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Summary
Preconditions

Fibrous materials are some of the most widely used materials for thermal insulation. In this
project the focus of interest has been on fibrous materials for building application. Interest in
improving the thermal properties of insulation materials is increasing as legislation is being
tightened to reduce the overall energy consumption. A knowledge of the individual heat
transfer mechanisms — whereby heat is transferred within a particular material is an essential
tool to improve continuously the thermal properties of the material.

Heat is transferred in fibrous materials by four different transfer mechanisms: conduction
through air, conduction through fibres, thermal radiation and convection. In a particular
temperature range the conduction through air can be regarded as a constant, and conduction
through fibres is an insignificant part of the total heat transfer. Radiation, however, constitutes
25-40% of the total heat transfer in light fibrous materials. In Denmark and a number of other
countries convection in fibrous materials is considered as non-existent when calculating heat
transmission as well as when designing building structures.

Two heat transfer mechanisms have been the focus of the current project: radiation heat
transfer and convection.

The radiation analysié serves to develop a model that can be used in further work to gain a
wider knowledge of the way in which the morphology of the fibrous material, i.e. fibre

diameter distribution, fibre orientation distribution etc., influences the radiation heat transfer
under different conditions.

The convection investigation serves to examine whether considering convection as non-
existent is a fair assumption to use in present and future building structures. The assumption
applied in practically is that convection makes a notable difference only in very thick
insulation, at external temperatures below -20°C, and at very low densities. For large
thickness dimensions the resulting heat transfer through the fibrous material will be relatively
small, which means that a relatively small increase in heat loss by convection may
counterbalance part of the savings achieved by increasing the thickness.

Heat radiation analysis — method - delimitation

A literature study has been carried out, primarily in regard to the theoretical modelling of
radiation heat transfer in fibrous materials. This study has led to the overall conclusion that
there are two important aspects within thermal radiation.

e One aspect is the radiation heat transfer itself, in which the mathematical model
describing the radiation heat transfer in fibrous materials cannot be solved analytically. In
the literature there are several different approximation methods for solving the radiative
transport equation, the two-flux method being that most commonly used for fibrous
materials, due to its simplicity. It has not been possible to assess the significance of the
simplification for the calculated radiation heat transfer within the temperature range
relevant to building insulation.
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e The other aspect is the determination of the radiative properties of the fibrous material
which are part of the radiation transport equation. In the literature these are used partly on
a spectral basis, and partly as weighted values with a consequent high degree of
simplification of the equation systems to be solved. Neither in this case has it been
possible to find an assessment of the significance of using weighted values rather than
spectral values when calculating radiation heat transfer in the specific temperature range.
The radiative properties depend on the morphology of the fibrous material, the only
parameter that cannot be determined experimentally being the fibre orientation
distribution.

There are many aspects to the field “radiation transfer in fibrous materials”, and it has
therefore been necessary to limit the extent of the project. The delimitation has been based on
the considerations identified from the literature survey and the shortness of time allocated to
the project.

The radiation analysis has been delimited to include:

e a theoretical examination of the precision achieved when applying the two-flux model as
an approximation for the radiative transport equation, compared with the spherical
harmonics method, which has proved to give high precision in earlier cases of radiation
problems with an analytical solution; in order to simplify the equation systems when
comparing the two approximation methods, the Planck-weighted radiative properties have
been used in the radiation transport equation;

e a theoretical examination of the precision achieved when applying the Planck-weighted
radiative properties as opposed to a spectral solution when the two-flux model is used for
approximating the radiation transport equation;

e developing a method that can be used to determine an estimate of the fibre orientation
distribution.

The concepts of thermal radiation introduced in this project can well be applied to other
thermal radiation problems arising when the radiative properties of the material depend on the
wavelength of the radiation. In the present project the focus has been on fibrous materials for
building insulation, which has determined the geometry and the conditions applied in the
investigations, i.e. steady-state one-dimensional heat flow at a mean temperature of 10°C.

Heat radiation analysis — main results

A computer model for the heat transfer in fibrous materials has been developed. The model
includes conduction in air and fibres, heat exchange between the two phases, and radiative
heat transfer. As an approximation to the radiation transport equation, the two-flux model and
the spherical harmonics method with an arbitrary high approximation order have been

applied. In the computer code using the two-flux model a spectral solution of the radiation
transport equation can be obtained.
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Comparison of the two approximation methods shows that:

e the two-flux model underpredicts the radiative heat flux by approximately 15%, whereas
the spherical harmonics method is more exact;

e considering only the computed total radiative heat flux, the same result is achieved with
the simplest spherical harmonics method (P-1) as with a higher approximation order;

- the air and the fibre temperature are the same at the applied temperature level.

Comparison of the radiative heat flux obtained using the Planck-weighted radiative properties
as opposed to the spectral solution led to the following conclusions:

¢ using the Planck-weighted properties underpredicts the radiative heat flux in the centre of
the fibrous materials by approximately 15% compared to the spectral solution;

e it is not possible to determine a suitable weighting function for the radiation constants
without first knowing the spectral solution.

The radiation properties in fibrous materials are determined by the morphology of the
material; hitherto it has not been possible to measure the distribution of fibre orientation in the
material. In connection with the project, a method for characterising the macro texture in
fibrous materials has been developed. The dominant direction in the macro texture is
measured by means of image analysis performed on partial images of the texture. By
assuming that the macro texture reflects the fibre structure within the material, an estimate of
the fibre orientation distribution can be approximated on the basis of the distribution of the
dominant directions measured on the macro texture.

Convection investigation — method - delimitation

Convection may be divided into two fields: natural convection and forced convection. The
overall delimitation for this project is natural convection.

The literature on performed theoretical and experimental research concerning natural
convection has been studied. The literature survey can be summarised as follows.

e The mathematical models describing convection can be approximated using a series of
dimensionless numbers. Depending on the geometry of the structure, a critical limit value
of the Rayleigh number, Ra., exists for the point at which the convection starts to
influence the total heat transfer in the material. This critical value is theoretically and
experimentally well defined for horizontal structures, whereas for vertical structures it is
empirically determined but not clearly defined in the literature. For fibrous materials the

permeability and the heat conductivity are the main parameters determining the effect of
convection.

* Most examinations have been concentrated on determining the influence on the total heat
transfer in the material. Introducing permeable borders or insulation error into the material
increases the influence of convection, which becomes obvious at an earlier stage.
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In order to be able to assess the convection conditions when the material is placed in a real
structure it is necessary to know the convection conditions in the material itself. To facilitate
the experimental work, a convection apparatus with a measuring field of 3-1 m” was designed,
within which it is possible to measure a specimen thickness ranging from 0.1 m — 0.5 m. The
boundary conditions are achieved immediately in the apparatus design. To support the
interpretation of the measurements, the experimental work has been supplemented with
numerical calculations.

The project was limited to an experimental search for the occurrence of natural convection in
fibrous materials of different permeability under the following conditions:

“perfectly” installed materials
e impermeable and isothermal boundaries

e measuring of fibrous materials with dimensions similar to those applied in building
structures.

The effect of building physics strain in connection with convection, such as comfort and
moisture transfer, has not been examined in the project.

Convection investigation — main results

The contribution of natural convection to the total heat transfer has been experimentally
examined for two fibrous materials of different permeability and heat conductivity. The
measurements performed have been supported by numerical calculations.

Both the measurements and the concurrent computations show a clear convection-induced
redistribution of the heat flow in the material in the form of an increased heat flow primarily
through the lower part of the vertical structure, and a decreased heat flow primarily through
the upper part.

e The redistribution of the convection-induced heat flow is distinct, even at a material
thickness as low as 0.2 m and at a temperature gradient of 20°C across the material.

e In the low permeable material the redistribution of the heat flow has no influence on the
total heat flow through the material.

e In the highly permeable material the convection caused an increase in the total heat flow
through the material. '

Establishing that convection occurs even in “perfectly” installed materials with low
permeability, impermeable boundaries and at small temperature differences means that the
assumption that convection is non-existent, which has been the basis of the common practice,
is invalid even under the most ideal conditions.

The measuring principle of the convection apparatus in which a three-dimensional guard
system is used was found suitable for measuring one-dimensional heat flows at thick
specimen dimensions. The measuring properties of the convection apparatus were verified on
an impermeable material at a thickness of 0.5 m, in which good agreement with laboratory
measurements on 0.1 m thick samples was found.
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When performance-testing the apparatus, problems were found in a few of the guard sections.
The chosen solution to this problem proved to be less optimal during the measuring. How this
problem may have influenced the measurements is analysed and discussed in the report.
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Forudscetninger

Fibermaterialer hgrer til blandt de dominerende materialer indenfor termisk isolering. I dette
projekt er fokuseret pa fibermaterialer til bygningsisolering, hvor interessen for at forbedre
materialernes termiske egenskaber hele tiden gges i takt med, at lovgivningen skarpes for at
reducere det totale energiforbrug. Her er kendskabet til de enkelte transportmekanismer,

hvorved varme transporteres i materialet, et vasentligt og ngdvendigt verktgj for fortsat at
kunne forbedre materialets termiske egenskaber.

Varmetransporten i fibermaterialer foregér ved fire forskellige transportmekanismer: Ledning
i luft, ledning i fibre, varmestrdling samt konvektion. Ledning i luften kan indenfor det
aktuelle temperaturomrade betragtes som varende af en konstant stgrrelse, og ledning i
fibrene udggr en forsvindende lille del af den samlede varmetransport. Varmestralingen udggr
derimod mellem 25 - 40% af den samlede varmetransport ved lette fibermaterialer. I Danmark
og en lang rzkke andre lande betragtes konvektion i fibermaterialer som et ikke-
forekommende faznomen sdvel 1 varmetabsberegninger som ved design af
bygningskonstruktioner.

I det udfgrte projekt er der fokuseret pé to af varmetransportmekanismerne: varmestraling og
konvektion.

Varmestralingsanalysen har som formél at udarbejde en model, der kan anvendes i det videre
arbejde med at opna et stgrre kendskab til, hvordan fibermaterialets morfologi (fiber diameter

fordeling, fiber orientering, etc.) pavirker strilingsvarmetransporten under forskellige
betingelser.

Konvektionsundersggelsen har til formal at undersgge eksperimentelt om den i praksis
~anvendte antagelse, at konvektion kun har n@vnevardig betydning ved meget store
isoleringstykkelser, udvendige temperaturer lavere end -20°C, samt ved meget lave densiteter,
er en rimelig antagelse i forbindelse med nutidens og fremtidens byggeri. Ved store
isoleringstykkelser vil den resulterende varmetransport gennem materialet vere relativ lille,
og derfor vil en relativ lille forggelse i varmetabet pa grund af konvektion kunne modsvare en
del af den opndede energibesparelse ved en forgget isoleringstykkelse.

Varmestralingsanalyse - metodik — afgreensning

Der er her udfgrt et litteratur studie, primert indenfor teoretisk arbejde med at modellere
stralingsvarmetransport i fibermaterialer. Studiet har fgrt til den overordnede konklusion, at
der er to vigtige aspekter inden for termisk straling i forbindelse med fibermaterialer.

Det ene aspekt er selve stralingsvarmetransporten, hvor den matematiske model, der
beskriver strdlingsvarmetransporten i fibermaterialer, ikke kan lgses analytisk men ved
flere forskellige approksimative lgsningsmetoder, hvor two-flux metoden pa grund af sin .
enkelhed er den hyppigst anvendte approksimation ved fibermaterialer. Det har ikke
varet muligt, at finde en vurdering af hvad forenklingen betyder for den beregnede
varmestriling indenfor det temperaturomrade, der er aktuelt for bygningsisolering.
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e Det andet aspekt er bestemmelse af fibermaterialets stralingsegenskaber, der indgér i
strilingstransportligningen. I litteraturen anvendes disse dels pd spektral basis og dels
som vagtede vardier med en deraf fglgende stor forenklingsgrad af de ligningssystemer,
der skal Igses. Det har ikke vaeret muligt at finde en vurdering af, hvilken betydning
anvendelsen af vaegtede verdier frem for spektrale vardier har for den beregnede
varmestraling i1 det aktuelle temperaturomride og for fibermaterialets morfologi.
Strélingsegenskaberne afh@nger af fibermaterialets morfologi, hvor den eneste
parameter, der ikke kan bestemmes eksperimentelt, er fiberorienteringen.

Der er mange aspekter indenfor emnet “varmestraling i fibermaterialer”, og det har derfor
varet ngdvendigt at afgranse udstrakningen af opgaven. Den valgte afgreensning er foretaget
med udgangspunkt i problemstillingen fra litteraturstudiet samt den begreensede projekttid.

Varmestralingsanalysen er afgranset til at omfatte:

e en teoretisk undersggelse af den opnéede ngjagtighed ved at anvende two-flux modellen
som approksimation til stralingstransportligningen sammenlignet med spherical
harmonics metode der ved stalingsproblemer med en analytisk lgsning tidligere har vist at
give en hgj pracision. For at simplificere ligningssystemerne ved sammenligningen af de

to approksimationsmetoder er Planck-vaegtede stralingskoefficienter anvendt ved
sammenligningen

e en teoretisk undersggelse af den opniede ngjagtighed ved at anvende Planck-vagtede
stralingskoefficienter i forhold til en spektral lgsning. Two-flux modellen er her anvendt
som approksimation til stralingstransportligningen

¢ udvikling af en metode, der kan anvendes til at estimere en fiber-orienteringsfordeling.

