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0 Introduction

the form of a T

chnical Report which is urgently)needed as guidance for developing national standards in this field. The tdchnical

Whilst the tech:Eical committee accepts the need<for'an International Standard in this field, it recommends immediate publiction in

committee will discuss this matter further to.dévelop an International Standard.

1 Scope and field of application

This Technical Report deals only.with the thermal characteristics of building materials and products related to thermal conduc

ivity or

thermal resistanice. It gives~the procedures needed to correct laboratory test values to practical values for building mat¢rials or

products.

These practical thermal values are needed for use in calculations of thermal properties of building components, but the prog
given here may |not-be applicable to composite structures

The procedures are in general applicable in the temperature range — 30 to + 30 °C.

No specific procedures for allowing for the influence of workmanship are given.

2 References
ISO 2859, Sampling procedures and tables for inspection by attributes.
I1SO 3951, Sampling procedures and charts for inspection by variables for percent defective.

ISO 7345, Thermal insulation — Physical quantities and definitions.

edures


https://standardsiso.com/api/?name=794b73c80b0947f2692a02583239957f

ISO/TR 9165 : 1988 (E)

ISO 8301, Thermal insulation — Determination of steady-state specific thermal resistance and related properties — Heat flow meter

method. 1)

ISO 8302, Thermal insulation — Determination of steady-state areal thermal resistance and related properties — Guarded hotplate

apparatus.

1)

ISO 8990, Thermal insulation — Determination of steady-state thermal transmission properties — Calibrated and guarded hot box. 1)

3 Definitions and symbols

3.1 Symbois

Amean Mean value of thermal conductivity............... ... i 0 .

Ap Bpsic thermal conductivity (based on laboratory tests and corrected for statistical variations) . . ...~ Y. .. e
P Practical thermal conductivity (designvalue) .............. .. ... oo O .

Riean I\'Lean value of thermalresistance. ...................c.ooiiiiiiiiin A .

Ry, Basic thermalresistance ........... ... .. . i N .
R, Practical thermal resistance (designvalue) .. ........ ... it e e .
5 Estimated standard deviation of thermal conductivity ................ 8. ... ... i .
SR E[:imated standard deviation of thermal resistance ................ % .o .
a; Cprrection coefficient for thermal conductivity

ag Cprrection coefficient for thermal resistance

d Thickness ... D .

3.2 Basic thermal characteristics

The basic
temperatu

thermal characteristics (A}, R},) are measured in accordance with International Standards, under reference
Fe and state.

3.2.1 Standard reference temperature

A temperd

reported fi

Currently,

Dr comparison.

a mean temperatdre-of 10, 20 or 24 °C is used as standard reference temperature.

3.2.2 Standard reference state

A state of|

measured

W/(m-K)
W/(m-K)
W/(m-K)
m2. K/W
m2-K/W
m2- K/W
W/(m-K)
m2: K/W

conditions of

ture selected as the base at- which these characteristics, that are dependent upon temperature, will be measured and

equilibrium selected as the base at which these characteristics, that are dependent upon equilibrium conditions, will be

land reported for comparison.

3.3 Practical thermal characteristics

The practical thermal characteristics of a building material are the values of its thermal conductivity (A p) and its thermal resistance (Rp)
in conditions that can be considered as typical of buildings.

These conditions take account of

— the moisture content of the material in normal use;

— ageing (that is, the change in thermal properties with time due to gas diffusion when the pores contain a gas other than air,
and/or dimensional changes after application, including the effect of cracking, settlement, shrinkage, etc.);

1) To be published.
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— the temperature of use, if it is different from the standard reference temperature;

— the density, if it is different from the density at which the basic properties were determined;

— workmanship (the practical thermal properties of buildings are influenced by the correctness of execution of the i

nsulation

work, and the thermal properties of building components should therefore be corrected for average imperfections in workman-

ship).

Itis difficult or even impossible to fix internationally agreed procedures to take workmanship into account because it depends not only
on the type of insulating material, but also on conditions such as the position of the insulation within the building, the average skill of

the installers in a particular geographical area, the average weather conditions during transportation, handling and installatio
building technology.

n and the

The effect of workmanship on the final thermal performance of a building can be negligible or can exceed 10 %, even/when good

installation prhctices are followed.

On a nation-wide basis, more homogeneous conditions can be expected, and hence the evaluation of the effect©f workmanship may

be attempted

Depending or| the case considered, one has the option of quoting the practical thermal conductivity or the practical thermal
if a specific thickness is used, or both values. However, the practical thermal resistance as a function of thickness shall be)
the concept qf thermal conductivity does not apply (see the annex).

4 General considerations and principles

4.1 The thgrmal properties of a building material or product may be determined-bywvarious methods.

esistance
quoted if

1) By tegting the material as such using a hotplate apparatus, a heat. flow meter apparatus or a hot box apparaI)us under

laboratory| conditions and adding corrections to allow for the different.conditions in practical use. The thermal pro
constructipn may then be found by a standard calculation.

2) By t(raj!aing a complete component, which includes the material.concerned, in a hot box apparatus under laboratory ¢
The thermal resistance (or conductivity) of each material layer,may be found by internal temperature measurements or|
lation, and may need the same types of correction as aboye.

erty of a

bnditions.
by calcu-

3) By mgasurements in existing buildings under practieal conditions. It is possible to calculate, by means of a standard calcu-

lation, fropn such measurements what the thermal.resistance (or conductivity) of the material or product must be.

