
cooling units or cold surface heaters so that the
temperature difference through the two specimens
does not differ by more than 2 %. -

3.3.7 Te_mperature difference detection

Determine the heating and cooling unit temperature, -
the specimen surfaces temperature [if the proce-

~ dure in 2.1.4.1.3 ¢) is used] and the centre-to-guard

temperature balance by proven methods having
sufficient precision and accuracy to meet all the re-

~quirements given in this method.

The temperature difference across the specimen is
determined by one of the procedureq described in
2.1.4.1.3.

. F’rocedure 2.1.4.1.3 b) requires also additional re-
. sistance determinations to be made on the thin
- sheets.

3.3.8 Settling time and measurement interval

~ As the principle of the method aesumes steady-state
- conditions, to attain a correct value for properties it

is essential to allow sufficient time for the apparatus -

and specimen to attain thermal equilibrium.

In measurements on goed- insulators having low
thermal capacity and for cases where there is

moisture absorption or desorption with consequent
latent heat exchange, the internal specimen can re-

~ quire a very long time to attain thermal equilibrium.

The time required to- reach equilibrium cah-uary

- from minutes to days and will depend on the appa-

ratus, on the specimen, and on their interactions.

The following items must be crmcally consrdered to
evaluate this time;

a) thermal capacities and control system of the
~cooling unit(s), of the heating unit meterlng sec-
tion, and of the heating unit guard section;

| b) _insulation e_f the apparatus;

c) thermal diffusivity, water vapour permeablllty
and thickness of the specimen,;

d) test temperatures and environment during test;
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e¢) temperature and moisture contents of the
specimen(s) at the beginning of the test.

Operation in vacuum may also greatly increase the
time required for the apparatus and specimen to
reach thermal equilibrium (due to outgassing of the
apparatus and specimen, and to the thermal
diffusivity of the specimen being frequently low in
such tests).

The effect of some of these are disbussed in (18] and
[20] |

As a general guideline,-_control systems can strohgly
reduce the time to reach the thermal equilibrium,
but little can be done to reduce the time to reach the

moisture-content equilibrium.

Where a more accurate estimate of settling time is
hot possible, or where there is no test experience
on similar specimens in the same apparatus at the
same test condltlons compute ‘the following time

lnterval At
At = (ppcpd + P Ced) R

where

o is the density of the heating unit metal
plate;

Cp Is the specific heat of the heating unit
metal plate;

d, s the thickness of the heating unit metal

plate;

pe is the density of the specimen;

Ce is the specific heat of the specimen;

d Is the thickness of the specimen;

is the thermal resistance of the speci-
men. |

Make observations as in 3.3.5 and 3.3.7 at intervals
equal or larger than the time interval A¢ until four
successive sets of observations give thermal resist-
ance values which do not differ by more than 1 %
and are not changing monotonicatly in one direction.
Continue these observations until at least 24 h have
elapsed since the beginning of the steady-state
conditions so defined whenever an accurate esti-
mate of settling time is not possible or whenever
there is no test experience on similar specimens in
the same apparatus at the same test conditions.

It may be helpful, to check the attainment of steady-
state conditions, to record temperature differences

and/or voltage or current through the metering sec-
tion heater when its temperature |s automatlcally

controlled.
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3.3.9 Final mass and thickness
measurements |

Upon completion of the observations in 3.3.8, meas-
ure the mass of the specimen(s) immediately. It is
also strongly recommended that the operator should
repeat the thickness measurement and report any
specimen volume change.

3.4 Procedures requiring multlple
measurements

3.4.1 Procedures to assess specimen
homogeneity

One way to try to estimate the error due to non-
homogeneity is to compare the results for two
specimens from the same sample, selected so that
they have as widely different a structure near the
edges of the metering area. If the two extremes
cannot be identified, a number of specimens may
have to be tested. |

When the variations in structure occurs over small
distances, it may be possible to use a single speci-
men cut larger than the apparatus. This over-size
specimen is tested twice, in each case with the
specimen carefully positioned so that the edges of
the metering area are exposed to the two extremes
in structure. The two results are then compared and
the difference credited to distortion. The portioh of
the specimen(s) protruding from the apparatus
should be well insulated in the two tests to reduce
the possibility of the exposed section increasing

- edge losses. The size and thickness of the specimen

affects the size of the variations in structure than
can be accommodated. The larger the rnetering
area, the smaller the effect on the results: The effect
of distortion may either increase or decrease with

qpemmen thickness,

When dlrect thermal short cwcmts exist between the
surfaces of the specimens, the effect can best be
identified by breaking the thermal paths, especially
when the connection surfaces can be disconnected
from the rest of the path. Sheets of thermally insu-
lating materials can be used at the critical surfaces
to provide the break.