De udfgrte betragtninger i projektet vedrgrende varmestraling kan umiddelbart overfgres pa
mange andre termiske stralingsproblemer, hvor materialets strilingsegenskaber afhenger af
stralingens bglgelengde. I det udfgrte projekt er der fokuseret pd fibermaterialer til
bygningsisolering, hvilket har bestemt geometrien og forholdene, der er anvendt i de udfgrte
undersggelser; en-dimesional stationer varmestrgm ved en middeltemperatur pé 10°C.

Varmestrdlingsanalyse - hovedresultater

Der er udviklet en computermodel til beregning af varmetransporten i fibermaterialer.
Modellen inkluderer ledning i luft og fibre, varmeoverfgring mellem luft og fibre, samt
termisk strélingstransport. Som approksimation til stralingstransportligningen er anvendt two-
flux modellen og spherical harmonics metoden med en vilkarlig hgj approksimationsorden. I
computermodellen, hvor two-flux modellen anvendes, kan der bestemmes en spektral lgsning
af stralingstransportligningen.
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Den udfgrte sammenligning af de to approksimationsmetoder viser at:

e Two-flux modellen underbestemmer stralingseffekten med ca. 15% sammenlignet med
den mere pracise spherical harmonics metode

e betragtes kun den beregnede resulterende stralingseffekt, opnds samme resultat med den
mest simple spherical harmonics metode (P-1) som ved anvendelse af en hgjere
approksimationsorden

e luft og fibre har samme temperatur ved det anvendte temperaturniveau.

Sammenligningen af stralingseffekten beregnet med Planck-vagtede stralingskonstanter i
forhold til den spektrale lgsning fgrte til fglgende konklusioner:

e anvendelsen af Planck-vagtede stralingskonstanter giver en stralingseffekt, der er ca. 15%
lavere i forhold til den spektrale lgsning i fiber materialer

e det er ikke muligt at bestemme en passende vagtningsfunktion for strilingskonstanterne
uden fgrst at kende den spektrale 1gsning.

Stralingskonstanterne i fibermaterialer bestemmes af materialets morfologi, hvor vi hidtil ikke
har veret i stand til at male fordelingen af fiberorienteringer i materialet. Der er i forbindelse
med projektet udviklet en metode til karakterisering af makrostrukturen i fibermaterialer. Den
foretrukne retning i makrostrukturen males ved hjlp af billedanalyse udfgrt pa delbilleder af
strukturen. Ved at antage, at makrostrukturen afspejler materialets fiberstruktur, kan et estimat

for fiberorienteringsfordelingen approksimeres med fordelingen af de fremtredende retninger
i makrostrukturen.

Konvektionsundersggelse - metodik - afgrensning

Konvektion inddeles i to omrader: Naturlig konvektion og tvungen konvektion. Dette projekt
er overordnet afgrenset til kun at omfatte naturlig konvektion.

Der er udfgrt et litteraturstudie over udfgrt teoretisk og eksperimentelt arbejde indenfor
naturlig konvektion. Litteraturstudiet kan summarisk sammenfattes i nedenstaende.

e De matematiske modeller, der beskriver konvektion, kan approksimeres med en rekke
dimensionslgse tal. Afhengig af konstruktionens geometri eksisterer der en kritisk
grensevardi for Rayleigh tallet Ra,;, for hvornar konvektionen pavirker varmetransporten
i materialet. Den kritiske vardi er bade teoretisk og eksperimentelt veldefineret for
horisontale konstruktioner, hvorimod den for vertikale konstruktioner er empirisk fastlagt
og ikke helt entydigt bestemt i litteraturen. For fibermaterialer er permeabiliteten og
varmeledningsevnen de vasentligste parametre for effekten af konvektion.

e De fleste undersggelser er koncentreret om at bestemme den resulterende effekt pé
varmetransporten i materialet. Ved at introducere permeable granser eller isoleringsfejl i

materialet gges effekten af konvektion og konvektionen bliver tydelig pa et tidligere
tidspunkt.
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For at veere i stand til at vurdere konvektionsforholdene nér materialet anbringes i en virkelig
konstruktion er det ngdvendigt ogsé at kende konvektionsforholdene i selve materialet. Til det
eksperimentelle arbejde er opbygget et konvektionsapparat med et malefelt pa 3-1 m?, hvor
det er muligt at méile materialetykkelser i intervallet 0.1 m - 0.5 m. Gransebetingelserne er

tilnermet gennem apparatdesignet. Som hjelp til fortolkningen af de udfgrte milinger er det
eksperimentelle arbejde understgttet af numeriske beregninger.

Projektet er afgranset til eksperimentelt at undersgge forekomsten af naturlig konvektion i
. fibermaterialer med forskellig permeabilitet under fglgende betingelser:

e “perfekt” installerede materialer
e impermeable og isoterme graenser

e miling pd materialet i samme dimensioner som det forekommer indenfor
bygningsisolering.

Effekten af bygningsfysiske belastninger i forbindelse med konvektion herunder komfort og
fugt transport er ikke undersggt.

Konvektionsundersggelse - hovedresultater

Betydningen af naturlig konvektion for det totale varmetab er eksperimentalt undersggt for to
fibermaterialer med forskellig permeabilitet og varmeledningsevne. De udfgrte malinger er
understgttet af numeriske beregninger.

Béde malinger og de tilhgrende beregninger viser en tydelig omfordeling af materialets
varmetab pé grund af konvektion i form af et forgget varmetab primart gennem den nederste

del i den vertikale konstruktion og en reduktion af varmetabet primert gennem den gverste
del i konstruktionen.

¢ Omfordelingen af materialets varmetab pa grund af konvektion ses tydeligt, selv ved en
materiale tykkelse pa 0.2 m og helt ned til en temperaturgradient over materialet pa 20°C.

e Ved materialet med lav permeabilitet pavirker omfordelingen af varmetabet i materialet
ikke det totale varmetab.

e Ved materialet med hgj permeabilitet medfgrte konvektionen at det totale varmetab
gennem materialet blev forgget.

Konstateringen af, at der forekommer konvektion selv i ”perfekt” installerede materialer med
lav permeabilitet, impermeable grenser og ved selv smi temperaturforskelle betyder, at
foruds@tningen for den hidtil anvendte praksis, hvor konvektion negligeres ikke er tilstede
selv under de mest ideelle betingelser.

Miéleprincippet i konvektionsapparatet, hvor der anvendes et tre-dimensionelt guardsystem,
er fundet velegnet til maling af en-dimensionale varmestrgmme ved store isoleringstykkelser.
Konvektionsapparatets méleegenskaber er verificeret pa et impermeabelt materiale, hvor der
ved en prgvetykkelse pd 0.5 m blev fundet fin overensstemmelse med laboratoriemalinger
udfgrt pa prgvetykkelser af 0.1m.

ix




Resumé

Ved apparattesten blev der konstateret problemer med enkelte guardsektioner. Den valgte
lgsning pa problemet har i mélingerne vist sig at kunne forbedres. Hvorledes de udfgrte
mélinger er pavirket af dette er analyseret og kommenteret i rapporten.




Nomenclature — part I

Nomenclature

Latin letters

a thermal diffusivity [m?%/s]
ay non-dimensional wavenumber
Cp specific heat capacity at constant pressure [J/kg-K]
d thickness [m]
Da Darcy number [-]
g gravitational acceleration: 9,81 m/s”
Gr Grashof number [-]
h height of vertical space [m]
K permeability of porous medium [m?]
L non-dimensional width/depth ratio of a convection cell -]
Nu Nusselt number [-]
m mass flow rate [kg/m?*s]
p pressure [Pa]
Pr Prandtl number [-]
q density of heat flow rate [W/m?]
u flow rate [m/s]
Ra Rayleigh number [-]
T temperature [K]
X, ¥, Z positions coordinates [m]
Greek letters
B thermal expansions coefficient K
A difference
o heat flow rate [W]
n dynamic viscosity [Pa-s]
\Y gradient
A thermal conductivity [W/m-K]
Aw non-dimensional wavelength [-]
A conductivity ratio (AgAn) [-]
p mass density [kg/m’]
\Y kinematic viscosity [mzls]
Subscripts
a air
cd conduction
cr critical
cv convection
f fluid
H horizontal
m porous material, modified
r radiation
tot total
A% vertical
0 reference
XYz direction coordinates

xi
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1. Introduction
1.1 Background

Fibrous material is one of the most frequently used materials for building insulation. The
demands for the thermal performance of both the building as a whole as well as the individual
building elements are currently intensified in order to reduce the overall heat loss. This
project has therefore focused on the thermal performance of fibrous materials. To be able to
" improve the performance of these materials in the long term, it is important to know the
influence of various parameters on the thermal performance.

Fibrous materials are heterogeneous and consist of two phases; a gas phase (air) and a solid
matrix (fibres). In such a material, heat is transmitted in three physically different ways: by
conduction in fibres and gas, by radiation, and by convection.

In heat conduction, the energy is transmitted through lattice vibration in the solid and by
random collision of molecules in the gas.

Transfer of energy by radiation takes place through electromagnetic waves between the fibres
while the air does not interact with radiation.

Natural convection- is caused by temperature-induced density differences in the gas phase
which generate an airflow in the material.

Assuming little or no interaction between the different heat transfer mechanisms, the total
heat transfer across the fibrous material is described by eq. (1.1):

Eitm :acd +ar +C_lcv (1.1)

from which the thermal conductivity of the fibrous material is obtained by using Fourier’s
law:

Qi =—Ag - VT (1.2)

In practice, the effect of convection is usually disregarded, and a semi-empirical relation,
where the apparent thermal conductivity is a function of the density of the fibrous material,
can be expressed according to Bomberg and Klarsfeld [1983], eq.(1.3):

:A+B-p+—(-:—

A o (1.3)

tot

in which the constant A is the air conduction term A,y, B-p is the conduction in the fibres
Asbre, and C/p is the radiative term A.. The constants B and C must be determined by
measurements, and are related to the specific material while the air conduction term is a
constant at constant temperatures A 10°c ~ 0.0249 W/m-K (Pitts and Sissom, 1997). The solid
conduction term is insignificant in low-density materials Agpe ~ 0.001-0.002W/mK, whereas
the radiation part represents approximately 0.008-0.020 W/mK at room temperature when
dealing with low-density materials, e.g. in the interval 10-40 kg/m’>. These models are able to
predict the apparent thermal conductivity when only the density is changed but they are not
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detailed enough in many other cases. For example, when the distribution of fibre diameters or
fibre orientations in the fibrous material is changed, eq. (1.3) cannot be used to predict the
change in thermal conductivity.

Figure 1.1 shows an example of the contribution by conduction in air, in fibres, and by
radiation to the total thermal conductivity in a typical fibrous material for building
application, the convection part being disregarded.

0.060 \
0.055 \
0.050

M 0.045 \ total thermal conductivity=A+Bp+C/p -
g \/
= 0040 I
2 o035
2
g 0.030 AN conduction air = A = constant
S N
'g 0.020 \<Mon =Clp
0.010
0.005 conduction fibre =B p

0.000 T T T T T T T T T T T T T T
10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

Density [kg/m’]

Figure 1.1: Contributions from conduction in air, conduction in fibres and radiation to the total thermal
‘ conductivity in a mineral fibre insulation for building application according to Kumaran [1996] in
which the constants A = 0.02606 W/m K, B = 5.48-10° W-m%K kg and C = 0.331 W-kg/K-m* are
used at a temperature of 10°C in eq. (1.3). However, minor variations in the constants will exist

when comparing with the work of other authors.

The air conduction must be considered as a part of the total thermal conductivity which
cannot be influenced unless the fibrous material is in vacuum or the air is replaced by an inert
gas; the conduction due to the fibres is negligible when considering low-density materials. On
this background, attention in the current project has been centred on two subjects:

e cxamining whether disregarding natural convection in fibrous materials is an acceptable
assumption when dealing with thick dimensions (Part I)

e studying the modelling of radiative transfer in fibrous materials (Part II)

The present report (Part I) includes only the examination of natural convection in fibrous
materials. Forced convection has not been treated in the project.
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1.2 Purpose and limitations of the study in part I

In the main part of previous work considering the effect of natural convection, only a limited
thickness has been studied, and primarily the increase in the overall heat transfer is regarded.
From this perception natural convection is not expected to occur in fibrous materials, except
at very low densities which signifies a very permeable material, and when big temperature
differences exist across the material. In the last two decades, the different properties of the
products have currently been optimised in order to fulfil various demands — which in some
‘cases may has caused the permeability to increase, and the applied thickness of the fibrous
materials has been increased in order to reduce the overall heat loss.

Therefore, the purpose of this work was to investigate experimentally:
e whether convection takes place in fibrous materials

e and if convection occurs - how it affects the heat flow in the material

when the fibrous materials have various properties, a thick dimension, and when various
temperature differences are applied.

Generally, when measuring steady-state thermal resistance the limit in the specimen thickness
is within 0.1-0.15 m, depending on the size of the measuring area, in order to achieve a one-
dimensional heat flow. The experimental investigation in this project is carried out in a new
designed convection apparatus in which it is possible to measure the effect of convection
when the height of the specimen is 3 m, and the thickness within 0.1 — 0.5 m. When the
specimen thickness increases the measured heat flow decreases and it becomes more difficult
to measure the heat flow precisely.