Testing of or measurements on complete constructions are expensive, and it is often difficult to cover all insulation combing
insulation thigknesses by method 2) or 3). Howeéver, such measurements are important in checking the validity of the proced
to calculate design values.

tions and
ures used

The thermal ponductivity of a building material and the thermal resistance of a building product obtained by methog¢l 1) from

laboratory measurements correspond_to well defined physical test conditions that in most cases are different from the g
encountered {n practice.

corrected to dive an acceptable description of the expected performance under service conditions. Measured values correc|

onditions

ted in this

Even though { is desirable to €arry out tests in conditions as close as possible to end-use conditions, measured values may have to be
i

way are calledl practicalvalues.

4.2 Practicall thermal properties of building materials may be needed for various purposes.

1) For use in calculations to prove that a certain construction meets the requirements of building codes. It is important here that

the practical thermal properties ensure equal and fair treatment of each product.

2) For calculating heating and cooling loads for the design of heating and ventilation systems and for protection against frost

heave. In this case, safety factors may be relevant.

3) For calculating the annual energy consumption, the optimization of thermal insulation costs and the evaluation of energy-

saving measures. In this case, average values may be the most relevant.

In view of this variety of uses, it is not surprising that design values and practical values are not the same in all cases. Any attempt to

give specific figures for each particular application leads, however, to complicated tables. For this reason, it is better to st
representative condition and try to allow for variations due to different conditions by introducing safety factors or reduction
design guidelines.

ick to one
factors in
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4.3 When quoting thermal properties, it is important to realize that there is a fundamental difference between the properties of
materials and those of products.

4.3.1 Material properties are independent of the size and shape of the product being considered. Material properties are related to

the nature of the material of which the product is made (structure, density, chemical composition, etc.). For practical purposes, the

thermal conductivity is often referred to as a material property, even though it is not a true material property for all materials. For the
applicability of the concept of thermal conductivity, see the annex of ISO 7345.

4.3.2 Product properties are related to the shape and dimensions of the product. A typical product property is thermal resistance
— the ratio of the temperature difference to the density of heat flow rate (thermal flux density). Thermal resistance can be defined and
measured for a particular specimen, of known shape and size, of an unknown material.

Many cojnbinations of materials of different thermal conductivities (1) and thicknesses can give the same thermaljresistance.

The detefmination of thermal resistance from the material properties, the shape and the size (ratio between jthickness and thermal
conductiVity) should be considered a special case.

As a contequence, the analysis and correction of properties of materials and those of products may, be different, andl care shall be
taken to @void confusion between the two.

5 Test methods and test conditions

5.1 Test methods

Laboratofy testing should be carried out according to one of the following methods :

a) guarded hotplate 1SO 8302;
b) he¢at flow meter 1SO 8301;
c) guarded or calibrated hot box 1SO 8990.

However | for some measurements, for example those on moist(materials, it may be necessary to use methods which afe not covered
by Interngtional Standards. In such cases, the method used-shall be described in the test report.

5.2 Test conditions

The conditions under which the tests are carried.out shall be described in the test report and shall be consistent with the method
used.

The folloyving information is important.in_the interpretation of the results, and shall be specified in the test report:

|
-

:[e test method used;

I
o

e mean test temperature;

— the temperature difference between the faces of the test piece(s);

|
o

he sampling-method used;
— the conditioning procedure used;

— thethickness of the test piece(s);

— the density, in the standard reference state, of the material(s) under test;
— the duration of the test (when meaningful);
— the moisture content, by weight or by volume, of the test piece(s)
— as received (when meaningful);
— after conditioning;
— before and at the end of the test;
— the time elapsed since production of the test piece(s);

— any other useful information.
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6 General principles for correcting measurements

The procedure for converting measured values to practical values can be logically split into two steps.

a) The first step consists of collecting the available measured values and making them consistent with each other. As an
example, the mean test temperature may have been 10, 20 and 24 °C in various tests. A standard reference temperature shall be
chosen and all values converted to that temperature so that they can subsequently be compared with each other.

b) The second step is correcting the data to the actual operating conditions. Using temperature as the example again, the
measured data may have been converted to a reference temperature in the first step but, in view of the different climatic conditions
which exist in different parts of the world, the mean worklng temperature for an lnsulatlng materlal or product in a building appli-

cation can b

from the stp ndard reference temperature to the mean working temperature.

6.1 Prelimiy

For each famil

ary measurements

of materials, the thermal conductivity, or thermal resistance, data could first be processed, to give the following:

— A refefence curve of thermal conductivity, or thermal resistance, plotted as a function of mean.temperature, with thg material
conditioned to the standard reference state.

— A refefence curve of thermal conductivity, plotted as a function of bulk density, with thé-material conditioned to the|standard

reference

— Arefe
(if not, the
assumed.

— A cuny

— A cury

— A curye

6.2 Correc

The difference

ate.

e showing the variation in thermal conductivity, or thermal resistance, with the age of the specimen, when
e showing the variation in thermal conductivity with thickness, when relevant.

showing the relationship with any other relevant parameter.

tions

appropriate dgsign values.

All other corrg

7 Statisti
The statistical

The thermal p|

ctions are given, for each family‘ofi\materials, in clause 8.

tal considerations
interpretation of the-test results assumes that the purpose of the calculation is known.

roperties of the.product or material should be given as mean values together with a standard deviation.