Sheets made of finely grouhd cdrk, or & similar

~ material 0,002 m or more thick, work well. The sur-

faces must be ground to the same degree of flatness
as the heating unit (see 2.1.1.1). The thermal resist-
ance of these sheets can be determined in separate

measurements.

It is difficult to assess accuracy for these test condi-
tions. It is not practical to assess homogeneity up to
a level comparable to the accuracy of the method,
detected differences shall have a physical mean!ng
and shall not be just measurement errors.




The net change in thermal resistance of the speci-
men, due to thermal shorting, can thus be deter-
mined. If greater than 1 %, another measurement
- should be made with thicker sheets interposed.

It is _also: possible to evaluate the effect of thermal
field distortion through the use of analysis and
computation. Reference to the particular method or

methods used to determine these effects should be

given in the report. Differences in measurements of
the heat transfer properties of less than 2 % may
be considered insignificant for the purposes of this
International Standard.

3.4.2 Procedure to determine the minimum

thickness for which heat transfer properties of

the material may be defined

Select a s_ample uniform in density and density dis-

tribution, with the thickness d; equal to the greatest --

thickness- of the material to be characterized or
equal to the maximum allowable thicknes for the
test apparatus.

Cut five sets of specimens from the semple rahgihg
in thickness from the smallest likely to be used in

practice in approximately equal increments. The set

of specimens shall be designated s, to s; according
to their respective thicknesses d; to d;.

For very low de'nSity materials, density gradients

can exist, due to the mass of the specimen itself;

check umformlty also with reference to this param-
eter. - -

For low density materials where heat is transferred
by radiation and conduction mechanisms and where
the absence of convection has been verified, the
slope of a plot of thermal resistance versus thick-
-ness will very frequently diminish upto 1 cm to 2 cm

and then will remain constant as the thickness in-

creases. The reciprocal of this constant slope is the

thermal transmissivity to be assigned to htgh thick-

ness specimens.

Measure the thickness and thermal re3|stance of sy,

s3 and 55 at the same mean temperature and with the

same temperature difference across the specimen.
Plot the thermal resistance versus thickness. If

these three values differ from a straight line re-
lationship by less than 4+ 1 %, the slope of the

straight line shall be computed. If the three values
differ by more than 1 %, then similar measurements
shall be made on s, and s, to check if there is a
thickness above which the thermal resistance does
hot differ from a straight line by more than 1 %.

If this thlckness exists, the slope of the straight line
shall be determined to compute a thermal
transmissivity A, = Ad/AR defined as the ratio be-
tween the increments of thickness, Ad, and incre-
ments of the thermal resistance, AR |

1SO 8302:1991(E)

The thickness at which this occurs will vary accord-
ing to the densities, types and forms of different
materials, products and systems for different mean
temperatures -

- Thermal transmissivity then characterlzes the mat-

erial, product or system for thicknesses above which
the transfer factor differs by Iess than 2 Y from 4.

Allowance for experumental errors must be made in
the interpretation of results. Least-square curve fit-
ting of R versus d may also heip. A larger number
of specimens may be used where greater det“nltion
Is required. -

- Thickness dependence may be a function of tem-

perature difference across the specimens. For the

~ purposes of this method, the above checks, if per-

formed at typical operating temperature differences,
shall be adequate to indicate the degree of thick-
ness dependence.

3.4.3 Procedure to determine dependence on
temperature difference

If the temperature-—difference dependence of the heat
transfer properties is not known for a material, a

~minimum of three measurements is necessary.

These are made with widely differing temperature
differences. A second-order dependence can be re-

- vealed by these measurements. When a simple lin-

ear relationship is known to occur, only two
measurements, that is, one exira, need be made.

This establishes the linear dependence for that par-

ticular specimen,

3.5 Calculations

3.9.1 Density and mass bhangee :

- 3.5.1.1 Densities

Calculate the density Pe and/or p ¢ Of the condltloned
specimen as tested, as follows:

o,
Pd = 17
M,
Ps = i}'
where
P4 is the densily of the dry material as -
tested, in kilograms per cubic metre;
0o is the density--of the material after a more

complex conditioning procedure (very
frequently up to the equilibrium with the
standard laboratory atmosphere) in kilo-
grams per cubic metre; |

31



ISO 8302:1991(E)

M, Is the mass of the material after drying,
in kilograms;

M, s the mass of the material after a more
complex conditioning procedure, in kilo-
grams, |

V is the volume occupied by the material
after drying or conditioning, in cubic me-

fres.

3.5.14.2 Mass changes

Calculate the relative mass change of the material
as received due to the drying, mr, or due to a more
complex conditioning procedure, m

M, —- M,
=~
M- M,
=
where '-
M, is the mass of the material in as-
o received condition, in kilograms;
M2 and Ma ‘are as defined in 3.5, 1 1.