Furthermore, the purpose was:

® lo evaluate the ability of the convection apparatus for measuring on big specimen
thickness

It is important to know how convection takes place in the fibrous material itself when
containing inhomogenities and joints, in order to be able to analyse the effect of convection
when the materials are applied at real conditions. This project only concerns the convection in
the fibrous materials.

Therefore, the following test conditions have been applied in the experimental investigation:

e “perfectly” installed material (i.e. without known imperfections in the material)
e impermeable and isothermal boundaries
e both horizontal and vertical structures are measured.




Chapter 1: Introduction

1.3 Structure of the thesis
The thesis consists of two separate reports which treats the subjects:

e Part I: “Effect of natural convection on heat transfer in fibrous material”
e Part IT: “Modelling radiative heat transfer in fibrous material”

The two reports can be read independently, and only the structure of part I will be presented
in the following. The structure of part II is described in part II.

1.3.1 Structure of part I

Chapter 2 contains a review of previous theoretical and experimental results concerning heat
transfer by natural convection. The literature survey presents the basic equations theoretically
describing the problem natural convection in fibrous materials with impermeable boundaries,

and presents the onset criteria for natural convection when the space is either horizontal or
vertical.

Chapter 3 describes the computer calculations performed on a model similar to the convection
apparatus. From the computer calculations an impression is obtained of the natural convection
effect which should be detected in the measurements, if the specimen complies with the
assumption made; directionally homogeneous properties, and perfectly installed in the
apparatus. A brief description is given of the computer program applied. The chapter ends
with a brief summary.

Chapter 4 describes the convection apparatus applied to detect the effect of natural convection
in the specimens. A brief description is presented of the performance test which has been
completed before the measurements started. An estimate of the maximum error when
performing absolute measurements in the apparatus is given in a separate appendix.

In chapter 5 the test specimens and performed measurements are described. The results of the
experimental investigations are presented and commented in relation to error detected in the

apparatus, and to the computer calculations presented in chapter 3. The chapter ends with a
brief summary. '

Chapter 6 contains the conclusion, which gives a brief summary of the experimental work and
recommendations for further work.

The summary of the reports, parts I and part II, is placed as the first part in both reports.

The literature to which references have been made in this report is described in the
bibliography.

To the extent possible, symbols according to ISO have been used. Any other symbols are
explained in the text. SI units are used throughout the entire thesis.
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2. Studies of literature
2.1 Introduction

The following section outlines the theoretical relationship describing heat transfer by
combined fluid conduction/convection through an air-permeable insulation. The equations,
which describe the heat transfer in porous media with natural convection (the porous-medium
analog of the Rayleigh-Bérnard problem) were first examined by Horton and Rogers [1945]
~and independently by Lapwood [1948]. More recent work, after 1967, improved the
equations, and comparisons of theoretical calculations with experimental work proved
acceptable for the last one obtained (Fournier and Klarsfeld, 1974). The physical problem of a
fluid space (the Rayleigh-Bérnard problem) can be found in many textbooks and is treated in
connection with convection in porous media by several authors, e.g. Bankvall [1972] and
Serkitjis [1995]. This problem will not be discussed in detail here.

2.2 Theoretical description - Classic Darcy Approximation

The basic equations describing natural convection in a porous layer are presented in eq. (2.1-
2.3). The equations describe the conservation of mass, momentum equilibrium, and
conservation of energy in the porous layer. The Classic Darcy approximation only considers
the porous layer in which the boundary conditions are assumed to be known (impermeable
and isothermal). In cases where an air space is in contact with the porous layer, the Darcy-
Brinkmann model should be considered.

The basic equations are derived from the study of a unit volume and describe the conditions in
the general case of an isotropic material based on the following assumptions:

¢ the flow is steady and within the laminar Darcy region
the fluid is incompressible

e all fluid properties are assumed to be constant, except the fluid density the temperature
dependency of which causes the convection to take place

¢ the boundaries are impermeable and isothermal

The continuity equation:

Describes the conservation of mass for incompressible fluids i.e. the same amount of mass
flows out as into the control volume.

Vu=0 2.1)

The moment equation (force balance equation):

Describes that the acceleration of a unit volume of air carried along in the current equals all
external forces affecting the volume.

—Q—f'ﬁ—Vp+pf£=pf-5-V5

m

(2.2)




[

Chapter 2: Studies of literature

describes the acceleration of the unit volume of fluid due to the total force acting on it.
MNe 3

Km

describes the resistance of the porous material against air movements

Vp
describes the driving force due to pressure differences and
 Pr g

describes the gravitation acting on the fluid.

The energy equation:

Describes the change in energy content at steady-state conditions in a unit volume i.e. in this
case, the change in temperature equals the heat conducted into it by air flow.

V- VD)~ (pc,);u- VI=0 (2.3)

In order for the thermal convection to occur, the air density must be a function of the

temperature. The Boussinesq approximation eq. (2.4) is normally used to describe the
temperature dependence of the air density:

pfzpo(l_ﬁ‘(T_To)) 2.4)

in which Ty is a reference temperature for which ps= po. The Boussinesq approximation is
valid provided that the changes in density remain small compared to po throughout the flow
region; and provided that the temperature variations are incapable of causing the various
properties of the fluid to vary significantly from their mean values (Nield & Bejan, 1992).

Equations (2.1-2.4) are given in many textbooks on heat transfer together with their
references e.g. in Nield and Bejan [1992] and Claesson and Hagentoft [1994].

2.2.1 Non-dimensional numbers in the general case

In the last three decades, a lot of experimental work has been done in the field of convective
heat transfer resulting in empirically derived equations which contain non-dimensional
numbers e.g. Wolf [1966], Klarsfeld [1970], Bankvall [1972], Fournier & Klarsfeld [1974],
Langlais et al. [1990] and Silberstein et al. [1990]. The advantage is that a large number of
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variables can be combined in a few non-dimensional numbers containing the properties of the
fluid and the porous material, the height and thickness of the space, as well as the temperature
difference throughout the material.

The following non-dimensional numbers are normally used to characterise the convection
process in an air space. The corresponding non-dimensional numbers when the space is filled
with a homogeneous material are analogical with the air space.

The Prandtl number

The Prandt]l number Pr characterises the fluid and is the ratio of the kinematic viscosity v to
the thermal diffusivity as of the fluid:

Pr = —. a; = Ay

a,’ (Pc,)s (2.5)

The kinematic and the dynamic viscosity of the fluid are related through the density:

vV=—
P, (2.6)

In the case of air, Pr can be considered constant over a broad temperature interval with the
value 0.73 (Serkitjis, 1995).

The Grashof number

The ratio between the thermal forces, caused by differences in density, and viscose forces in
the fluid is expressed in the Grashof number. The Grashof number is used to define the flow

field in natural convection, in which the temperature difference in the air initiates the flow,
and is defined by:

_g-B-d}-AT

Gr = X))

ds is the vertical height of the air space and is shown in figure 2.1 for a horizontal and a

vertical air space. \ A

(o D a
U \/

Figure 2.1: 'The vertical height d; in the Grashof number in case of a horizontal and vertical space containing
one or two convection cells.

The thermal expansion coefficient B of an ideal gas is given by:

_1
B=1 o 2.8)

in which T is the absolute temperature.
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The Rayleigh number
The product of the Prandtl number and the Grashof number is called the Rayleigh number and

expresses the ratio between released energy, due to difference in density, and energy used in
conduction and friction:

(Pe,); .g'B'd? AT
A, \%

Ra=Pr-Gr=

(2.9

The Nusselt number

The Nusselt number Nu is defined as the ratio between heat transfer with convection and heat
transfer without convection.

(I) with convection

No=o—— (2.10)

without convection

If no convection occurs, Nu becomes “1.00”; otherwise the value of Nu will exceed unity.

The non-dimensional numbers, describing the air space, are modified to describe the
convection in a homogeneous material. For this purpose, the Darcy number and the thermal
conductivity ratio are introduced.

The Darcy number

The Darcy number Da is the ratio between the permeability and the square of the vertical
height of the space.

K

Da =" 2.11)

‘The thermal conductivity ratio

Is the ratio between the thermal conductivity of the fluid Arand the thermal conductivity of the
porous material Ay,

y (2.12)

According to the definition of the air space egs. (2.5 and 2.9), the modified Rayleigh number
and Prandtl number describing natural convection in the homogeneous porous material are:

Ra_=Ra-Da-A, Pr, =Pr-A (2.13)
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2.3 Horizontal space: Onset criteria for natural convection

In a horizontal space filled with a homogeneous porous material, in which the boundaries are
impermeable, the Rayleigh number from eq. (2.13) becomes:

_8B-(pey): d, K, -AT (2.14)
" Y A

m

Ra

in which dy, is the vertical height of the permeable material and equals drdefined in figure 2.1.

Nield [1968] studied the onset of convection in a homogeneous porous medium using a
critical Rayleigh number and a corresponding critical wavenumber a,, to express when natural
convection begins. The critical Rayleigh number and the corresponding critical wavenumber
ay are determined from a linear stability analysis of the steady state solution of the equations
describing the problem eq. (2.1-2.3). In the general case of a horizontal porous layer heated
from below with impermeable and isothermal boundaries, Ra,, and a,, according to Nield and
Bejan [1992], are connected through:

(j’z* +a))’ .
Ra, ; = ——~—a2—-—— j=123..... (2.15)

w

the lowest value of Rag,;j is obtained when j = 1 and a, = ®© which means that the critical
Rayleigh number Ray, ., becomes 41t2, and the associated critical wavenumber a,, = 7. In case
of Ray, < 47%, heat is transferred in a stable state by conduction and radiation. When Ray, is
above this limit, instability appears as convection in the form of a cellular motion with a
horizontal wavenumber equal 7. In this way, the linear stability theory predicts the size of the
convection cells in a homogeneous material (Nield and Bejan, 1992). The wavenumber and
the wavelength of the convection cells are related by a, = 2m/A,. Figure 2.2 illustrates

convection cells with the wavelength A,.

. Aw

Figure 2.2: Cross section in convection cells in which the shape is elliptical rolls of wavelength A,,. Calculated
in case a fluid is situated between two impermeable surfaces (reproduced from Serkitjis, 1995).

The onset criteria for convection is tabulated by Nield [1968] for all combinations of
impermeable (closed) or permeable (open), and conducting or insulating conditions at the
lower and upper horizontal boundaries, shown in table 2.1. The permeable boundary is
equivalent to constant pressure whereas the conducting and insulating boundary equals
constant temperature and constant heat flux, respectively.
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Table 2.1:  Value of the critical Rayleigh number Ra,,, and associated critical wavenumber a,,, for various
boundary conditions according to Nield {1968].

Boundary conditions Ray, Aw,cr
of permeability of conductivity
lower upper lower upper
impermeable impermeable conducting conducting 4.7 T
impermeable impermeable conducting insulating 27,10 2,33
impermeable impermeable insulating insulating 12 0
impermeable permeable conducting conducting 27,10 2,33
impermeable permeable insulating conducting 17,65 1,75
impermeable permeable conducting insulating 1:2 2
impermeable permeable insulating insulating 3 0
permeable permeable conducting conducting 12 0
permeable permeable conducting insulating 3 0
permeable permeable insulating insulating 0 0

Experimental verification of Ran . shows that a deviation from isothermal boundaries will
initiate the convection when Rap, > 0, but the convection will not be significant until Rap o
has been exceeded (Langlais et al. 1990).

2.3.1 Effects of anisotropy

Castinel and Combarnous [1975] obtained the onset criterion of convection in a porous layer
with anisotropic permeability, whereas Epherre [1975] allowed both permeability and thermal
conductivity to be anisotropic. The material in this section is based mainly on the review by
McKibbin [1985, 1986] in which he discusses, how the part of fluid circulating in the space
varies with the cell width, the anisotropy in permeability, and the thermal conductivity when
different boundary conditions are applied. When the top is impermeable, the circulation of
fluid will be total. In McKibbin [1986] the Ray, . and ay ., concerning anisotropy are also
given when the upper boundary is open, either with constant pressure and heat flux or with
constant pressure and temperature. Only the case where the boundaries are impermeable and
isothermal is described in this section.

A measure of the anisotropy of the porous material is introduced by:

Ky Ay
=—H and n=-H
¢ Ky e Ay (2.16)

in which € and n express the ratio between the horizontal and the vertical permeabilities and
thermal conductivities, respectively. With impermeable, isothermal boundaries Epherre

[1975] found the critical Rayleigh number for the onset of two-dimensional convection (rolls)
of cell width/depth ratio L to be:

_n¢E+ M+ 1)

Ra,,, £ (217)

10
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As L varies, the minimum value of Rag,  is obtained when L = & n)t

2
R : =21+ n : n (2.18)
[ am,cr aw,cr] T ( \/;] (g_n)lM

For an isotropic material (§ =1 = 1) eq. (2.18) equals the conditions in table 2.1:
Ra,.:a,, |=[4n>;x] (2.19)

Several experimental studies with different types of fibrous material have been carried out in
order to verify the onset criteria for natural convection e.g. Fournier et al. [1974], Bankvall
[1972] and Langlais et al. [1990]. In the main part of the investigations, the fibrous material
has been considered a homogeneous material as far as the Rap, ., is concerned. This seems to
be an acceptable approach as the anisotropy ratio &M is in the range of 1.3-1.8 depending on
type and density of the fibrous material. Kvernvold and Tyvand [1979] found that for two-
dimensional flow, the Nusselt number depends on the ratio &M only as shown in figure 2.3.