The basic thefmal properties are thus defined as follows :

Ay = Ameap -5y

ence curve of thermal conductivity plotted as a function of moisture content, provided suitable methods are|available
iterature should be referenced). In calculating the moisture content, a conventional definition of the dry state ghould be

relevant.

between the minimum and the nominahthickness shall be considered in the correction process in order tq give the

. (M

and

Ry = Rmean — @R*SR

where

Ap is the basic thermal conductivity;

Amean st

Ry is the

he mean thermal conductivity;

basic thermal resistance;

Riean is the mean thermal resistance;

. (2)
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s; and sp are the standard deviations for the thermal conductivity and the thermal resistance, respectively;

a; and ap are correction coefficients specific to a particular group of materials and the purpose of the calculation.

NOTE — See ISO 2859 and ISO 3951 for guidelines to the statistical interpretation of results. National regulations may define the values of a; and ag.

8 Corrections for materials

8.1 Mijneral-fibres
The comments in this sub-clause are limited to bonded mineral fibre mats and boards. Their thermal performance
clause in|terms of thermal resistance or thermal conductivity. Thermal conductivity is a function of density and‘thickne|
for thesq parameters may be required (examples are given in the annex).

The stan
atmosphgre.

The main correction factors for insulating materials used in building are dealt with in turn below.

Ls given in this
s. Corrections

dard reference state is a conventional dry state. In practice, this state is obtained by conditioning in a standlard laboratory

For thosg correction factors which are relevant to mineral fibre insulating products, standardized procedures are given.

8.1.1

Fibrous |nsulating products shall comply with the particular specifications relative to each application for which t
adopted .

Mariability

hey have been

These sgecifications point out, among other things, that, due to-differences in production processes, materials of d|fferent density

can havg the same thermal resistance. The thermal resistanceds therefore not related to the density alone.

For mindral fibre, the thermal conductivity/density curvé.has a minimum. At densities less than that corresponding to
the thermal conductivity increases faster than at densities greater than that corresponding to the minimum (i.e. the slo
is numerjcally greater at lower densities than at higher densities — see figure 2 in the annex). Mineral fibres are usually
a density between 10 and 200 kg/ma3.

8.1.2

Correctigns for the effect of temperature could be made using the procedure described in the annex.
Temperdture coefficients range from 0,25 % to 1 % per kelvin.

Depending on the expected operating temperature and the reference temperature, it will be necessary to run experimen
expressipn given in\the annex.

8.1.3

Hffect of temperature

this minimum,
pe of the curve
produced with

ts or to use the

Bffect of thickness

If the thermal performance is expressed in terms of thermal resistance, the effect of thickness need not be considered.

If the thermal performance is expressed in terms of thermal conductivity, the effect of thickness shall be considered. For low-density
materials and small thicknesses, see the annex.

8.14

Effect of moisture

Provided that the insulating products are protected from condensation, water leakage and ground water, and thus in equilibrium with
air, the moisture content of mineral fibres is usually less than 1,5 % (m/m).

In these conditions, the effect on the thermal resistance and the thermal conductivity can be neglected in the majority of applications.
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8.1.5 Effect of ageing
Mineral fibre products owe their thermal performance to the presence of air trapped in the fibre matrix. The dimensions of such

products are usually stable. Therefore it is not usually necessary to make any corrections for ageing. However, exposure to hot and
damp environments can damage the products.

8.1.6 Recovered thickness

Storing thermal insulation in a state of compression may, when the compressive force is removed, result in the product having a
thickness which is less than or more than the declared nominal thickness when it is received by the purchaser.

8.1.7 Effect|of permeability to air

Mineral fibre groducts are generally permeable to air. This characteristic only effects the thermal resistance or thermal corjductivity
under certain femperature conditions and in particular applications. Examples are given below.

— Interngl convection may occur in constructions in which high-air-permeability insulating products have been used w:[;an these
products afe exposed to large temperature differences. In building applications, such extreme conditions are unlikely o occur.

— Minergl fibre insulating products facing ventilated air spaces may be affected by the air flow ‘over the surface, but ir) building
applicationp air speeds are normally not high enough to affect the thermal performance.

— Provided that such situations are avoided by using appropriate constructional methods, no correction for permeabilify to air is
necessary.

8.1.8 Effect|of workmanship

See 3.3.

8.2 Cellular plastics — polystyrene and polyurethane boards "

Polystyrene pfoducts can be divided into two categories — expanded products and extruded products. Expanded polystyrene is
usually produ¢ed as unfaced boards cut from blocks.

Extruded poly$tyrene is usually produced as unfaced boards,with or without a skin. The blowing agent is frequently a mixturg of gases
which may have a thermal conductivity lower than that\of air.

Polyurethane poards are cut from blocks or produced by a continuous process. They are frequently faced. The facing can yary from
paper sheet tq metal foil. The blowing agent used*for polyurethane has a thermal conductivity lower than that of air, and the facing
therefore playp a dominant role in the ageing-process.

Time affects the thermal properties of-cellular plastics when the blowing agent has a conductivity lower than that of air. THis ageing
effect dependp on the blowing agent,_the thickness and the facing.

The thermal pprformance of cellular plastics is expressed either in terms of the thermal resistance or in terms of the thermal conduc-
tivity, although the applicability of the thermal condictivity may be limited due to the effect of thickness (see 8.1.3).

The standard feference.state is usually the equilibrium with the standard laboratory atmosphere after drying at a specified temperature
for a specified length>of time.

8.2.1 Variability

The way in which the thermal properties of these products vary depends on the density, the cell structure and the chemical compo-
sition of the blowing agent (when its thermal conductivity is different from that of air).

The chemical composition of the gas within the cells is the most important factor. Cell size has less influence on thermal performance.
Small cells give best results.

Soon after production, air tends to enter the cells of polyurethane, polyisocyanurate and extruded polystyrene products and to dilute
the blowing agent. The simultaneous diffusion outwards of the blowing agent is far slower. As a consequence, the thermal perform-
ance is influenced by time since production, the initial composition of the blowing agent and the surface coating.