When required by the spemrcahons or when it is
considered useful to evaluate the test conditions
correctly, besides m,, calculate the following relative
mass change my due to the conditioning after the

drying: -
My — M,
M,

my =

Calculate the relative mass regain, mw of the spec-
imen during the test, in relation to the mass imme-
diately before the test, with the equation:. |

M, — M,
Hty = M5

where

M, s the mass of material in the specimen
immediately after the test, in kilograms;

Mg is the mass of dried or conditioned mat-
erial in the spemmen immediately before
the test (it is either Mzg=M, or
Mg = M), in kilograms.

3.5.2 Heat transfer properties

To make all the computations, use average values
of the observed steady-state data. The four sets of
observations described in 3.3.8 shall be used in the
computations; other sets of observations during the
steady-state can be used as long as the heat trans-
fer properties derived from each of these sets do not
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differ by more than 1 % from those derived from the
four sets described in 3.3.8.

Compute the thermal resistance, R, in square me-
tres kelvin per watt, using the following formula:

T — T,
¢

or the transfer factor, -7, in watts per metre kelvin,
using the following formula:

T -

R = A

A (T, = T))
where
¢ is the average power supplied to the
- metering section of the heating unit; in
watts;

T is the average specimen(s) hot side tem-
perature, in kelvins; -

7, is the average specimen(s) cold side
temperature, in kelvins;

A is the metering area as defined in 1.7.6
and 2.1.1.3 , in square metres. For two-
specimen apparatus, the metering area
defined in 176 and 2.1.1.3 must be
multiplied by two;

d is the averagé specimen(s) thickness, iIn

metres.

If conditions described in 1.8.2 and 1.8.3 are appli-
cable, compute either thermal transmissivity, 4, or
thermal conductivity, 1 (or thermal resistivity,
r=1/4), using the following formula: |

bd
A(h—-fz)

)torll_

where ¢, A, T, T, and d are as defined above.

3.6 Test report

If results are to be reported as having been obtained
by this method, then all requirements laid down for
this method shall be met. Where such conditions are
noi met, a statement of compliance should be
added, as required in 3.6.19. |

The report of the results of each test shall include
the following (the numerical values reported shall
represent the average values for the two specimens
as-tested or the value of a specimen for single-
specimen apparatus).

3.6.1 Name and any other pertinent identification
of the material, including a physmal description
supplied by the nranufacturer.




3.6.2 Description of the specimen and its relation-

ship to the sample, supplied by the operator. Con-
formance to a material specification where
applicable. Method of specimen ~preparation for
loose-fill materials.

3.6.3 Thickness of the specimens in metres, spec-
ifying if either imposed or measured. Crltena to de- .

fine the Imposed thlckness
3.6.4 Method and temperaturas of-conditioning.

3.6.5 Densities of the conditioned materlal as
tested, in kllograms per cubic metre.

3.6.6 Relative mass changes during drying and/or
conditioning (see 3. 5 1).

3.6.7 Relative mass change during test (see
3.5.1). Observed thickness (and volume) changes
during test (see 3.3. 9)

3.6.8 Average temperature difference across the

specimen(s) during the test and procedures for its
determination (see 2.1.4.1.3), in kelvins or degrees
Celsius.

3.6.9 Mean temperature of test |n kelvms or de-

grees Celsius.

'3.6.10 Density of heat flow-rate through the
specimen(s) during test, in watts per square metre.

- 3.6.11 Thermal resistance, in square metres kelvin
per watt or transfer factor in watts per metre kelvin
of the specimen(s). Where applicable, the thermal
resistivity, in metres kelvin per watt, thermal con-

ductivity or thermal transmissivity in watts per metre =

kelvin, and range of thicknesses for which these

values have been measured or are known to apply
(see 3.4.2).

- 3.6.12 Date of co-mpletion of the test; duration of
the full test and of the steady-state part of the test if
such information can help in interpreting results.
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3.6. 13 Orlentation of the apparatus ver’ucal hori-
zontal, or any other orientation. In the case of single
specimen apparatus, the position of the hot side of

the specimen when not vertical: top, bottom or any

other position.

3.6.14 For tests made using sheet materlal inter-
~ posed between the speclmen and the apparatus
surfaces or for tests made using water—vapour tight

envelopes, information shall be given on the nature
and thickness of the sheet material or of the envel-

ope.

Information shall be given on the type and arrange-
ment of temperature sensors (when used) to deter-

~mine the temperature difference across the -

specimen.

3.6.15 Type of guarded hot platé apparatus used,
with one or two specimens. Method to reduce adge

heat losses. Ambient temperature of the environ-

ment surrounding the apparatus during test.

3.6.16 Type and pressure- of gas surrounding the

- _specimen and type of gas used for purging, if any.