§
==0.01
8 |- 1 100
0.1
10
6 1
Nu
4 ol
2L
0 1 1 1 1 1 1 Ra,/Ra,, .,
0 2 4 . 6 8 10

Figure 2.3: Nusselt number versus Ra,, /Ray., for various anisotropy ratios &m (reproduced from Nield and
Bejan 1992 after Kvernvold and Tyvand 1979).

Figure 2.4 shows the onset of convection in a horizontal porous layer obtained by
experimental and numerical results. The experimental results agree with the numerical results
about the onset criteria for convection to take place.

11
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Figure 2.4: Onset criteria for convection in case of a horizontal porous layer. Comparison of experimental and
numerical results (P.Cheng, 1978).

24 Vertical space: Onset criteria for natural convection

When a vertical space is filled with a homogeneous material and the boundaries are
impermeable, the modified Rayleigh number is usually defined as:

_8'B-(pc,): h-K,-AT (2.20)

Ra
" v A

B

The geometry of the vertical permeable space is shown in figure 2.5.

hot side 7//

cold side

.

i_ﬂa

Figure 2.5: Geometry of vertical permeable space.
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Bomberg and Klarsfeld [1983] suggest that the modified Rayleigh number is calculated on
basis of eq. 2.21 when the heat conduction and permeability depends on the direction in the
material.

=g‘B.(pCp)f. 4-K. u Kuov h-AT

Ra
Vo Wy Ko e Koy’ 2.21)

m

" In the vertical space containing a permeable material, the situation is more complicated than
in the horizontal space, as the onset of natural convection will be influenced by both the
modified Rayleigh number Ray, (or filtration Rayleigh number), the aspect ratio of the space
h/dy, and the boundary conditions. Bankvall [1977] emphasis that no critical Ra,, values
exists in the vertical case. Which agrees with the work by Klarsfeld [1970], and Bomberg and
Klarsfeld [1983] in which they emphasis that convective movement in a vertical structure
grows gradually with the temperature difference. -

Whereas Fornier and Klarsfeld [1974], Bhattacharyya [1980], and Silberstein et al. [1990]
report the criterion for the onset of convection in a vertical structure with impermeable and
isothermal boundaries to be:

h
Ram,cr >4 a‘— : (2.22)

m

The Nusselt number for the vertical structure containing a permeable material can be
expressed in the general form:

Nu = f(Rap, h/dy, boundary conditions) (2.23)

Nield and Bejan [1992] propose the Nusselt number shown in eq. (2.24) in a porous layer
heated from the side after convection has been initiated.

1 d,
Nu =T--h—-,/Ram (2.24)

Figure 2.6 shows a comparison between eq. (2.24) and experimental data obtained by
different researchers.

13
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Figure 2.6: Comparison of Nusselt numbers from experimental results with the relation in eq. (2.24) in case of
different aspect ratio h/d,, Bejan, [1984] (reproduced from Nield and Bejan, 1992).
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3. Numerical calculation of convection by means of the
computer program CHConP

The computer program CHConP (Convection Heat Conduction Program) is used to evaluate
the effect of convection in fibrous material with directionally homogeneous properties in a
vertical structure similar to the test equipment used in the experimental investigation.

CHConP is developed by Professor C-E Hagentoft, Chalmers University of Technology,
Gothenburg.

3.1 Description of the computer program CHConP

CHConP calculates the temperature distribution and heat flow from combined heat
conduction and convection by solving the two-dimensional heat transfer equations shown in
eq. (3.4) and (3.5) using the finite difference method FDM and an iterative solution method.

The input data needed to run CHConP are:

e the geometry of the structure
e the thermal conductivity and permeability of the materials in two directions

e the boundary conditions: temperature and thermal resistance, pressure and pressure
resistance '

The results from the simulations are presented as: heat flow ® (W/m) through an arbitrary

boundary, air flows in two directions at a given position in the porous material g, (m*/m*s),
and as temperature distribution at an arbitrary level in the construction.

The equations used in CHConP to calculate the two-dimensional coupled convection and

conduction in the porous material, in which the properties are anisotropic, are shown in egs.
(3.1-3.6).

The air flow rate vector qa = (qax, Qay) (m3/m2-s) is determined from the force balance equation
eg. (2.2) in which the Boussinesq approximation is used for the buoyancy forces:

.. S
=~ ox (3.1)
K, (9
qay :——_y.(gg-*_pf Bg(T_TO)) (32)
n y

in which the y-coordinate is pointing downwards, and p (Pa) is the deviation in air pressure
from the hydrostatic air pressure at temperature To. It is assumed that all the fluid properties
are constant. Only the temperature dependence on the density in the buoyancy term causing
the thermal convection is taken into account.
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Chapter 3: Numerical calculation of convection by means of the computer program CHConP

The continuity equation describes the conservation of mass. In order to achieve mass
conservation the condition in eq. (3.3) must be fulfilled in each control volume.

aq aqay
a2
ax ¥ ay (3-3)

The density of heat flow rate q = (qy, qy) considering coupled conduction and convection

inside the porous material, when steady-state conditions occur, is obtained from egs. (3.4 -
3.5).

T
qx :_)\'tot,x a—x+qax '(pcp)f (T_To) (3'4)

oT
y :—}\’tot,y §+qay '(pcp)f ) (T—To) (35)

At steady-state conditions, the energy equation describes that the amount of energy flowing
out of a unit volume equals the heat conducted into it. The energy balance must be maintained
everywhere in the material:

aq aqy
Ax Y g
ox " ady (3.6)

As default the boundaries in CHConP are adiabatic. If the boundaries deviate from the default

conditions, the surface temperature and the thermal resistance together with the pressure and
pressure resistance must be specified.

For the general case, no exact solution to the above-mentioned equations is available, and a
‘numerical technique must be applied. A description of the iterative solution method used in
CHConP can be found in Hagentoft and Serkitjis [1995].

Fryklund [1995] compares simulated heat flows from CHConP with:

e measurements of attic heat flow from the Oak Ridge National Laboratory (ORNL)
the theory of the onset of convection

e simulated heat flows from a computer program developed by ORNL.

In Fryklunds investigation, the input parameters in the computer simulations were gradually
refined until good agreement was obtained between the calculated and the measured heat flow
from ORNL. This was necessary because the information available from ORNL was not
sufficient to make a complete computer model of the test conditions.

The simulations made with CHConP and the theory of the onset of convection proved to be in
good agreement. When using the same aspect ratio in CHConP as in the computer program
from ORNL (Wilkes et. al, 1991), they proved the same results.

Hagentoft and Serkitjis [1995] have further developed the computer code to work on a three-
dimensional problem concerning a horizontal geometry (CONVBOX) in which all the
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Chapter 3: Numerical calculation of convection by means of the computer program CHConP

boundaries are considered air-tight, except for the horizontal top surface of the insulation. The
three-dimensional model has been compared with measurements of convection in a horizontal

structure filled with a homogeneous, porous material (cylindrical polystyrene pellets) with
good accordance (Serkitjis, 1995).

3.2 Description of model

Figure 3.1 shows a sketch of the model applied in the numerical calculations. The geometry
of the convection apparatus is used in the model. The height of the apparatus is 3 m, and the
calculations were performed on a specimen thickness of 0.2 and 0.5 m ie. the aspect ratio
h/d,, of the vertical structure were 15 and 6, respectively. In the measurements, all the
boundaries were impermeable. In the computer calculations, the two vertical boundaries of a
height of 3 m were presumed to have a pressure resistance of 1-10%° Pa-s/m”; which equals a
totally air-tight surface and a boundary pressure of 1-10%° Pa. The two remaining boundaries
are adiabatic and impermeable. The heat conductivity and air permeability used in the

calculations are shown in table 3.1 together with the family of fibrous materials, which match
the thermophysical properties.

Table 3.1:  Input parameters.

Material Heat conductivity Permeability Thermal surface

[mW/m-K] [-(10 m?] resistance

[m*K/W]
A (D) () K (1) K, () cold hot

Stone wool (1), 35.7 38.7 17.9 28.7 0.1 0.006
p =30 kg/m®
Fibre glass (2), 35.9 39.5 23.6 45.4 0.1 0.006
p =17 kg/m’
Fibre glass (3)*, 47.0 51.7 107.8 198.0 0.1 0.006
p = 8.6 kg/m’

*  This fibre glass contains loose fibres without any binder and does not have a well defined shape which

makes it difficult to measure the permeability.

The thermal surface resistance on the hot side equals the resistance of the glass plates which
serve as the heating unit in the convection apparatus, and the resistance on the cold side
equals the resistance of the plywood cover which forms the impermeable surface against the
cold box. The design of the convection apparatus is described more detailed in chapter 4. In
the apparatus, the heat flow through the specimen is measured individually in twelve different
sections each with a height of 0.25 m. In the model, two materials A and B are used (figure
3.1) in order easily to achieve the result of the heat flow in the different sections of the model.
The properties of material A and B are equal, except for the permeability in the x-direction
which has been increased by 1-10"? m? in material B.

The applied surface-to-surface temperature differences in both the calculations and the
experimental investigation range from 20 to 40°C using the following combinations of surface

temperature on the hot and cold side, respectively (20°C; 0°C), (20°C; -10°C), and
(30°C; -10°C).
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Direction:
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Figure 3.1: Computer model; geometry and boundary conditions when simulating a vertical structure. The
calculations have been performed with an aspect ratio of h/d,, = 6 and 15.

3.3

Results and discussion

The calculations have been performed on the three materials in table 3.1. The ratio between
the average heat flow with convection @y v and the average heat flow without convection

@, (= the Nusselt number) is shown in table 3.2 together with the value of Rap, calculated
according to eq. (2.21).

Table 3.2:  Surface temperature difference and calculated Nusselt number.
Material Surface Surface Ra,, Average heat max.
according fo temp. temperature according to flow ratio air flow
table 3.1 difference eq.(2.21) Nu = @y /Py | X103 m*/m’s
AT Thot Tcold h/dm h/dm h/dm h/dm
[°C] [°C] [°C] 6 15 6 15
(€)) 20 20 0 11.1 1.00 1.00 | 0.064 | 0.063
) 30 20 -10 17.8 1.00 1.00 | 0.096 | 0.095
4] 40 30 -10 222 1.01 1.00 | 0.127 | 0.126
(3] 20 20 0 157 1.00: 1.00. | 0.101 | 0.100
2) 30 20 -10 25.2 1.01 1.00 | 0.151 | 0.150
) 40 30 -10 314 1.01 1.00 | 0.201 | 0.200
3 20 20 0 53.6 1.04 | 1.00 | 0.438 | 0433
3) 30 20 -10 86.1 1.08 | 1.00 | 0.657 | 0.649
3 - 40 30 -10 107 113" 1.01 | 0.875 |-0.866
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Chapter 3: Numerical calculation of convection by means of the computer program CHConP

The critical Rayleigh number Rag, ¢ for the calculated structures according to eq.(2.22) is

shown in table 3.3.

Table 3.3:  Critical Rayleigh number Ray,_, for the calculated vertical structures accordin g to eq. (2.22).

Ra,, . (Wd,, = 15) Ra o (Wd, = 6)

60.0 24.0

According to the experimental perception, we would only expect the total heat flow to be
influenced by natural convection in the cases where Ra,, exceeds Ray, o

In the investigated cases of h/dy, = 6 the numerical calculations show an increase in the
average heat flow when Ray, reaches Ray, ., When h/d,, = 15 the numerical calculations only

show an insignificant increase in the average heat flow even though the Ra, has exceeded
Rag,cr

The maximum air velocity is found near the vertical boundaries at h/2. The air velocity in the
structure seems to be independent of the aspect ratio but increases as the permeability, and the
temperature gradient increases. The air movements in the material cause a deviation from
linearity in the temperature profile in the material.

For the materials described in table 3.1 the local Nusselt number is calculated for each of the

twelve separate sections applying the surface temperature from table 3.2. The results are
presented in figures 3.2 - 3.4.

From the figures 3.2 and 3.3, and the result in table 3.2, it is obvious that even if the
convective air movement does not affect the total heat flow in the structure, a big difference in
the heat flow between the top and bottom sections may exist in the vertical structure. The
difference in heat flow between the top and bottom section increases with the permeability,

the surface temperature difference, and with the thickness of the specimen i.e. when the aspect
ratio decreases.

3.00
2.75 stone wool (1)
2.50
2.25
E 200 :
= oo AT = 20 (15)
1.75
g AT = 30(15)
F 150 AT = 40 (15)
84 1 .25 PO Rty M.r'“'w‘AT = 20 (6)
E 100 AT = 30 (6)
= .
s s AT = 40 (6)
= 075
&
& 0.50
0.25
0.00
0.6 0.8 14 N

Figure 3.2: Calculated heat flow pattern in stone wool (1) with aspect ratio h/d, = 6 and 15 applying the
surface temperatures from table 3.2.
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Figure 3.3: Calculated heat flow pattern in fibre glass (2) with aspect ratio h/d, = 6 and 15 applying the
surface temperatures from table 3.2.
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Figure 3.4: Calculated heat flow pattern in fibre glass (3) with aspect ratio h/d,, = 6 and 15 applying the
surface temperatures from table 3.2.