1) Also applies to polyisocyanurate boards.
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When products come from a single production line subject to strict quality control, and are tested under the same reference con-
ditions and at the same age (excluding the first weeks of life), the standard deviation from the mean value of the thermal performance
of the product will usually be less than a few percent.

8.2.2 Effect of density

For cellular plastics, the thermal conductivity/density curve has a minimum.

Expanded polystyrene is usually produced at densities between 10 and 40 kg/m3, and the minimum thermal conductivity occurs at a
density within this range.

lexamples are

Extruded polystyrene and polyurethane are usually produced at densities not far from that corresponding to themiinimumn of the ther-
mal conddictivity/density curve. For these materials, a change in density implies a change in cell structure,/so.care shall be taken in
applying g4 simple correlation.

8.2.3 Effect of temperature

The annex gives guidance in predicting the effect of temperature. The effect is larger when the'density is low and when the thermal
conductivjty of the blowing agent is low.

Typically, {the correction ranges from 0,4 % to 0,6 % per kelvin, but it cannot be smaller than 0,3 % per kelvin or larger|than 1 % per
kelvin. The relationship between thermal conductivity and temperature is a linear-0tie at around room temperature, ahd usually no
correction|is required to convert data from 10, 20 or 24 °C to any other one of these'temperatures. However, below 0 °E the thermal
conductivty of polyurethane increases in a fashion which is not easy to predict,and at about — 60 °C begins to decreage again. This
means that cold store data cannot be used for building applications, and vice' versa.

8.2.4 Effect of thickness

range, thq effect of thickness on thermal conductivity can be.detected, although it is not large in any given situation. THis means that
these materials do not have a thermal property dimensionally equivalent to thermal conductivity, and that their thermal resistance is
not strictly proportional to the thickness. (See the annex for a detailed analysis and numerical examples.)

The thick{ess of most boards made of expanded or extruded pglystyrene or of polyurethane ranges from 20 to 100 mm. Within this

For thickrlesses ranging from 20 to 100 mm, the change in the ratio d/R may range from less than 1 % to more than b %. The last
figure appllies to low-density expanded polystyrene.

8.2.5 Effect of moisture

Provided the insulating product is( ptotected from water condensation and from any contact with liquid water, the equilibrium
moisture ¢ontent of polystyrene 'and polyurethane boards is usually less than 2 % (m/m).

The incregse in thermal conductivity is usually less than 0,3 % per % (m/m) moisture content. This is so low that theleffect can be
neglected|in most applications.

NOTE — The above.figures do not apply to inverted roofs and similar constructions.

8.2.6 Effect.of ageing

There are two ways in which ageing takes place. The first is due to the change in composition of the gas filling the cells and the
second results from the dimensional changes which occur with time.

8.2.6.1 Gas diffusion

Whenever the blowing agent is not air, cellular plastics undergo an ageing process in which the blowing agent diffuses outwards from
the cells and air inwards into the cells. The air diffuses in much more rapidly than the blowing agent diffuses out. After a long time, the
thermal performance of these materials is the same as if air had been used as the blowing agent. This is an upper limit that cannot be
exceeded. The time required for this condition to be reached may be many years and is affected by the cell structure, the percentage
of the volume occupied by the cells, the cell wall material, the board thickness, the facing and the temperatures to which the board is
exposed (high and cyclic temperatures accelerate ageing). The annex gives guidance as to the parameters needed to predict the
ageing process due to gas diffusion.
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8.2.6.2 Dim

ensional stability

Cellular plastics are stable as long as the geometry of the cells is not modified. With polystyrene, high temperatures and organic
solvents may damage the material. The same applies to polyurethane, although the latter material is less sensitive to these other forms

of ageing.

Even in a standard laboratory atmosphere, some polyurethane boards exhibit problems of dimensional stability. Increasing the
temperature adversely affects this phenomenon for all cellular plastics, and it shall be described in material specifications.

8.2.7 Effect of permeability to air

Boards of ceflular plastics generally have Tow permeability to air, but incorrect installation, shrinkage and warping can

passages aro

8.2.8 Effec

See 3.3.

NOTE — Stiff

8.3 Cellular glass

The commen
mainly used,
expressed in
skin, can be

The closed c¢lls contain a mixture of gases, CO, being the main component.

8.3.1 Varia

The properti
tion, the foa

When produ
same conditi

abou

abou

abou

8.3.2 Effec

The density

ind and between boards.

t of workmanship

cellular plastics boards need to be cut to exact dimensions in order to fill a cavity completely.

although some open-cell materials are produced for acoustic insulation:purposes. Thermal performance
terms of thermal conductivity, sometimes as thermal resistance. Cellular glass produced in blocks, withouf
ised as the core in the manufacture of panels.

bility

density and the cell structure.

ts come from a single production line which'is fully automated and subject to strict quality control, tests run
bns will indicate variations (positive or negative) of

10 % in the density;

5 % in the thermal conductivity;
20 % in the compressive strength.
t of density

bf cellular, glass usually varies from 100 to 150 kg/m3. For special applications, it can be as high as 260 kg/

factors remai
rule should

ing constant, an increase in density results in an increase in the thermal conductivity and compressive stre
applied with care since changing the density can lead to changes in other factors.

create air

s in this sub-clause are limited to closed-cell materials which, because of their thermal properties, are the ones|which are

is usually
facing or

s of cellular glass depend on several parameters,-the main ones being the chemical composition, the cell gag composi-

under the

m3. Other
hgth. This

8.3.3 Effect of temperature

In the — 30 to + 30 °C temperature range, an increase in temperature results in an increase in the thermal conductivity, the increase
being virtually linear. For materials with densities ranging from 100 to 150 kg/ms3, the increase in thermal conductivity ranges from
2 % to 5 % for every 10 °C increase in temperature.