3.6.17 A graphical repres-entati-o_n of the results in
the reports shall be given when pertinent. This shall
consist of a plot of each value of the thermal prop-

~erties obtained versus the corresponding mean
- temperature of test, plotted as ordinates and
abscissae respectively. Plots of thermal resistance
or transfer factor as a function os specumen thick-

hess are also very useful

'3.6.18 The inclusion within the report of a state-

ment on the maximum expected error in a measured
property is strongly recommended. When one or
more of the requirements stated in this International
Standard is not fulfilled (see also 3.6.19 on the
statement of compliance), it is suggested that a
complete estimation of the errors in measured

property be included in the report.

3.6.19 Where 'Circumstance_"a or requiraments_ pre-
clude complete compliance with the procedure of

the test described in this International Standard,

agreed exceptions may be made, but must be spe-
cifically explained in the report. A suggested word-
ing is: “This test conformed with all requirements of

-Standard Test Method ISO 8302 with the exceptlon

. (a complete Ilst of the excaptlons follows).”
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Annex A
(normative)

Limit values for apparatus performance and testing conditions

Clause Description Value
1.1 Minimum measurabie thermal resistance in a guarded hot plate appa-
ratus - 0,1 m2 ‘-K/W
1.1 Minimum measurable thermal resistance in a guarded hot plate appa- |
ratus accepting derated accuracy 0,02 m2 ‘K/W
1.5.3 Expected guarded hot plate method accuracy (at room temperature) 2 % |
1.5.3 Expected guarded hot plate method accuracy (full temperature range) 5 %
1.5.3 Expected reproducibility (specimen removed and mounted again) 1 %
1.7.1 Maximum thermal resistance for rigid specimens requiring specital -
| techniques to measure surface temperatures 0,1 m2 -K/W
1.7.3 Lower limit for temperature differences measured differentially 5 K
1.7.3 Lower recommended limit for-temperature differences 10 K
1.7.6 Minimum specimen thickness related to gap width 10 times
1.7.9 Suggested apparatus sizes 0,3m; 0,6 m
1.7.9 Suggested apparatus size (only for homogeneous meterials}) 0,2 m
1.7.9 Suggested apparatus size (only to assess thickness effect) 1 m
1.8.2 Maximum size for inhomogeneities related to specimen thickness 1710 -
1.8.2 Maximum ratio of thermal conductivity in the directions perpendicular
and parallel to specimen thickness in anisotropic specimens 2
1.8.3.1 Limit for transfer factor changes with thickness to assign thermal
transmissivity to the material | 2 %
2.1.1.1 Maximum departure from a plane of an apparatus surface or of the
surfaces of rigid specimens ' 0,025 %
2.1.1.2 Required heating unit temperature uniformity related to temperature
' difference through the specimen | 2 Y
2.1.1.2 Maximum temperature difference between the average temperature of
the opposite surfaces of the heating unit 0,2 K
2.1.1.2;2.3.6; Minimum total hemispherical emittance for any surface in contact with
3.2.2.3.3 the specimen 0,8
2,113 Maximum gap area related to the metering section area 5 %
2.1.1.5 Maximum distance of imbalance sensors from the gap, related to the
side or diameter of the metering section - 5 %
2.1.2 Required uniformity and stability of the cooling unit temperature rejated
to the temperature difference across the specimen 2 %
2.1.3 Maximum heat flow-rate through the wires, related to heat flow-rate
through the specimen 10 %
2.1.4.1.1 Suggested maximum diameter for thermocouples to detect imbalance 0,3 mm
2.1.4.1.1 Maximum allowed imbalance error 0,5 %
2.1.4.1.2 Required accuracy in the measurement of temperature difference be-
tween heating and cooling unit 1 %
2.1.4.1.2 Minimum electrical resistance between unshielded temperature sensors
and apparatus metal plates 100 MO
2.1.4.1.2 Minimum number of temperature sensors on each side of the metering
section (whichever is greater) 10/A4 or 2
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Clause
21.4.1.3

21414

21414

- 21.4.1.4
2.1.4.1.4
2.1.4.1.4
2.1.4.2
2.1.4.3

2,143
245

2.2.4
24.5

- 3.2.1

3.2.1
3.2.2.2.1

32221

3.2.2.2.1

32221
3.2.2.3.1
3.2.2.3.3

331
3.3.4.1

- 3.3.4.1
3.3.6

3.3.5

3.3.6
3.3.8
3.3.8

3.4.1

Descrlptlon

Mmlmum thermal reststance for non-rigid specimens to use permanently -

mounted temperature sensors to measure the temperature dlfference

- across the specimen

Maximum thermocouple diameter when mounted in the surtace of the

plates to measure temperature drtferences between heating and coollng -'

units

Suggested maximum _thermccoup|e diameter when mounted as above
in the surface of small size plates