In stone wool (1) the Nusselt number in the bottom part at AT = 40°C increased from 1.06 to
1.25 when the thickness was increased from 0.2 m to 0.5 m. In fibre glass (2) the Nusselt
number in the bottom part increased from 1.09 to 1.40 when the thickness was increased and
AT = 40°C. While the corresponding increase in the Nusselt number in the bottom part in
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fibre glass (3) was from 1.35 to 2.65. In fibre glass (3) both the permeability and heat

conductivity are high, when AT = 40°C the heat flow in the bottom section becomes approx.
seven times the heat flow in the top section.

3.00

stone wool (1)
2.75

2.50
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075 /
0.50
0.25 /

6 - 8 10 12 14 16
Temperature, [°C]

Figure 3.5: Calculated temperature distribution in the centre of stone wool (1) when h/d,, = 6 and when the
surface temperature difference is 40°C.
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Figure 3.6: Calculated temperature distribution in the middle of fibre glass (3) when h/d,, = 6 and when the
surface temperature difference is 40°C.
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Figure 3.5 and 3.6 show the temperature profile in the centre of the materials stone wool (1)
and fibre glass (3) when h/d, = 6 and a temperature difference of 40°C is applied. If no
convection had occurred, the temperature in the centre would have been 10°C, and uniform
due to the thermal conductivity of which temperature dependence is disregarded in the
numerical calculations. In stone wool (1), when calculating the temperature profile in the
centre, the temperature at the bottom becomes 6.6°C lower than the temperature at the top. In

the highly permeable insulation, fibre glass (3), the temperature at the bottom becomes 25°C
lower than the temperature at the top.

The calculations have also been performed on the same structure as shown in figure 3.1 when
it is turned into a horizontal position with the cold side on top using the properties of the
materials stone wool (1) and fibre glass (3) and a temperature difference of 40°C. In these
cases the heat flow from all the twelve sections was equal, and the numerical calculations did
not show any air movement in the structure. \

34 Summary

In this section numerical calculations of the effect of natural convection on the heat flow
pattern in fibrous materials have been performed on a structure similar to the convection
apparatus used in the experimental investigation. The aim of the calculations was theoretically
to examine the distortion of the heat flow pattern caused by natural convection in fibrous
materials with constant directional-dependent properties without distortions from joints in the
specimen, and from uncertainty in the measurement.

The numerical calculations showed that:

e an increase in the total heat flow should only be expected in the highly permeable
material, fibre glass (3)

e the difference in heat flow between top and bottom of the specimen increases as the
following parameters are increased: the surface temperature difference, the thickness of
the specimen, and the permeability

e the distortion in heat flow may also be observed as a similar distortion in the temperature
profile in the centre of the specimen.
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4. Test equipment - Convection apparatus

In connection with this study, a convection apparatus was built-up at the Dept. of Buildings
and Energy. The design of the apparatus was tested in a small-scale prototype apparatus
described in Svendsen and Dyrbgl [1995]. The purpose of the apparatus was to measure the
difference in heat flow at different sections in porous materials, expressed as local Nusselt
numbers, when the apparatus was located in various positions, and when different temperature
conditions were applied. The design of the apparatus follows the principle of a guarded hot
plate apparatus for measuring thermal conductivity (ISO8302, 1991). This section describes
the design of the convection apparatus and the results of the performance test.

4.1 Design of convection apparatus

The convection apparatus has a total measuring area of 1x3 m2 The measuring area is divided
into 12 individual sections which makes it possible to measure the heat flow throughout the
individual sections of the test specimen. The area of each measuring section is 1.0x0.25 m2.
Figure 4.1 shows the geometry and the guard arrangement in the apparatus.

Test specimen

500

Guard Guard ™ Guard
ring Measuring plate ring side ring

Bottom guards

100 200

150 400 1000 I 400 150

Figure 4.1: Cross section A — A in convection apparatus. The location of the cross section is shown in figure
4.2,

In order to avoid that the measurement is disturbed by air movements in the material covering
the guard ring, the test specimen only covers the exact measuring area. The area above the
guard ring is covered by an impermeable insulation material (polystyrene). The thickness of
the guard insulation is varied with the thickness of the test specimen as the airtight cover for
the test specimen rests on the guard insulation. The guard insulation is pressure stable and
serves to define the thickness of the test specimen. The apparatus is designed to measure test
specimens of a thickness of 100 to 500 mm. When measuring heat flow, the apparatus has a
maximum capacity of 51.2 W/m?, i.e. 12.8 W/0.25 m?2.
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(a) Bottom and side guards

(b) Measuring sections and guard ring

Figure 4.2: Sketches of the test apparatus. (a) shows how the bottom and side guards have been designed, and
(b) shows the arrangement of the twelve measuring sections and the guard ring surrounding the
measuring area.

The apparatus is placed in a cold box which forms the cold side of the apparatus. The
apparatus is suspended by an axis of rotation which allows it to be placed in any random
position in order to simulate the conditions in either a ceiling or a wall as shown in figure .
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Figure 4.3: Convection apparatus placed in the cold box. The suspension of the apparatus allows it to be
rotated 360°, and the measurement to be performed in various positions.

4.1.1 Measuring plates and warm side in the apparatus

The individual measuring sections consist of a glass plate with an electrically conductive
coating located on the opposite side of the test specimen. The electrical resistance of the
coating is known for each glass plate, and the temperature control of the glass plates is gained
from power supplied to the coating. The measuring plates are individually operated at a
constant temperature. The temperature set point of the measuring area can be controlled

within the limits of the power supplies taking into consideration the temperature stability of
the material used in the construction i.e. polystyrene.

The power supplied to the glass coating to control the plate temperature is regulated by a PID-
regulator. The temperatures of the glass plates are measured every ten seconds. From the
measured temperatures, the power required to maintain a constant temperature on the plates is
calculated and supplied to the coating within the next ten seconds. When the electrical
resistance of the coatings is known, the heat flow throughout the individual measuring
sections can be calculated based on the power supplied to the coatings. The design of the
apparatus and the regulation is described in detail in Nielsen [1997] and Dyrbgl {1998].

The arrangement of thermocouple for temperature measurements and thermopile for the
control of the guard ring is shown in figure 3.1. The measurements performed show that the
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temperature distribution over the total measuring area is uniform within #0.1°C when no
convection occurs. With convection, the air movements in some of the observed cases caused
a horizontal temperature gradient which exceeded 1.0°C on single glass plates.
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Figure 4.4: Design of warm side in convection apparatus showing the arrangement of thermocouples and
thermopiles for the temperature control of the measuring plates and guard ring.

4.1.2 Cold side in the apparatus

The cold side of the apparatus is formed by a 14 mm plywood cover which forms a straight
airtight cover for the test specimen. The air temperature in the cold box, in which the
apparatus is placed, is used to control the temperature of the cold plate in the apparatus. The .
temperature in the box is regulated by a Pl-regulator, and it is possible to adjust the
temperature down to -10°C. In order to get a uniform temperature distribution in the box,
which has the internal dimension 5.9 x 3.1 x 4.5 m® (lengthxwidthxheight), three fans
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circulate the air in the box. The location of the fans and the freezer unit in the cold box is
shown in figure . The temperatures on the cold side of the specimen are measured by
thermocouples located between the plywood cover and the test specimen, just above the
locations where the temperatures are measured on the measuring plates, see figure 3.1. The
temperature on the cold side of the test specimen is uniform within 0.5°C.

4.1.3 The guard sections in the apparatus

To ensure a one-dimensional heat flow throughout the test specimen when measuring
specimens thicker than 200 mm, the convection apparatus is designed with a three-
dimensional guard system. The guard ring sections (GR), which are at the same level as the
measuring plates (MP), are made of glass just as the MP. The guard sections at the bottom
(GB) behind the measuring plates are made of aluminium with a uniform heating wire. The
guard section units on the side are made from stainless steel; each with three heating bands.
The high thermal conductivity of the steel helps achieve a linear temperature profile at the
edges in the apparatus. The three heating bands are placed at the same level as the bottom
guard sections (GSB), the guard ring sections (GSR), and 0.25 m above the measuring plates
(GSM), which equals the centre of the specimen when measuring a thickness of 500 mm.
Each heating band is balanced against the temperature of the guard in front of it. The heating
band GSM, which controls the temperature in the centre of the specimen, is balanced against
the temperature in the guard insulation next to the test specimen and approx. 0.2 m above the
measuring plates. The location of thermopiles for regulating the guard ring is shown in figure
3.1. The bottom guard section is balanced against the average temperature of the four
measuring plates above it; which the guard ensures. The temperature of the individual guard
sections deviates by less than 0.1°C from the temperature against which it is balanced.

4.2 Performance test

The purpose of the apparatus was to measure the relative differences in heat flow rates rather
than measuring high-precision absolute values. When performance testing the apparatus, the
following was investigated:

o the absolute measurements were compared to measurements performed in a heat flow
meter apparatus according to ISO8301[1991]

¢ the reproducibility when removing and remounting the test specimen

¢ the ability of the apparatus to measure in vertical as well as in horizontal position
o the steady-state conditions

In order to test the thermocouple wires, 10 elements were compared to a precision
measurement by using an extra measurement card at 0°C and 20°C with an average deviation
of -0.15°C and -0.06°C, respectively. The reference temperatures in the used measurement
cards were checked while the apparatus was in thermal equilibrium with the surroundings.

The results of the performance test are described in detail in Dyrbgl [1998].
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The performance test was performed on polystyrene slabs. This material was chosen as it is an
impermeable, homogenous material, and when the cells contain air, its thermal conductivity
does not change over time. As the total test specimen consists of up to 30 individual slabs
dependent on the measured thickness, three slabs, of a density close to the average density of
the specimen installed in the apparatus were chosen as reference material. The thermal
conductivity of the three reference slabs was measured at least four times on each in a heat
flow meter apparatus, in order to obtain the best prediction of the thermal conductivity.

The assigned thickness of the polystyrene slabs was 100 mm. The measurements performed
on the reference slabs in the heat flow meter apparatus were made on the 100 mm slabs with
one layer of 3 mm soft foam on each side to make the measurement comparable with the
measurement in the convection apparatus. The results are shown in figure 3.4. The deviation
in the thermal conductivity is due to uncertainty in the measurement.
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Figure 4.5: Thermal conductivity A;o measured on three polystyrene reference slabs in a heat flow meter
apparatus.

When the polystyrene slabs were inserted in the convection apparatus, the density of the
individual slabs was considered in order to achieve a uniform density of the entire test
specimen. In order to avoid cracks either from the thermocouples placed between the slabs or
from the slabs with no plane surface, two layers of 3 mm soft foam were placed between the
slabs and one layer at the boundaries. Table 4.1 shows the result of the measurement
performed in the convection apparatus on polystyrene.
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Table 4.1:  Thermal conductivity measured in the convection apparatus on polystyrene.

Measuring plate Thermal conductivity Ao [W/m-K]
number
Horizontal pesition Vertical position
(@OL) 2) & 3 )
dy=212 mm dy=212 mm dy= 530 mm, dp= 530 mm
p=17.9 kg/m’ p=17.9 kg/m’ p=18.1kg/m’ p=18.1kg/m’
1 0.0370 0.036 0.0399 0.0400
2 0.0362 0.0353 0.0346 0.0344
3 0.0366 - 0.0365 0.0368 0.0366
4 0.0358 0.0348 0.0347 0.0345
5 0.0378 0.0372 0.0379 0.0381
6 0.0365 0.0358 0.0360 0.0361
7 0.0364 0.0360 0.0362 0.0367
8 0.0363 0.0360 0.0365 0.0367
9 0.0361 0.0361 0.0369 0.0369
10 0.0368 0.0363 0.0372 0.0378
11 0.0367 0.0370 0.0375 0.0377
12 0.0358 0.0346 0.0353 0.0353
average 0.0365 0.0360 0.0366 0.0368

+ the air circulation in the cold box was not satisfactory.

The measurements in the convection apparatus have been performed on an assigned thickness
of 212 mm and 530 mm, respectively, and with a boundary temperature of 0°C and 20°C,
respectively. When measuring the assigned thickness of 212 mm, the air circulation in the
cold box was not sufficient; which was rectified by installing an extra fan in the box.

The average thermal conductivity measured in the heat flow meter apparatus was
0.0358 W/m-K, and the average density of the three slabs was 17.5 kg/m®. The average of the
measurements (3) and (4) in the convection apparatus, which must be regarded as the most
representative due to the problem with the temperature in the cold box, deviates by
0.0009 W/m-K when compared to the reference slabs. The number of reference slabs is too
little to make a correction for the difference in density. As the density of the specimen
inserted in the convection apparatus and the average density of the reference slabs differ by
only 0.6 kg/m’, it is reasonable to use the average measurement as a reference. The deviation
from the reference measurement is within 3% in both the horizontal (3) and the vertical
positions (4). The deviation from the reference measurement to the individual measuring

sections is larger in a few cases; which might indicate a thermal leakage between the
individual measuring sections.