NOTE — The relationship between the thermal conductivity of cellular glass and temperature cannot be assumed to be linear outside the temperature
range — 30 to + 30 °C.

8.3.4 Effect of thickness

The minimum thickness manufactured is about 30 mm. At this thickness, there is no significant thickness effect on the thermal
conductivity.

10
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8.3.5 Effect of moisture

In all the normal applications of cellular glass, no moisture absorption has been noticed, either in vapour form or in liquid form. Conse-
quently, the thermal conductivity can be assumed to be unaffected by moisture.

8.3.6 Effect of ageing

8.3.6.1 Gas diffusion

No effect of ageing has been noticed with cellular glass. The gas-tight nature of the material prevents any diffusion of gas through the
material.

8.3.6.2 PDimensional stability

The length and width of cellular glass products are stable with time and are not affected by a change in @ny. paramater other than
temperatlire. When temperature changes occur, the length and width vary according to the coefficient.of expansion.

The thickness is not modified by storage to any significant extent.

8.3.7 Effect of permeability

Cellular dlass is impermeable to air, but incorrect installation can create air passages around and between blocks.

8.3.8 Effect of workmanship
See 3.3.

8.4 Wood and wood products

The practical thermal conductivity of solid wood depends on

— the species of tree concerned;

the oven dry density;

the orientation of the fibres with respect to\the direction of heat flow;

the temperature;
— the moisture content by mass.
These fagtors interact with each other:

Because pf the interdependence ¢fithe various factors which affect the thermal conductivity, measured values of the thermal conduc-
tivity in r¢al conditions shall bepreferred to computed ones. The standard reference state is usually taken as equilibrium{ with the stan-
dard labgratory atmosphere or the state after drying.

8.4.1 Effect of density and temperature

No reliabje information is available on the effect of these parameters.

8.4.2 Effectof moisture

For moisture contents between 5 % and 20 % (m/m) the thermal conductivity increases by about 1,2 % for every percent increase in
moisture content.

8.5 Concrete
As far as its thermal performance is concerned, concrete can be divided into the following types:

— normal concrete (NC);
— lightweight concrete (LC);

— aerated concrete (AC).
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All these types of concrete have the same binding agent (cement paste). The difference between them is due to the kind of aggregate
used or to the mixing process.

Normal concrete is obtained by using traditional aggregates (gravel and sand). Lightweight concrete is obtained by using lightweight
aggregates. These aggregates can be divided into the following groups:

a)

b)
such as pe

c) materi

naturally occurring materials : pumice, foamed lava, other volcanic material, porous limestone, etc.;

rlite and vermiculite;

’ ’

Aerated concréte is obtained by reducing the density of the cement paste by passing gas through the paste using ordinary

or low-pressur]
concrete); in t|

he second method, the concrete is produced by chemical processes (gas concrete).

The thermal performance of concrete is expressed in terms of the thermal conductivity.

The standard
constant mas:

The following
aggregates an
8.5.1 Varia

The way in
and, once the

The thermal p
concrete or fo

Where the ma
density.
8.5.2 Effect

Density (i.e. b

j

Jeference state is usually taken as equilibrium with the laboratory atmosphere after drying at a defined tempe

corrections should be used only for homogeneous data, that is for concretes-of the same type, made using
i the same production processes.

lity

aggregate has been selected, the density of the concrete.

Aam concrete) and, once the process has been selected, the density of the concrete.

of density

ulk dry density) is a major-factor affecting the thermal conductivity of concrete.

On average, tihe change in thermal"conductivity for a density change of 1 kg/m3 is between 0,1 % and 0,2 %.

The bulk dry {lensity should be-measured and compared with the nominal density, and the correction should be made 4

coefficient.

8.56.3 Effect

of temperature

e steam curing (autoclaving) techniques. In the first method, the concrete is produced by physical process

ich the thermal properties of normal concrete and lightweight concrete vary depends on the kind of aggred

terial has a large density range, testing should;be carried out on a sample whose density is within =7 % of thg

naturally occurring materials which require further processing : expanded clay, shale and slate and other expanded minerals

tr curing
s (foam

rature to

he same

ate used

roperties of aerated concrete, on the other hand, will‘depend on the production process used (i.e. whethef it is gas

nominal

sing this

Above 0 °C, the temperature coefficient for concrete ranges from 0,025 % to 0,1 % per kelvin, depending on the moisture content.
Below 0 °C, the coefficient can be higher.

Over the normal range of measurements and reference temperatures (10 °C to 24 °C), no temperature correction is usually needed.

8.56.4 Effect

of moisture

The moisture content has an important effect on the thermal conductivity, the magnitude of the effect depending on the type of
concrete, the kind of aggregate, the production process and, in some cases, the density of the concrete as well.

The moisture content should be expressed as a percentage by mass rather than a percentage by volume since, for a given type of
concrete, this gives a similar relationship between thermal conductivity and moisture content for different concrete densities.
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Table 1 gives the change in thermal conductivity A for every 1 % (m/m) change in moisture content. In some cases, only an approxi-
mate thermal conductivity change is indicated, since the relationship between thermal conductivity and moisture content is not com-
pletely defined for all types of concrete.