_Suggested standard errors for thermocouples

Suggested standard error for thermocouples between 21 K and 170 K

Maximum resulting error in the measurement of temperature differences -

Required accuracy in the measurement of specimen thickness

Required accuracy of electrical measurements on temperature sensors,
related to the temperature difference across the specimen

Required at:'cUracy in the measurement of electrical power
Maximum suggested apparatus pressure on the spemmen for most in-

sulatlng materlals
Maximum probable error as percentage of total error
Maximum ratio between the edge to mean specimen temperature dif-

ference and temperature dttference through the qpeelmen (for best ac-

curacy)

Maximum thickness difference for two specimens to be mounted i in a
two-specimen apparatus -

Maximum value for the sum of imbalance and edge heat loss errors

Maximum deviation from parallel planes for speclmen surfaces, related
to specimen thickness

Maximum resistance of mterpesed sheets with respeet to the specamen -_ |

resistance

Minimum resistance for rigid specimens to measure temperature differ-
ence through apparatus thermocouples (recommended for speclmen
resistances between 0,1 m2 -K/W and 0,5 m? ‘K/IW and for l‘lgld speci-
mens)

Minimum humber of thermeceuples oh each side of the specnmen

{whichever is greater of the two criteria) |
Minimum suggested ratio betweeh specimen thlckness and mean dl-

mension of beads, grains, flakes, etc.

Maximum specimen thrckness for plasttc sheets in method B for Inose f’ll -

materials

Required accuracy in the determination of specimen mass

Minimum required difference between air dew point and cooling umt
temperature - ;

Suggested range for the above drtferem e in mter Iaboratory compar-
isons

Accuracy in the measurement of average electrrcal power supphed to
the metering section

Maximum allowed temperature fluctuations of the heating unit (related

. to the temperature difference between heatlng and cooling units) due to

fluctuations of input power

Maximum difference between the temperature differences threugh the
two specimens in a two-specimen apparatus

_Maxrmum resistance change in four successive sets of observatmns to

assess steady-state attainment

-~ Minimum time elapsed since steady-state beglnning. for unknown testing
- conditions, to complete observations

Change in thermal resistance in specimens containing short circuits re- -

quiring measurements with thicker sheets

ISO 8302:1991(E)

Value_ 1

0,5 m2 K/W

| 0,6 mm

0.2 mm

" See tableB.1

1 %
1 %
0,9 %

02 %
01 %

2.5 kPa
50 % IO 75 %
0,1 (0,02)

2%
0,5 %

2 %

0,1

0,1 m2 ‘K/W

| 10\/-:4_ or 2 |

10, better 20

50 nm
0,5 %

5K
5Ktn10K

0,2 %

03%
2 %
%
24 h

1%
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Clause Description Value
3.4.1 Minimum difference in measured properties to consider a specimen as |
hon-homogeneous | - | _— 2 Y
3.4.2 Maximum acceptable difference from a linear relationship versus thick-
ness for thermal resistance to compute the interpolating line slope 1 %
3.4.2 Maximum difference for transfer factor at different thicknesses to be | -
2 %

assumed as thermal transmissivity
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Annex B
(informative)

- Thermocouples

B.1 The thermOCOuple types are the fellewing: o

Type B: platinum-30 % rhodium (+) versus
platinum-6 % rhodium (—) |
nickel-10 %

versus
constantan (—)

chromium ()

Type J: lron (+) versus constantan (—)

Type K: nickel-10 % chromium
nickel-6 % (aluminium, srllcon) (—) (Note 1 in ta-
ble B.1)

Type R: platinum-13 %
platinum (--)

Type S: piatinum-10 % rhodiu_m_ (+) versus

platinum (—)

Type T: copper ('—F) versus constantan (—)

" B.2 The limits of errors for thermocouples are
glven in table B.1.

Limits of error apply to new thermocouple wire,'

(+) versds_

rhodium  (+) versus

) table B.2.

normally in the size range 0,25 mm to 3 mm in di-
ameter (No. 30 to No.8 Awg) and used at temper-
atures not exceeding the recommended limits of
table B.2. If used at higher temperatures these Irmlts

of error may not apply.

Limits of error apply to hew wires as delivered to the
user and do not allow for calibration drift during use.
The magnitude of such changes depends on such
factors as wire size, temperature time of exposure,
and environment.

Where limits of error are given in percent, the per- -
centage applies to the temperature being measured |
when expressed in degrees Celsius.