The reproducibility when the specimen was removed and reinserted after a short time was
within 2% (measurements (1) and (2)), whereas the reproducibility when the specimen was
kept in the apparatus was less than 1.2% for all the measuring sections (measurement (3)).

Figure 3.6 shows the measured thermal conductivity in the convection apparatus from table
4.1 and the local Nusselt numbers calculated on basis of measurement (3) and measurement

4).
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Figure 4.6: Local Nusselt numbers and thermal conductivity measured on polystyrene at an assigned thickness
of 212 and 530 mm measured at the different sections of the specimen when Ty, = 20°C and
Tcold =0°C.

As the local Nusselt number approaches unity for all the twelve measuring plates the
apparatus is, in spite of possible thermal leakage, able to give a good assessment of the
relative differences in heat flow between the individual sections in the specimen.

When measuring the impermeable test specimen, the temperature on the warm side was
uniform within 0.3°C. In the centre and on the cold side, the temperature was uniform within
0.5°C. Figure 3.6 shows the temperature profiles in the impermeable specimen measured 0.1
m above the measuring plates when measuring in horizontal and vertical position.

3.00 I I !

275 —+— horizontal position (3)

2,50

——vertical position (4)
225

2.00

175

1.50

i PO e o e NI P T
e D g

1.25 \

1.00 [
0.75

Position in specimen, [m]

0.50

0.25 - .,’

0.00

10 1 12 13 14 15 16 17 18 19 20

Temperature, [°C]

Figure 4.7: Polystyrene: temperature profiles measured 0.1 m above the measuring plates when measuring a

surface temperature difference of 20°C in both the horizontal position (3) and the vertical position
(4). The specimen thickness was 530 mm.
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Due to a minor difference in the cold side temperature, the temperature 0.1 m above the
measuring plates in measurement (3) should be 0.12°C warmer than measurement (4). The
temperature profiles have an insignificant deviation from being linear. The measured
deviation is caused by local deviation in the thermal conductivity of the test specimen and by
uncertainty in measuring the temperature.

4.2.1 Steady-state conditions

The measurement runs until steady-state conditions have been obtained i.e. that the heat flow
through all twelve measuring sections does no longer change with time. The duration of the
transient time and the measuring period are determined by the test specimen and the actual
initial temperature conditions.

The criteria used in the test period for defining when steady-state conditions have been
reached are as follows:

e the measured thermal resistance averaged over a three hour period no longer changes
monotonically

e the measured thermal resistance averaged over a 20 minute period no longer differs by
more than 2% from the measured average in the three hour period

A typical transient time progress for one of the twelve measuring plates in the convection
apparatus is shown in figure 3.5. In order to ensure that the specimen has reached a stable
steady-state condition, the measurement is performed over an extra day, and the result
presented is the averaged value from the last day.
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Figure 4.8: Example of a transient time progress for one of the twelve measuring plates when measuring the
thermal conductivity. The figure shows the measurement of polystyrene with an assigned
thickness of 530 mm and boundary temperatures 0°C and 20°C.
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4.3 Error estimation

Errors in measurement can be divided into two types of errors:

e systematic errors
e random errors

A systematic error is the type of error which occurs with the same deviation in all the
measurements. The random error is the random variation in the measurements caused by the
material, the operator, or other variations in the test conditions.

In relative measurements the systematic error can be ignored as the effect neutralises itself.
However, an estimation of the maximum relative error from systematic errors - when
measuring the thermal conductivity in the convection apparatus - is described in Appendix A.

The maximum systematic error is estimated at + 6.8%. The relative error decreases as the
thickness increases.

When evaluating the systematic error, the error from measuring heat flow to the guard side is
also considered. In the measurements performed, the temperature difference, which causes the
heat flow to the side guards, mainly occurs when air movements exist in the measurement; i.e.
when the measurement is performed with the apparatus in the vertical position. This means
that even if the actual work includes relative measurements, the difference in heat loss to the
side guard may result in a maximum error of +1.5% in the relative measurement.

In the performance test of the apparatus, the reproducibility was found to be approx. £1.2%
when the specimen was kept in the apparatus.

From the above evaluation, the uncertainty in the relative measurements performed in the
convection apparatus is expected to be within 3%. This means that differences measured in
the apparatus of less than 3% should not be considered as significant, as they remain within
the uncertainty of the apparatus.
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5. - Experimental investigation

This section describes the investigations performed to study the influence of convection on
the heat transfer through different types of fibrous materials for building use. The measured
heat flow patterns and temperature profiles are presented and discussed in section 5.4.

The original measuring plan of the project included five different products of fibrous
materials. The products were chosen based on the intention to measure comparable fibre glass
and stone wool products in the form of slabs as well as rolls when using various temperature
differences. An overview of the products, which were intended for measuring is given in table
5.9. The permeability of the stone wool and the corresponding fibre glass differs, whereas the
thermal conductivity is equal, except in the very light rolls of fibre glass.

Table 5.1:  Overview - products of fibrous materials, which were planned to be tested in the original
measuring plan.
| Material Slabs Rolls Density Permeability, Thermal conductivity, L
1 [WmK]
[kg/m’] [10™ m?]
Stone wool (1) ~33 ~18 ~0.035
1 Stone wool (1) X ~33 ~18 ~0.035
Fibre glass (2) ~17-20 ~24 ~0.035
Fibre glass (2) ~17-20 ~24 ~0.035
Fibre glass (3) ~ 8-10 ~108 ~(0.045

Due to the limited time for the project, it was not possible to follow the original measuring
plan instead measurements have been performed on the two materials which represent the
extremity in material properties. An overview of the performed measurements presented in
this project is shown in table 5.10. The remaining parts of the measuring plan will be
completed after this project have been reported.

Table 5.2:  Overview — measurements, which have been performed within the time limit of the project.
Surface Surface Position of apparatus
temp. temperature

diff. Vertical Horizontal

Material heat flow
' hid=6 h/d=7.5 h/d=15 upwards

AT Thoe | Teow | MP1 | MP12 | MP1 | MP12 | MP1

[°C] [°C] [°C] | ontop | ontop | ontop | ontop | ontop | d=0.4m | d=0.5m
Stone wool (1) 20 20 0 X X X X
Stone wool (1) 30 20 -10 X X X X
Stone wool (1) 40 30 -10 X X X
Fibre glass (3) 40 30 -10 X X X
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5.1 Test specimens: Properties
5.1.1 Determination of density

The properties of the fibrous material influencing the convection are the permeability and the
thermal conductivity which are both correlated to the density of the material. Although the
performed measurements are presented as relative measurements, big variations in density
may influence the measurement results. In order to avoid this, the density of the individual
slabs or rolls has been taken into consideration when the specimens were installed in the
convection apparatus in order to achieve a homogeneous density of the entire test specimen.

Material: Stone wool (1)

This material has a well-defined shape, and the density of the individual slabs was measured
in the range of 26.2-34.3 kg/m’. When inserted into the apparatus, the variation in local
density when considering the full thickness of the specimen was calculated to be within 30.0-
31.1 kg/mS, whereas the density of the entire test specimen was 30.5 kg/m3. ‘When the slabs
are placed in the convection apparatus, the connections are alternate in the individual layers as
shown in figure 5.5.

Figure 5.1: Arrangement of individual slabs which make up the test specimen when the material is stone wool
(1). The joints between the individual slabs in each layer are shifted in order to avoid joints going
through the thickness of the total test specimen.
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Material: Fibre glass (3)

This product is in rolls and contains loose fibres without any binder. The rolls are compressed
approx. 95% when packed. The average density measured on the unpacked rolls was 8.6
kg/m’. When placing the rolls in the apparatus, the density of the inserted specimen is
calculated to 9.6 kg/m’. In order to achieve the manufacture-assigned dimension (thickness
0.2 m and width 0.6 m) when the specimen is placed in the apparatus, one roll in each layer
has been sliced before unpacking. The fibre glass (3) is enclosed in a plastic cover which is
left on when the rolls are placed in the apparatus as shown in figure 5.7. The plastic cover is
‘taped to the inside of the apparatus in order to keep the specimen in the proper position when
the apparatus is placed in other positions. Taping the plastic cover to the top and bottom guard

insulation may interrupt or inhibit some of the air movements from taking place in the
material.

This product is only manufactured for insulation in attics and crawl spaces, and it is only
tested here in order to measure a highly permeable product.

Figure 5.2: Arrangement of individual rolls which make up the test specimen when the material is fibre
glass (3).

The different materials, which have been measured in the convection apparatus, are pictured
in figure 5.6.
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Figure 5.3: Picture of measured materials. In front stone wool (1), p = 30 kg/m’, and fibre glass (3), p = 8.6
kg/m’. In the background the polystyrene slabs, which were used when performance testing the
apparatus.

51.2 Determination of permeability

The coefficient of specific permeability K of the fibrous material is determined by means of
Darcy’s law shown in eq. ()

m, __Kdp

[ n, dx | 5.1

which states that the mass flow rate per area m, (kg/m>s) is proportional to the air
density p, (kg/m’), the pressure difference dp (Pa), and inversely proportional to the thickness
dx (m). The proportionality coefficiént is the factor K/m,, in which 1, (Pa-s) is the dynamic
viscosity of air, and K the specific permeability of the material (m?). Darcy’s law assumes a
linear relationship between flow velocity and pressure drop. If this is not the case, the air flow
will probably be turbulent, and the measurement should be repeated using a lower pressure
gradient. The principle in the measuring method used equals the principle in ISO 9053[1991].
When measuring the pressure drop, a flow velocity of 670 m/h has been used; which is inside
the linear relationship between flow velocity and pressure drop for the measured materials.
The measurements on fibre glass (3) are performed with the specimen compressed to a higher
density due to the shape of the specimen which is very difficult to control and then
extrapolated to the density inserted in the apparatus. Due to the loose shape of the product, the
measured permeability on fibre glass (3) has a very high uncertainty. Furthermore, it was not
possible to control the placement of the specimen sufficiently when the direction (lf) was

measured which means that K, (Il) of fibre glass (3) should only be regarded as a rough
estimate.
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5.13 Determination of thermal conductivity

The directionally dependent thermal conductivity of the test specimens has been measured
without convection in the heat flow meter (HFM) apparatus. The measuring area of the HFM
apparatus is 0.3-0.3 m”. The temperature on the hot side is 20°C and on the cold side 0°C.
The thermal conductivity of the materials tested in the convection apparatus is measured on a

selection of specimens with a density close to the average density when installed in the
convection apparatus.

In the HFM apparatus, the thermal conductivity of the slabs of stone wool (1) is measured at a
thickness of 100 mm. The thermal conductivity of fibre glass (3) is measured when the
specimen is compressed to a thickness of 200, 175, 150, and 125 mm due to a greater
uncertainty when measuring specimens of a thickness greater than 125 mm in the HFM
apparatus. A two-dimensional heat transfer analysis of the HFM apparatus shows that when
measuring a thickness of 200 mm the error in the measured heat flow is increased by 1.5%

due to increased boundary loss compared to the situation when measuring a specimen
thickness of 100 mm.

From the measurements, a relation between density and thermal conductivity similar to eq.
(1.3) has been determined. Figure 5.10 shows the actual properties measured in the heat flow
meter apparatus and the estimated relations between thermal conductivity and density.
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Figure 5.4: Directionally dependent thermal conductivity, Ao measured in the heat flow meter apparatus on
stone wool (1) and fibre glass (3). The dotted lines show the estimated relations on the form of eq.
(1.3) determined on basis of the actually measured properties.
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Table 5.11 shows the properties corresponding to the density inserted in the convection
apparatus determined from the estimated relations between density and thermal conductivity.

Table 5.3: Material properties measured on a selection of specimens. “#””: Each specimen has been measured
at a thickness of 200, 175, 150 and 125mm. “&&”: The thermal conductivity parallel to the fibre
direction has not been measured. Instead, the value was assessed from corresponding
measurements and an empirical correlation between the two directions.

Material Number of | Mean density Thermal conductivity at 10°C Air permeability
specimens [kg/m®] [(W/m-K] (10" m?]
A (D) Ay (D K. | K
Stone wool (1) 4 30.5 0.0352 0.0383 174 28.0
Fibre glass (3) 4* 9.6 0.0464 0.0517** ~ 68 > 95
5.2 Test methods - convection apparatus

The aim of the convection measurements performed was to examine:
o the distribution of heat flow over the height of the structure;

o if the average heat flow through the total specimen is increased compared to the
horizontal reference position without convection;

when different products of fibrous material are examined and different surface temperatures
are applied.

In a complete measuring series, the measurements have been performed with the apparatus
placed in the four positions illustrated in figure 5.11:.

Freezer unit

cold side

cold side

(2) (®) © (d

Figure 5.5: Positions of the convection apparatus used in the measurements. Position (a) is the horizontal
reference position where no convection occurs. In (b) the apparatus has been turned 180° and the
cold side is on top. In this position, convection is possible but not probable with the boundary
conditions and materials used. Position (c) and (d) show the two vertical positions. In (c)
measuring plate 12 (MP12) is located on top whereas measuring plate 1 (MP1) is located on top in
(d). In a complete measuring series, all four positions have been measured.
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Position (a) shows the horizontal reference position without convection as the cold side is at
the bottom and no driving forces will initiate convection. In position (b) convection is
theoretically possible depending on the material properties and thickness. The theoretically
calculated convection in this position is insignificant for all the temperature conditions and
material properties applied in the measurements. However, the measurement in this position is
performed in order to compare the measurement with the theory, as well as to get an
impression of the ability of the apparatus when measuring in different positions. The two
vertical positions (c) and (d) equal the conditions in a typical wall with perfectly installed
insulation. Both positions are measured in order to detect the effect from inhomogenities in

the test specimen or from internal apparatus error disturbing the measurement of the heat
flow.