Table 1 — Relationship between thermal conductivity and moisture content for different
types of concrete

Approximate change
Dry density in A for every 1% (m/m)
kg/m3 change in moisture

content, %

Type of concrete

NoOrmai concrete Z VUV 10 £ 400 4"

Lightweight concrete

Expanded clay, shale and slate concrete 400 to 1 800 41
Sintered fly-ash concrete 800 to 1 200 5
Blast furnace slag concrete 800 to 1 600 5
Perlite concrete 400 to 1 000 5
Vermiculite concrete 300 to 700 3
Pumice concrete 500 to 1 200 4
Aerated concrete
Gas concrete 300 to 800 4
Foam concrete 200 to 1 200 4

1) The relationship between thermal conductivity and moisture content is linear-over the range 0 to 5 % (m/m)
moisture content.

8.5.5 Effpct of ageing

There is ng evidence of any change with time in the thermal conductivity of fully cured concrete, and no allowance & needed for
ageing.

8.5.6 EfIct of reinforcement

Reinforce
heat flow.

ent may influence the thermal performance of edncrete, especially when the reinforcement rods run in the ditection of the

8.6 Magonry

Masonry if defined as a structure made of/blocks or bricks joined with mortar. These elements may be solid or hollow, possibly with
insulating aterials filling the cavities.

For masonyry, the thermal performance is expressed in terms of the thermal resistance or the thermal conductivity of|a wall, from
surface to surface, without rendering or plaster.

The thermagl resistance of miasonry walls depends on the thermal conductivity of the material the blocks or bricks are made of, their
size, desigh and shape,_and-the thermal conductivity and method of application of the mortar. As the thermal conduftivity of the
mortar hag a significant influence on the thermal resistance of a masonry wall, the mortar used to construct the specimén under test
shall be depcribed in‘the report, mentioning which aggregate (e.g. quartz sand) and binding agents (cement, lime) have peen used. It
is also necgssary to.state the density and method of application of the mortar. The thermal resistance of walls may be obtained directly
by measurgment on each component. Only correction factors for hot box measurements are given here.

8.6.1 Variability
Blocks and bricks are commonly produced over a wide density range. To allow accurate corrections to be made, the specimens to be

tested should deviate less than + 7 % from the nominal density. The number of tests will depend on the density range and whether
the blocks or bricks come from a single production plant or several different plants.

8.6.2 Effect of density

Density is a major factor affecting the thermal resistance of masonry; it is expressed in terms of the bulk dry density of the blocks or
bricks.

The thermal resistance of masonry decreases with increasing density, the change lying between 0,1 % and 0,2 % for a density
change in the blocks or bricks of 1 kg/m3.
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The density should therefore be determined and compared with the reference density stated for the product. The measured thermal
resistance is then corrected by an amount corresponding to the difference between the determined density and the reference density.

This correction should only be made if the measured density lies within = 7 % of the reference density.

8.6.3 Effect of temperature

The effect of temperature is similar to that on concrete (see 8.5.3).

8.6.4 Effect of moisture

Moisture has

(reference) meisture content.

The practical t
the moisture

The relationsH
mation, the re¢

The reference
practical moig
(temperature,

8.6.5 Effect of ageing

A correction fi
cavities in the

8.6.6 Dimensional stability

No correction

8.6.7 Effect]

Masonry with
necessary.

8.6.8 Effect

See 3.3.

is necessary.

hermal resistance R

or practical moisture content as used for design purposes can differ in different_countries. The determinat
ture content of masonry walls should be carried out separately for each country, because it depends op climate
rainfall, etc.), indoor conditions and the construction and exposure of the walls.

of permeability to air

of workmanship

which is related to the reference moisture content, is determined by correction if, during the test,
ontent differs from the reference moisture content.

ip between the thermal resistance and the moisture content depends on the blocks or bricksyused. As a first approxi-

ationship is linear, with a decrease of between 3 % and 10 % in thermal resistance for ap-increase in moisture content
of 1 % (m/m]).

on of the

br ageing is usually not necessary. Only if foams, e.g. polyurethane, containing gases other than air are injected into the
blocks can the effect of ageing be observed. In this case, refer to 8.2.

rendering or plastering, and unrendered brickwork with well filled joints, are sufficiently airtight for no correction to be
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Annex

Heat transfer modes in insulating materials

(This annex does not form an integral part of the Technical Report.)

A.1 A solid material normally transmits heat more readily than a gas. The ability of a solid to transfer heat is fully characterized by
its thermal conductivity, provided the solid is opaque to thermal radiation.

Even tholigh a gas usually transfers heat less easily than a solid, it is always partly transparent to radiation. As a conJequence, heat
transfer in a gas can never be fully characterized by its thermal conductivity alone.

When a gignificant reduction in heat transfer is needed, solids are not suitable for use as insulators, and most'of thq solid material
should bg replaced by air or other gases. This can be achieved in practice either by creating small cavitigs-in' the solid or by binding
fibres or granules together to form a matrix.

The total| heat transfer, by radiation and conduction, through the solid matrix and the gas<s-more difficult to| describe and
characterjze.

The first difference between solid (i.e. opaque) materials and porous (i.e. only partially opaqug) materials is illustrated By the relation-
ship between the thermal resistance R of a slab and its thickness d. The straight dotted. line in figure 1 applies to purély conducting
solids (i.g. those which are opaque to thermal radiation), while the dashed/continuous line applies to porous materials|in which radi-
ation conftributes to heat transfer. Only the continuous portion of this plot is a straight line, and it can be extrapolated back to cut the
R axis at fRy. The dashed portion corresponds to low thicknesses (typically below~10 mm). Since A; = d/R, the slopeq of the lines in
figure 1 rppresent the reciprocal of the thermal conductivity of the material: From the dotted line, A can be seen to be constant for
rials, but in the upper plot 4, increases with d, tending, however, to a constant value at high thicknesses (typically
d > 100 mm).