B.3 ' The recommended upper-temperature limits
for the various thermocouples and wire sizes. are
given in table B.2, These limits apply to protected
thermocouples, that is, thermocouples in conven-

tional closed-end protecting tubes. They do not ap-

ply to sheathed thermocouples having compacted
mineral oxide insulation. Properly designed and ap-

- plies sheathed thermocouples may be used at tem-

peratures above those shown in tableB1 and
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Table B.1 — Thermocouple limits of error

Temperature range Limits of error — Reference junction 0 °C

e il ] . Br E—

Standard . Special
(whichever Is greater)

Thermocouple type

°C (whichever is greater)

i 0,5 °C or 0,4 %
+11°Cor04 %

+1°Cor 0,75 %
+22°Cor £ 0,75 %

0 to 350
0 to 750

0 to 900 +1,7°Cor + 05 % +1°Cor+ 0,4 %

0 to 1250 4 2.2°Cor + 0,75 % +11°Cor+04 % -
0 to 1450 + 1,5 °Cor + 0,25 % + 06 °Cor + 0,1 %
800 to 1700 40,5 % —

— 200 to 0 +1°Cor+ 15 % —

— 200 to 0 +1,7°Cor +1 % —

—200 to 0 +22°Cor+ 2 % R

s - T —

1) Thermocouples and thermocouple materials are normally supplied to meet the limits of error specified in the table
for temperatures above 0 °C. The same materials, however, may not fall within the sub-zero limits of error given in the
second section of the table. If materials are required to meet the sub-zero limits, the purchase order must so state.
Selection of materials usually will be required. |

Little information is available to justify establishing special limits of error for sub-zero temperatures. Limited experience
suggests the following limit for types E and T thermocouples: |

— Type E: — 200 °C to 0 °C: +.1 °C or + 0,5 % (whichever is greater)

— Type T: _._.' 200 °Cto 0 °C: + 0,5 °C or £ 0,8 % (whichever is greater)
These limits are given only as a guide for discussion between purchaser and supplier.

Due to the chafébtéristiés of the materials, sub-zero limits of error for type J thermocouples and special sub-zero limits
for type K thermocouples are not listed. | -

epepesp—-

Table B.2 — Recommended upper temperature limits for protected thermocouples

Upper temperature limit for various wire sizes, °C
Thermocouple type

3,29 mm 1,63 mm 0,81 mm 0,51 mm 0,33 mm
T 260 200 200
J 760 480 370 370
E 870 540 430 430
K 1 260 980 870 870
Rand S 1 480
B 1 700
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Annex C
(informative)

CA This an-niex gives a program of theoretical es-
timate of the maximum thickness of specimens that
can be used in conventional guarded hot plate ap-

paratus. A sample run is given in tableC.1. The

reader can easily build similar tables for different
values. The calculations are based on the formula
compiled in [5]. A number of assumptions have been

made in the calculations. These are tabulated for

'_convenlence as follows:

a) two cop'per' leads 0,129 mm2 (O, 0002 in2 or

26 Awg) cross the gap (see statement 6 of the

. program)

b) the humber of thermocouples --crosaing- the gap

for sensing the metering section temperature is

10x\/area of plate (m ) , or 2, whichever is
greater N |

C) four differential thermocouples are used and are

of the same type as those in b) above (see

statement 6 of the program);

d) guard and metermg section temperatures are

- both uniform in temperature, but may be at dif- |

ferent levels:

e) the edge temperature of the specimens IS uni-

form.

A number of- parameters are used as follows:

— E is the amount the edge temperature is above o
the cooling unit temperature as a fraction of dif-

ference in temperature between the heatmg and
cooling unit plates.

E = [T(edge) — T(cold)/T(warm) - T(COM)j

Maximum specimen thickness

- RATIO T s the ratio ot temperature dlfference

“across gap to the temperature difference be-
tween plates;

— RATIOK is the ratio of the conductivity of power

leads to the conduchvlty of specimen:;

— RATIO L is the ratlo of the conducttwty of
- thermocouples to the conductlwty of copper
wires; (Variable KCU; T/C K in the program out-

put);

— GAP s the gap width in centimetreS'

_ PLATE s the overall heatmg unit dlmension in
centimetres; (Variable WPLATE);, = -

— GUARD s the guard section width, in centime-

tres:

— % ERR is the total theoretical etror in meas-
~urement; | o |

— MAX. THICKNESS is the maximum thickness of |

the specimens that produce the demgnated total
error. |

C.2 Once having built a set of tables, use them as
follows. For a given apparatus, determine the -

RATIO K, RATIO L, and GAP. if these correspond at
least approximately to the values in the tables, then

- the tables apply. If the values differ widely, then

consult the references. Calculate the RATIO T for
normal test conditions. Select the table that corre-
sponds and find.the maximum allowable specimen
thickness for the heating unit size and guard section
size of the apparatus; Interpolate between tables if

‘necessary. Note that the value in the table applies

only for E = 0,5, which is an’ideal condition. When
other values of E are to be used, consult 2.2.1 to
carty out computations, or modlry the given pro-
gram. -
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PROGRAM TO CALCULATE MAXIMUM SPECIMEN THICKNESS ALLOWED FOR VARIOUS
PERCENTAGE ERRORS (0.1,0.2,0.5,1.0,2.0,5.0)

MAXTMUM THICKNESSES ARE CALCULATED FOR THREE GUARD WIDTHS: 1/6 PLATE
WIDTH, 1/4 PLATE WIDTH, 1/3 PLATE WIDTH. |

AT SPECIMEN EDGE.