The specimen is placed in the apparatus as shown in figure 5.5 and 5.7. The thickness of the
inserted specimen is fixed by the impermeable insulation above the guard ring and the
plywood cover. To avoid air space between the plywood cover and the test specimen, layers
of 3 mm soft foam are placed on top of the test specimen until the thickness of the test
specimen and the soft foam exceed the thickness of the guard ring insulation. The
thermocouples, which measure the temperature on the cold side of the specimen, are taped on
top of the soft foam in each measurement. The thermocouples, which measure the temperature
on the hot side, are permanently taped to the measuring plates. In order to measure the
temperature field inside the material, 24 thermocouples are placed in the joints between the
slabs or rolls as close to the centre as possible.

On stone wool (1) the measurements have been performed with an assigned specimen
thickness of 200 mm and 500 mm which equals an aspect ratio of 15 and 6, respectively.
Fibre glass (3) is measured at an assigned thickness of 400 mm which equals an aspect ratio
of 7.5. The thickness of fibre glass (3) is chosen based on the manufacturer-specified
thickness (210 mm). Due to the time limit for the project, a complete measurement series
(position a-d) has been performed on stone wool (1), only at a thickness of 500 mm. The rest
of the measurements performed within the time limit of the project have been chosen in order

to collect an impression of how convection takes place in different materials when different
conditions are applied.

According to literature, natural convection in a vertical structure with isothermal and
impermeable boundaries should not be considered when Ra,, < Ray, .

Ray calculated according to eq. (2.21) for the measured structures is shown in table 5.8
together with the corresponding critical values Rap, .. The values of Ray, show that, according
to the experimental experience, we should not expect the average heat flow to be increased
by natural convection when measuring on the low permeable material stone wool (1) Wthh
corresponds to the calculations performed by CHConP in chapter 3.

Whereas, in the highly permeable material fibre glass (3) an increase in the average heat flow
is expected due to natural convection. When applying the conditions used when measuring
fibre glass (3), the CHConP calculation shows an increase in the average heat flow of 7%.
This degree of disturbance in the heat flow due to convection should be detectable in the
convection apparatus.
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Table 54: Ra, calculated according to eq. (2.21) in the performed vertical measurements based on the
material properties in table 5.11.

Material Temp. Surface Ra, Ra,, .
difference temperature according to according to
eq.(2.21) eq.(2.22)
AT [°C] Thot [°C] | Teoia [°C] Wd,=6 | Wd,=7.5 | hdn,=15
Stone wool (1) 20 20 0 11.0
Stone wool (1) 30 20 10 176 24 60
Stone wool (1) 40 30 -10 219
Fibre glass (3) 40 30 -10 ~ 60 30

The temperature differences and the corresponding surface temperature used in the
measurements are shown in table 5.8. Two of the measuring series were performed with a
mean temperature of 10°C, and one of the series was performed with a mean temperature of
5°C. The contribution of radiation and conduction to the total heat transfer differs in

accordance with the mean temperature however, it is kept at a constant level within the
individual measuring series.

Due to a minor vertical temperature gradient in the cold box, the surface temperature
difference of the individual measuring sections may differ slightly within the measurements.
When calculating the local Nusselt number Nuy; at the twelve measuring sections, differences
in surface temperature are taken into account according to eq. ( ):

P

with convection ,i

AT

ith ection ,i .
Nu. = R ,i=1.]12

i
(I) without convection ,i

AT

without convection ,i

(5.2)

The average Nusselt number of the measurement is obtained by eq. (5.):

: (D with convection ,i
DY —

Nu = i=1 with convection i i
T 5.3
2 (I)without convection ,i ( )
AT

i=1 without convection ,i
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5.3 Measurements performed in the convection apparatus

In all the measured structures on stone wool (1) the actual modified Rayleigh number, Ray,, is
less than or close to the corresponding critical Rayleigh number whereas the Ra,, in the
measured structures on fibre glass (3) exceeds Ray, . The calculations performed by CHConP
on fibre glass (3) show that natural convection increases the average heat flow by 7% when
the aspect ratio is 7.5 and the surface temperature difference 40°C.

In table 5.5 the average Nusselt numbers measured in the convection apparatus are presented
according to eq. (5.3).

Table5.5: Measured influence on average heat flow of performed measurements. “-* signifies that the

measurement has not been performed with the apparatus in this position. MP1 and MP12 denote
measure plates 1 and 12, respectively.

Surface Surface Measured average Nusselt numbers
temp. temperature according to eq. (5.3)
diff. Horizontal
Material Vertical position “heat flow
upwards”
AT Toor . Teom Wd=6 Wd=7.5 h/d=15
°C] °C] | [°c] | MP1 | MP12 | MP1 | MP12 | MP1
) ontop | ontop | ontop | ontop on top d=0.4m | d=0.5m
Stone wool (1) 20 20 0 1.01 | 099 - - 1.01 - 0.98
Stone wool (1) 30 20 -10 1.02 | 1.00 - - 1.01 - 0.97
Stone wool (1) 40 30 -10 1.01 | 0.99 - - - - 0.95
Fibre glass (3) 40 30 -10 - - 1.07 1.17 - 0.99 -

When regarding the measurements made in the vertical positions on stone wool (1), the
average Nusselt numbers fluctuates around “1.00” which is the exact value if no convection
occurs. The deviations from unity correspond to the reproducibility found when performance
testing the apparatus which was approx. 1.2% when keeping the specimen in place. This
means that the measurements performed on stone wool (1) show no significant increase in the
overall average heat flow caused by natural convection; which concurs with the theoretical
considerations. However, considering the distribution of heat flow over the height of the
specimen, we find that natural convection occurs in the material even if the surface
temperature difference is only 20°C. The measured distribution of heat flows and
temperatures is presented in section 5.4.

The measurement on fibre glass (3) in the vertical position with MP1 on top shows an
increase in the average heat flow of 7%, whereas the increase becomes 17% when Mp12 is
located on top. As there is no known asymmetry built in the specimen or in the apparatus to
cause this big difference between the two positions, a probable slide movement of the inserted
specimen, which also may have caused minor air gaps inside the specimen, may explain the
big difference when the apparatus was turned. The lowest measured increase in the average
Nusselt number corresponds to the calculations performed by CHConP.

In table 5.5 also the measured average Nusselt numbers in the horizontal position with heat

flow upwards are presented. When regarding the measurements on stone wool (1), all the
Nusselt numbers are less than one and seem to decrease with the surface temperature
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difference throughout the specimen. To clear up this discrepancy, disturbances from the guard
sections in the horizontal measurements have been examined in the following paragraphs.

5.3.1 Examination of disturbance in horizontal measurements

All the guard sections in the convection apparatus are controlled by thermopiles. When
performance testing the apparatus, five of the thermopiles were found unstable. The five
guard sections, which had unstable thermopiles, were: GR1, GB2, GSR2, GSB2 and GSR12.
The location of the individual guards is shown in Appendix B. When attempting to check the
thermopile it was either not possible to change it, as most of the parts in the apparatus are
glued together, or it was not possible to detect the soldering flaw in the thermopile. The
regulation of the apparatus was designed with a security system, which switches off all the
power supplies if just one of the measured temperatures in the apparatus exceeds a critical
limit. To prevent the unstable thermopiles from interrupting the measurements, the affected
guard sections have been regulated according to the other guard sections with the same
position in the apparatus. The most important guards affected by the defective thermopiles are
the guard ring (GR1) which serves measuring plate 1 (MP1), and the bottom guard (GB2)
which serves to prevent heat loss throughout the bottom at the right side of measuring plate
1- 4.

To examine if the poor regulation of GR1 has been able to cause the Nusselt numbers in the
horizontal position to become less than “1.00” in all the measurements, the measured
temperature difference between GR1 and MP1 has been simulated by use of HEAT2. HEAT2
is a computer program for calculating two-dimensional heat transfer, Blomberg [1996]. The
HEAT?2 model includes half of the convection apparatus. The distance between GR1 and MP1
is calculated at 0.005 m, and the material properties of stone wool (1) are used at a specimen
thickness of 0.5 m. Figure 5.6 shows a sketch of the HEAT2 model.

Adiabat Adiabat

Guard
insulation

Teri

Bottom insulation
Adiabat

Figure 5.6: Sketch of HEAT2 model modelling half of the convection apparatus. The boundary conditions
applied in the model are given in the figure. Tgg; is the temperature of guard ring 1 and Ty is the
temperature of the corresponding measuring plate.

Table 5.6 shows the simulated temperatures of GR1, the measuring plates and the cold side
temperature, together with the calculated heat flow ratio of MP1. Table 5.6 also shows the
calculated error in the absolute measurements performed by MP1 caused by the measured
temperature difference between MP1 and GR1 when compared to the situation of equal
temperature on MP1 and GR1.
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Table 5.6:  Calculated disturbance caused by temperature difference measured between GR1 and MP1 on the
heat flow ratio measured by MP1 in horizontal position with heat flow upward. The last column
shows the calculated error in the absolute measurement of the heat flow performed by MP1 caused

by the existing temperature difference between MP1 and GR1 compared to the situation of equal
temperature of MP1 and GR1.

Apparatus Internal temperatures Boundary Heat flow | . Error in MP1
position temperature ratio due to temp. diff.
between

Teri [°C] Tmp1.6[°C] T [°Cl MP1 MP1 and GR1

Heat flow upwards 19.80 20 0 0.973 5.6%

Reference 19.69 20 0 8.6%

Heat flow upwards 19.75 20 -10 0.967 4.7%

Reference position 19.55 20 -10 8.2%

Heat flow upwards 29.69 30 -10 0.972 4.3%

Reference position 29.47 30 -10 : 7.3%

Table 5.6 shows that the temperature difference between GR1 and MP1 in all the
measurements was greater in the horizontal reference position than in the horizontal position
with heat flow upward. The table also shows that this results in a greater heat flow in the
reference position than in the horizontal position with an upward heat flow. In both cases the
temperature difference between GR1 and MP1 will cause an error in the measured heat flow
performed by MP1 which in the reference position exceeds 8%. The error in the absolute
measurement decreases as the heat flow increases with the surface temperature difference.

In the apparatus GR1 is regulated according to GR5 which is placed in the opposite direction
on the apparatus meaning that when GR1 is close to the freezer unit, GRS is at the opposite
end and vice versa. The heat losses from GR1 and GRS have not been equal contrary to our

expectations, and a better regulation of GR1 could probably have been achieved by regulating
GR1 according to GR2 or GRS.

Figure 5.7 shows the calculated disturbance caused by the too low temperature of GR1 on the
heat flow ratio in horizontal positions with heat flow upwards on the six simulated measuring
plates.

The heat flow ratio calculated for measuring plates 2 - 6 exceeds 0.999 in all the calculations

which means that the temperature of GR1 mainly affects the measured heat flow from
measuring plate 1.
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Figure 5.7: Calculated heat flow ratio in horizontal position with heat flow upwards, based on the actual
measured temperature differences between MP1 and GR1 when measuring stone wool (1) of
a thickness of 500 mm.

The other important guard section, in which the thermopile was unstable, was the one on the
bottom guard which covers the right side of measuring plates 1 — 4. Instead, this guard was
regulated according to the bottom guard, which covers the left side of measuring plates 1 — 4.
In table 5.7 the measured heat flow is corrected according to the measured temperature
differences between the measuring plates and the bottom guards before calculating the
average Nusselt numbers.

Table 5.7:  Average Nusselt numbers in horizontal position when the measured heat flows are corrected to the
measured temperature difference between the measuring plates and the bottom guards. “&” This
measurement has been repeated in order to verify the significance of the average Nusselt numbers

measured.
Material Surface temperature | Average Nusselt numbers of horizontal
' position with heat flow upwards and a
specimen thickness at S00 mm
Thot [°C] | Teaa [°C] measured corrected
Stone wool (1) 20 0 0.98 0.97
Stone wool (1) 20 -10 0.96 0.96
Stone wool (1)& 20 -10 0.98 0.96
Stone wool (1) 30 -10 0.95 0.97

The concern was that the measured Nusselt numbers in the convection apparatus decreased
with increasing surface temperature difference, and that the Nusselt numbers consistently
became less than “1.00”. As table 5.7 shows, the average Nusselt numbers in the horizontal
position remains less than “1.00” when the heat flows are adjusted according to the measured
temperature differences between the measuring plates and the bottom guards. But now the
Nusselt numbers no longer decreases with the surface temperature difference.
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This result, - together with the previous investigation of the disturbance from the temperature
difference between the guard ring and the measuring plates, - indicates that the measured
average Nusselt numbers in the horizontal position are less than “1.00” due to the error in
guard regulations which prevents some of the guards from compensating for small deviations
in temperature conditions in the cold box. As the heat flows become very small as the
specimen thickness increases, the measurement becomes very sensitive even to small
temperature differences between the measuring plates and the guard sections.