NOTE — Throughout this Technical Report, the symbol 1 is used both to express the thermal conductivity of materials in which heat transfer takes
place only|by conduction and also, in the case of materials which are_penetrated by radiation, to define an equivalent thermal prdperty when the
thickness s large enough for 4 ; to be assumed to be independent of\thé thickness.

Thermal resistance R

Porous
(non-opaque) -~
material _-

-
-

/ - -
- -
- -
Mo / - T~— Solid (opaque) material

T

Thickness d

Figure 1 — Thermal resistance as a function of thickness for opaque
and non-opaque materials

A, as defined in the note above, can now be plotted as a function of the bulk density ¢ of a porous material. The maximum possible
density of such a material is obviously that of the solid matrix. As the density decreases, A first decreases, but at very low densities it
increases again (see figure 2). This is because radiation plays an increasing role in heat transfer as o decreases.
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Thermal conductivity A

-—
Density o

Figure 2 — Thermal conductivity as a function of density

It is only for mpterials whose densities are less than that corresponding to,the minimum in figure 2 that the so-called thicknes$ effect is

of any practicgl significance.

The curve in fijgure 2 can be described approximately by the following simplified relationship :
A=A+ Bo + <
e

where A, B apd C are constants.

For the continuous straight-line plot in figureT), the following relationship applies:

Ag=—
R,

>almf

where R, is the intercept on the y-axis (see figure 1).

This equation|describes\the thickness effect.

Equation (3) i a-reasonable compromise between an accurate theoretical model and a relationship suitable for fitting exp
data. 1

. (3)

. (4)

Erimental

The determination of the three constants 4, B and C by data fitting techniques is statistically meaningful only when the data belong to
the same statistical population, i.e. when the type of manufacturing process, the materials used and the conditions of production are

the same. Usually, this is only the case over a narrow density range. Experimental errors can, however, lead to physically me

aningless

values of 4, B and C. It may be useful to develop simplified approaches to the prediction of possible values for the three constants.
This may save some experimental work and, in the meantime, it establishes broad limits to assess the reliability of numerical coef-

ficients obtained by data fitting.

As the three constants 4, B and C are related to temperature, moisture content and ageing, equation (3) can be used not only to

relate A to o but also as a tool to investigate the effect on A of the above-mentioned quantities.

This should be regarded above all as a tool to rationalize experimental work and not as an attempt to replace it with theoretical

analysis.
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A.1.1 Conduction by the gas

The constant A4 in equation (3) approximately represents the fraction of heat transferred by conduction through the gas and it may be
taken, at least in low-density materials, as being approximately equal to the thermal conductivity of the gas Ag-

This factor is the most significant one in the transfer of heat through cellular plastics and fibrous materials. Table 2 gives linear
relationships between the thermal conductivity A4 and the Celsius temperature 6 (valid around 20 °C) for air and for some gases used
in cellular plastics, together with the molar mass M for each gas.

The estimation of the conductivity of the gas mixture in the cells of cellular plastics is of primary importance in the evaluation of
ageing phenomena. For the procedure to be followed in such an evaluation, reference should be made to specialized textbooks,
however, as the assumption that the thermal conductivity of the gas mixture can be calculated as a weighted average of the conduc-

tivities of the-individual o P R R S S e Rt s I ANy CasScSto0 ap Pl ORITIate.

Table 2 — Thermal conductivity of selected gases as a function of temperature

Ga Thermal conductivity ,{g iVioiar mass.vi
s W/(m.K) ka/ ol
Air 0,0257 [1 + 0,003 0 (81 — 20)] 29,0
Co, 0,016 [1 + 0,004 5 (9 — 20)] 44,0
CCIyF;, (R12) 0,009 7 [1 + 0,005 1 (6 — 20)] 120,9
CCIgF (R11) 0,008 1 [1 + 0,005 4 (6 — 20)] 137,4

1) In degrees Celsius.

A.1.2 Conduction by the solid matrix

The constdnt B in equation (3) is primarily related to conduction by the solid-matrix, but the mechanism of conduction |s different in
cellular pldstics and mineral fibres.

For cellulaf plastics, B = 0,6 15/0s, Where Ag and o are the thermal conductivity and the density, respectively, of the|solid matrix.
This exprepsion is derived by averaging two extreme cases :

a) cell walls of uniform thickness;

b) cells in which the solid material is concentrated along the contact lines between two or more contiguous celld.

The use of|published data on solid plastics for the estimation of conduction through the cell walls of cellular plastics is td some extent
arbitrary, yet in many cases these are the only data.available. Table 3 gives linear relationships between A4 and the Celsiug temperature
6 (valid arpund 20 °C) for two typical materials..Water is included in the table, as the expressions in table 2 can alsp be used to
evaluate the effect of moisture.

Table 3 — Fhermal conductivity of selected solids (and water) as a function
of temperature

Material vy, /(/1,: .K) . kg€§n3
Polystyrerne 0,13 [1 + 0,003 3 (81 —20)] 1 050
Paelyurethane 0,35 [1 + 0,002 6 (6 — 20)] 1250
Water (liquid) 0,60 [1 + 0,002 6 (6 — 20)] 1 000

1) In degrees Celsius.

In addition, many models have been developed to predict heat conduction by a fibrous material, but the simple ones include approxi-
mations that limit their use. For this material, it is more useful to describe the overall conduction process, by both the air and the solid
matrix, by a parameter Asg, dimensionally equivalent to thermal conductivity.