RATIOT = RATIO OF GAP TEMPERATURE DIFFERENCE TO
SPECIMEN TEMPERATURE DIFFERENCE, |

RATIOK = RATIO OF THERMAL CONDUCTIVITY OF
- LEADS ACROSS GAP TO THERMAL CONDUCTIVITY OF SPECIMEN.
| KCU = THERMAL CONDUCTIVITY OF T/C ACROSS GAP

RELATIVE TO THERMAL CONDUCTIVITY OF COPPER.
- D = GAP WIDTH.

WPLATE = PLATE WIDTH.

NO. OF T/C ACROSS GAP IS BASED ON ASTM FORMULA (NO -1/8*SQRT (AREA PLATE))
WITH A MINIMUM OF 2. BEING ASSUMED IF NO. = 2 OR LESS.

ONE COPPER LEAD (0.0002 SQ. IN.) WAS ALSO ASSUMED ACROSS THE CAP

AND FOUR DIFFERENTIAL T/C, OF THE SAME MATERIAL AS THE TEST.AREA T/C,

WERE ASSUMED ACROSS THE GAP.

‘ooonnoooooononnonnnoonoan

~ DIMENSION G(5),ER(10),ANS(10),GM(10),ANSN(10)
REAL L,KCU
INTEGER CARD
COMMON WPLATE,E,RATIOT,RATIOK,AC,WGUARD,ERR,D.L
CARD=1
LP=3
K=] -
ER(1)=0.1
ER(2)=0.2
ER(3)=0.5
ER(4)=]1,0
ER(5)=2.0
"ER(6)=5.0
EPS=0.00001
IEND=20

1000 READ (CARD, 200) WPLATE
IF (WPLATE) 1,99,2

1 READ (CARD, 100) E ,RATIOT ,RATIOK,KCU,D
DM#D/0.39370079
WPLATE=-WPLATE

CIF (K) 73,72,73
72  WRITE (LP,900)
WRITE (LP,901)
73  WRITE (LP,700) E,RATIOT,RATIOK,KCU,DM
WRITE (LP,500) ‘
WRITE (LP,600) (ER(1),I=1,6)

C

2 G(1)=WPLATE/6.
G(2)=WPLATE/4.
G(3)=WPLATE/3.

| K=0

C
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0

20

30

71
710
40

99

100
200
300
301

400
401

500
600
700

900

901
1999
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WPLATH=WPLATE/0.39370079
WRITE (LP,401) WPLATM |
DO 40 I=1,3

L-WPLATE/Z -G(I)
WGUARD=G(I)
GM(I)=G(I)/0 39370079

X=L/b4.

- IX=X
IF (X-IX) 4,4 3

IX=IX+]

~ IF (IX-1) 5,5,6

IX=2 | |
AC=(IX+&.)*0 00007894*KCU+0 0002

H1=0.0001*WPLATE

DO 30 J=1,6

ERR=ER(J)

H2=2.%H] - |

IF (FCT(H1)*FCT(H2)) 9,9,8
Hl1=H2 |

GO TO 7

CALL RTMIX(ANSH,ANSE,FCT,H1,H2, EPS IEND,IER)
IF (IER) 10,20, 10

ANS(J)=0.0

GO TO 30

ANS(J)=ANSH
ANSM(J)=ANS(J) /0. 39370079
'CONTINUE

IF (1-2) 70,71,70

WRITE (LP, 400) WPLATE |
"WRITE (LP, 301) GM(I), (ANSM(J),J=1 6)
CONTINUE -

WRITE (LP,200)

GO TO 1000 :

WRITE (LP,900)

WRITE (LP,901)

WRITE (LP,999)

STOP |

FORMAT (F4.2 F6 4 F8 6,F4, 2 F6. 4)

"FORMAT (F6. 2) |

"FORMAT (32X,'0' ,F3.2,')',8X,6('(',F6. 3 ') ))
FORMAT (33X,F5.2,7X, 6(1x F7.1))

FORMAT ('-',16X, '(' F5.2, ') )

FORMAT ('-',16X,F6. 2) |

~ FORMAT (13x 'PLATE‘ 10X, 'GUARD', 26x 'MAX. THICKNESS )
- FORMAT (44X, 'ZERR', zx F3.1 ,5(5X,F3, 1)/) | |
FORMAT (*1',19%, 'Em Fa 2, 4x 'RATIO T=',F6.4 Ax ’RATIO K= F7 1 4X

1,'T/C K=' F4 2, ax 'GAP-' F5 3 /1)

FOE?AT (/, 32X.'NOTE. 1) TERMS NOT BRACKETED MEASURED IN CENTIMETER
1S.