The two extreme cases which can be considered here are as follows:
1) A certain proportion of the fibres conduct heat, as does the air. In this situation
Asg=A + Bo

i.e. the situation is similar to that with cellular plastics, although the rules for the estimation of B for cellular plastics do not apply
here.

2) All the fibres lie perfectly parallel to each other and normal to the direction of heat flow.
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In the second case, at high densities, the relationship between Asg and g is not a linear but a square root one. It should be noted that,
in this case, the fibres merely act as “‘short circuits’ for the air surrounding them, and the conductivity of the fibres themselves is of
minor importance. This also explains the excellent long-term stability of inorganic fibrous materials when the fibre layout is stable with
time.

The actual conduction process is best described by a combination of the two extreme models outlined above. However, as conduc-
tion in the solid matrix is not the dominant process, the empirical expression Agq = A4 (1 + 0,001 7 o) can be used for inorganic
fibrous materials when A5 > 4 (A4 being the conductivity of air).

The coefficient 0,001 7 applies when Sl units are used. Over the density range 80 to 170 kg/m3, this expression describes, to within
less than 2 %, the thermal propertles of resin- bonded glass-fibre boards used as standard reference materlals It also applies quite well
to low-density-irorganic ous-materials—bu onds-to-underestim

A.1.3 Radiation

Radiant enerrﬁ]y falling on porous materials is partly absorbed and re-emitted, and partly reflected and scattered.-by the solid matrix of
the porous njaterial. Scattering is frequently the dominant process.

Absorption irhplies energy transfer across the surface bounding the porous material, while scattering does not. Consequeritly, where
it can be assymed that the only possible heat transfer modes are conduction and scattering, the(absence of interaction begtween the
two modes ajlows them to be treated quite independentiy.

On the contrgry, when absorption takes place, far more complex expressions, involving the'conductive and radiative characteristics of
the porous mjaterial, are necessary to describe the interaction.

In either casef the thermal performance of the material in actual applications can.be described simply by the straight portion pf the plot

of thermal registance versus thickness shown in figure 1. As a consequence, a-porous material can be described by equatidns (3) and
(4), and the c]:ly parameters which need to be determined are therefore C and R,. For a slab of material, the theory of combined con-
ductive and radiative heat transfer shows that
40 T,3
C = — ... (B)
B
40}, T2
Ro = s X ... (6
B'[e . A= Clo
(1- 3

where
o, = 5,67 x 10-8 W/(m2.K4);
T,, is the mean thermodynamic temperature of the slab;
¢ is the pmissivity of the surfaces bounding the slab;

B’* s prpportional-to the extinction coefficient of the material divided by its density, and depends on the structure of the material
and its ragliative \characteristics;

w* is thé e A-ah 2
scattering and 1 for pure absorption; in most |nsulat|ng matenals |t is Iess than 0, 5].

s'0 for pure

For cellular plastics, a crude approximation for 8’ * is

1

B = 10504

. (7

where

Qs is the density of the solid matrix;

s is the mean thickness of the cell wall.
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An approximation for s is

s=Dx% )

Qs
where
D is the mean cell size;
© is the bulk density of the cellular plastic.

These simplified relationships show that small cells reduce the contribution of radiation (i.e. they improve the thermal performance of

the insulating-material).-As-a result,the thickness-effect is reduced

For fibrous materials, a crude approximation for 8'* is

1

B = 3Do, ... (9

D is mow the mean fibre diameter;
05 is again the density of the solid matrix.

The numefical factor 3 should be trimmed according to the fibre length, fibre layout and.fibre material. The term 1/Dog|may be inter-
preted as the number of surfaces or unit surfaces that can be obtained from one unitmass of fibres placed parallel to, gnd in contact
with, eacH other. It can be seen from the above that a small mean fibre diameterreduces the radiation contribution ahd hence the
thickness gffect.

A.2 Cgrrection procedures

When a large quantity of laboratory data have to be compared,-the data should be corrected to a defined reference gtate that will
usually nof correspond exactly with the actual test conditions:\Also, end-use conditions in most cases will not correspond to this
reference $tate. Correction may be done either by the interpolation of experimental data or by the use of analytical tefmiques. The
former prgcedure is required when the reference or end-use conditions differ widely from the test conditions, as wdll as for new
materials. [The latter procedure is simpler, much less costly and in some cases more accurate when the reference or pnd-use con-
ditions ar¢g close to the test conditions.

Theoreticgl models often state minimum and maximum limits for the corrections. When two test conditions are close tp each other,
test errors|may be larger than the actual physical difference between the test data. This explains why some analytical cofrections may
be more afcurate than experimental results:

The purpase of the following sub-clauses is to supply analytical correction procedures for various insulating materials.

A.2.1 Effect of density change

The chande in A corresponding to unit change in density can be described by the equation

Ailo) ... (10

which is ecttoo:

Equation (3) can also be easily reconfigured to express the relative (i.e. percentage) change in 4 as a function of relative (i.e. per-
centage) change in o.
A.2.2 Effect of temperature change

Temperature affects all the terms in equation (3). Differentiating each of them with respect to temperature allows the overall effect on
A for a unit change in temperature to be determined.

The most temperature-sensitive term is C, which represents the radiation contribution. A unit change in temperature corresponds to a

relative change 3/T,,, i.e. 1 % per kelvin when T,,, = 300 K. As a consequence, very light materials in which a high percentage of
heat transfer takes place by radiation are the most sensitive to temperature changes.
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