FORMAT (38X, 1l2) BRACKETED TERMS HEASURED IN INCHES ')
FORMAT ('1" ) |

END
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SUBROUTINE RTMI(X,F,FCT,XLI,XRI,EPS,IEND,IER)

IER=0

XL=XL1

XR=XRI
X=XI,

TOL=X
F=FCT(TOL)
IF(F)1,16,l
FL=F

X=XR

TOL=X
F=FCT(TOL)
IF(F)2,16,2
FR=F
IF(FL*FR)3,25,25

I=0
TOLF=100.*EPS

I=T+]

DO 13 K=1,IEND
X=,5%(XL+XR)
TOL=X
F=FCT(TOL)
IF(F)5,16,5
IF(F*FR)6,7,7

TOL=XL
XL=XR
XR=TOL
TOL=FL
FL=FR
FR=TOL
TOL=F~FL
A=F*TOL

. AmA+A
IF(A-FR*(FR-FL))8,9,9
IF(I-IEND)17,17,9

XR=X

FR=F

TOL=EPS
A=ABS(XR)
IF(A-1.)11,11,10
TOL=TOL*A

IF(ABS(XR-XL)~TOL)12,12,13

CONTINUE

IER=]

IF(ABS(FR)-ABS(FL))16

X=XI,

F=FL
RETURN

IF(ABS(FR-FL)=-TOLF)14,14,13

,16,15

WO~ &~
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 A=FR-F

DX=(X-XL)*FL*(1 .+F*(A-TOL
XM=X
FM=F

X=XL-DX
- TOL=X

F=FCT(TOL)

IF(F)18,16,18

TOL=EPS

A=ABS(X)
IF(A_11)20’20,19
TOL=TOL*A
IF(ABS(DX)-TOL)21,21,22
IF(ABS(F)~TOLF)16,16,22

IF(F*FL)23,23,24

XR=X

FR=F

GO TO &
XL=X
FL=F

 XR=XM

FR=FM
GO TO &4

IER=2
RETURN -

- END

)/ (A*(FR-FL)))/TOL
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FUNCTION FCT(H)
REAL NUM,L,LC |

COMMON WPLATE,E,RATIOT,RATIOK,AC,WGUARD,ERR,D,L

PI=3,1415926535
CONST=16 .*ALOG(4.)/PI
LC=D

VARIAl=] .-EXP(-2.*%*PI*D/H)
TERM1=RATIOK*AC/(LC*L)

TERM3=16 .XALOG(VARIAL)/PI
EPSIG=H*RATIOT*( TERMI+CONST-TERM3)/(8.*L)

TERM4=COSH(PI*(WGUARD+L) /H)
TERM5=COSH(PI*WGUARD/H)
TERM6=ALOG( (TERM4+1.) /(TERMS5+1.))
TERM7=ALOG( (TERM4-1.)/(TERM5-1,))
NUM=E*TERM6+( 1 ,~E)*TERM7

EPSIL=( (NUM*H)/(PI*L) )**2-1,

FCT=ERR/100.-ABS(EPSIG+EPSIL)

RETURN
END

w o -
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Table C.1 — Maximum thickness of specimens used in conventional guarded hot plate apparatus (Sample run)
| | | - . . _ Dimensions In centimetres
~(Inch dimensions In parentheses)

3000007  RATIOL = 1,057 GAP = 0,317

E=050 RATIOT = 0,0010" RATIO K =

AX. THICKNESS

- PLATE GUARD

%ERR o4 - | 02 05 2,0
10,16 0,2 04 1.0 2.5
( 4.00) 0,1 0,2 0,6 2.
-_ 0,1 0,1 0.3 1,0
20,32 0,8 15 3.3 56
~ (8.00) 0,4 0,0 2.2 6.3
| 0,2 0,4 1,0 3.0
30,48 1,6 31 56 87
(12.00) 10 19 4.5 10,2
| 0.4 0.9 2.9 8,1
45,79 3.1 5,7 9,0 13,9
(18.00) 2.1 38 8,6 161
10 1.9 45 15.0
60,96 4.8 8,4 123 17,8
(24.00) 3.1 5,0 12,8 21,9
1,6 3,1 79 IV
01,44 8,0 133 18,7 26,8
(36.00) 5.4 10,0 20,5 333
3,1 5,9 13,5 35,0
121,92 11,1 18,1 251 358
(48.00) 8,0 14,7 28.6 448
4,9 9,0 203 48,0

el

1) See clause C.1 and clause C.2 for RATIO T, RATIO K and RATIO L.
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