Another probable circumstance is that cracks have occurred between the individual layers of
soft foam placed between the specimen and the plywood cover, and that the net weight of the
specimen will make the cracks disappear when the specimen is placed above the soft foam. In
that case an air gap between the specimen and the measuring plates will only occur in the
reference position. As the temperatures are measured on the measuring plates, an air-gap
between the specimen surface and the measuring plates will cause a surface resistance to
become part of the measurement. The value of the surface resistance depends on whether
there are air-movements in the crack and on the temperature difference between the
measuring plates and the specimen surface. The conduction/convection in the air crack, the
unknown change in specimen thickness when measuring, and the surface resistance will all
influence the measured heat flow in the horizontal reference position, in which the various
contributions are inseparable due to the used measuring principle. This problem could
probably have been avoided by using thicker layers of soft foam and by avoiding joints in the
soft foam - this will be controlled in the further work.

In Table 5.8 the measured thermal conductivities in the convection apparatus are compared to
the measurement performed in the heat flow meter apparatus. The measurements performed
with heat flow upwards concur within 1%, whereas the deviation in the reference position
reaches 5% and seems to increase with the temperature of the measuring plates.

Table 5.8:  Average thermal conductivity A, of stone wool (1) measured in convection apparatus (thickness =
500 mm) compared to measurement in heat flow meter apparatus (thickness = 100 mm).

Surface Ao Deviation compared to
temperature heat flow meter
difference [W/m-K]
Heat flow meter 20°C 0.0352
Convection apparatus:
Reference position 20°C 0.0364 3.4%
Heat flow upwards 20°C 0.0355 1%
Reference position 40°C 0.0370 5%
Heat flow upwards 40°C 0.0352 0%

In this section different factors which could disturb the measured heat flow in the convection
apparatus have been considered, and it is reasonable to think that the observed distortion is
caused by a combination of the factors considered above. From the investigation it is obvious
that the measurement performed in the horizontal position with heat flow upwards is less
disturbed by errors. However, in the heat flow patterns presented in section 5.4 the
measurement from the reference position has been used as reference in order not to over-
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interpret the results. Using the measurement from the position with heat flow upwards as
reference would cause the deviation from unity in the heat flow pattern to increase further.

5.4 Measured heat flow pattern and temperature profiles

This section presents the heat flow patterns and temperature profiles of the measurements
performed which have been investigated in order to detect the potential effect of natural
convection in the measured structures. The average Nusselt number in the vertical position
was only found to increase in the measurement on fibre glass (3). In the rest of the
measurements no significant increase in the overall heat flow was observed due to natural
convection.

In the section the measurements are presented as relative measurements; the absolute values
expressed as thermal conductivity can be found in appendix C.
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54.1 Stone wool (1) in vertical position (h/d, =15)

Stone wool (1) with an aspect ratio of h/d,, = 15 has only been measured in one vertical
position together with the corresponding horizontal reference position. The measurements
have been performed with two surface temperature differences: 20°C and 30°C. In figure 5.8

the measured heat flow patterns are presented as the local Nusselt numbers calculated
according to eq. (5.2).
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Figure 5.8: Heat flow pattern — stone wool (1): local Nusselt numbers when measuring in vertical position
with the aspect ratio h/d = 15 and the surface temperature differences 20°C and 30°C, respectively.
The dotted lines show the heat flow pattern calculated by CHConP. The vertical position of the
apparatus is shown at the right-hand corner.

The temperature profiles measured in the middle of stone wool (1) are shown in figure 5.9

when measuring the heat flow with the apparatus placed in both the horizontal reference
position and the vertical position with MP1 on top.

Local variations exist in the temperature profiles which, in the horizontal positions, should be
linear if no convection occurs, and the thermal properties within the specimen were
homogeneous. The local variations are presumed to be caused by local variations in the
thermal conductivity of the test specimen and uncertainty in the temperature measurement.
The expected variation in temperature, calculated on basis of the density variation measured
on the slabs and assuming the thermal conductivity to be temperature independent, is shown
together with the measured temperature profiles in figure 5.9.

When considering the temperature profile in the horizontal position when a surface
temperature difference of 30°C is measured, it is obvious that the upper temperature is
influenced by GR1, which was too cold. The temperature differences between MP1 and GR1

and MP12 and GRS are shown in table 5.9. A positive difference signifies that the measuring
plate is warmer than the guard ring section.
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As it is obvious that MP1 in the different measurements is disturbed in various ways by the
poor regulation of GR1, the measurement performed by MP1 should not be considered very
significant. The analysis made in section 5.3.1 showed that the distortion of MP1 not is going
to disturb the measurements of the rest of the measuring plates.
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Figure 5.9: Stone wool (1): temperature profiles 0.1 m above the measuring plates when measuring a surface
temperature difference of 20°C and 30°C in both the horizontal reference position and in the
vertical position with MP1 on top. The dotted curves show the corresponding temperature profiles
calculated by CHConP in the same position. The vertical lines show the temperature ranges within
the temperatures are expected to vary due to inhomogenities in the specimen properties. .

Table 59: Temperature differences between the measuring plate and the guard ring supporting the measuring
plate. If the guard ring becomes colder than its measuring plate, the temperature difference
becomes positive and vice versa. The regulation of GR5 works as intended.

Material Apparatus position Surface Temperature Temperature

temperature difference between | difference between
h/d=15 difference, [°C] MP1 and GR1 MP12 and GRS

Stone wool (1) MP1 on top 20 0.053 -0.012

Stone wool (1) Horizontal 20 -0.019 -0.022

Stone wool (1) MP1 on top 30 -0.170 -0.025

Stone wool (1) Horizontal 30 0.877 -0.010
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Comments on results

Both the heat flow patterns and the change in the temperature profiles from the reference
position to the vertical position indicate the occurrence of natural convection in the specimen
when compared to the measurements performed on the impermeable material in the
performance test of the apparatus. The occurrence of natural convection concurs with the
result obtained by CHConP.

In contrast to the CHConP calculations, which only show little distortion at the top and
bottom due to one convection cell, both the heat flow pattern and the temperature profiles
seem to indicate that there is more than one convection cell in the specimen. In the CHConP
calculations the material properties are assumed to be constant in each direction. However,
this is not the case in real materials in which there will be local variations in the individual
slabs and overall variations as the total test specimen consists of several slabs.

The fluctuations in the temperature profiles measured in the horizontal positions indicate local
variations in the thermal conductivity as the fluctuations increase with the temperature
difference. The measured fluctuations seem to be reasonable when comparing to the expected
variation in thermal conductivity from variation in the measured density and also when
remembering the temperature profiles measured in the polystyrene specimen in which the
thermal conductivity is expected to be more homogeneous.

Furthermore, the existence of joints between the individual slabs - especially in the height of

the specimen - may cause some local changes in permeability; which again may have the
effect that the convection cell is divided into several mixed cells.
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54.2 Stone wool (1) in vertical position (h/d,, = 6)

Stone wool (1) with an aspect ratio h/d,, = 6 is measured with the apparatus placed in the two
vertical positions. The upper chart in figure 5.10 shows the heat flow pattern when the

apparatus is placed with measuring plate 1 located at the top, and the bottom chart shows the
heat flow pattern when the apparatus has been turned around 180° and measuring plate 12 is
located at the top.
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Figure 5.10: Heat flow pattern - stone wool (1): calculated and measured local Nusselt numbers in the vertical
positions with aspect ratio h/d,, = 6, and surface temperature differences of 20°C, 30°C, and 40°C,
respectively. The upper chart shows MP1 located on top and the lower chart shows MP12 located
on top. In both charts the vertical position of the apparatus is shown in the right-hand corner.
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Figure 5.11: Stone wool (1): temperature profile 0.2 m above the measuring plates when measuring an aspect
ratio h/d,, = 6, and a surface temperature difference of (a) = 20°C, (b) = 30°C, and (c) = 40°C.
“ref” signifies the measurement made in the horizontal reference position. The upper chart shows
MP1 located on top, whereas the lower chart shows MP12 located on top. The dotted line shows
the temperature profile 0.2 m above the measuring plates calculated by CHConP when natural
convection occurs. In the CHConP calculations the temperature dependence of the thermal
conductivity is not included which causes the difference between the measured and the calculated
temperature level to increase when the temperature difference increases.
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Figure 5.11 shows the temperature profiles at a distance of 0.2 m above the measuring plates.
In this figure the corresponding temperature profiles calculated by CHConP are shown as
dotted lines. The upper part of the figure shows the temperatures when MP1 is located on top
and the lower part when MP12 is located on top. The temperatures are measured at both the
right and the left side of the specimen, the temperature profiles shown in figure 5.11 are the
average of the two measured temperatures above each measuring plate. The distortion from
the poor regulation of GR1 is clearly affecting the measurement of MP1 in both vertical
positions of the apparatus. An overview of the measured temperature difference between GR1
and MP1 is shown in table 5.10 together with the similar temperature difference when
measuring the horizontal reference position.

Table 5.10: Measured temperature difference between MP1 and GR1 when the convection apparatus is placed
in the two vertical positions and in the horizontal reference position. A positive temperature
difference means that the measuring plate has been warmer than the guard ring.

, Surface Temperature Temperature
Material Apparatus position temperature difference between | difference between
difference MP1 and GR1 MP1 and GR1 in
[°C] [°C} horizontal reference
position, [°C]
Stone wool (1) MP1 on top 20 -0.034 0.313
Stone wool (1) MP1 on top 30 -0.312 0.449
Stone wool (1) MP1 on top 40 -0.571 0.532
Stone wool (1) MP12 on top 20 0.443 0.313
Stone wool (1) MP12 on top 30 0.863 0.449
Stone wool (1) MP12 on top 40 1.323 0.532

Table 5.10 shows that when MP1 is located on top the measured heat flow becomes too small
due to the heat flow contribution from GR1 to MP1 which increases as the surface
temperature difference increases. The opposite occurs when measuring the horizontal
reference position; the measured heat flow from MP1 becomes too large as a heat flow is
contributed from MP1 to GR1. Both occurrences cause the measured local Nusselt number of
MP1 to become less than if GR1 had worked properly. When MP12 is located on top, GR1
becomes colder than MP1 which causes a heat flow contribution from MP1 to GR1 which is
greater in the vertical position than in the horizontal position. Here, this circumstance causes
the local Nusselt number of MP1 to become greater than if GR1 had worked properly.

Comments on results

When the specimen thickness is increased to 0.5 m, the variations in the heat flow pattern
become more significant than when the specimen thickness was 0.2 m. Two maxima/minima
dominate the heat flow pattern when the conditions at the top and bottom are ignored. At a
specimen thickness of 0.5 m the local maxima/minima follow the measuring plates when the
apparatus is turned 180°. When comparing the heat flow pattern with the specimen thickness
of 0.2 m, the local deviation still exists, but not at the exact same locations. This leads to the
conclusion that the heat flow patterns stem from the inserted specimen and not from the
apparatus. Although the shape of the heat flow pattern indicates the existence of more than
one convection cell, this can not be confirmed by the average temperature profile as the
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temperature profile in the vertical position only has one point of intersection with the
temperature profile in the horizontal reference position.

From these temperature profiles it is obvious that the numerical change in temperature
increases as the surface temperature difference increases, and that the temperature in the
upper part of the specimen becomes higher, whereas the temperature in the bottom part
becomes lower than the horizontal reference position. However, the temperature on top when
measuring with MP12 on top seems to become lower than expected.

The deviations from a linear temperature profile in the horizontal reference positions caused
by inhomogenities in the test specimen increase with the surface temperature difference as
expected. The effect from the inhomogenities reoccurs in the vertical measurements. The
shape of the measured temperature profiles matches the calculated profiles quite well
considering the distortion from the guard regulation and the inhomogenities in the test
specimen. The calculated profile only includes one convection cell and does not consider the
temperature dependence of the thermal conductivity of the specimen.

54.3 Stone wool (1) in horizontal position with heat flow upwards (dy, = 0.5 m)

The heat flow patterns in the horizontal position with the heat flow upwards have been
measured on stone wool (1) with a specimen thickness of 0.5 m. Figure 5.12 shows the
measured heat flow pattern, and figure 5.13 shows the temperature profiles 0.2 m above the
measuring plates in both the horizontal reference position and the horizontal position with
heat flow upwards.
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Figure 5.12: Heat flow pattern - stone wool (1): local Nusselt numbers measured in the horizontal position with
heat flow upwards when the thickness is 0.5 m and the surface temperature differences 20°C,
30°C, and 40°C, respectively.
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Figure 5.13: Stone wool(1): temperature profile 0.2 m above the measuring plates when measuring a thickness
of 0.5 m in the horizontal position with heat flow upwards and a surface temperature difference of
(a) = 20°C, (b) = 30°C, and (c) = 40°C. “ref”’ signifies the measurement made in the horizontal
reference position.

Comments on results

If no convection occurred and the ability of the apparatus to measure in both horizontal
positions was equal, then the local Nusselt numbers should be unity. The local Nusselt
numbers in the horizontal position with heat flow upwards are measured to be within 0.96 and
1.0. As discussed in section 5.3.1, the measurements are influenced by the poor regulation of
some of the important guard sections which caused the heat flow in the horizontal reference
position to become less than in the horizontal position with heat flow upwards, and probably
influenced by air cracks which have exists between the soft foam layers.

Regarding the temperature profiles in figure 5.13, the temperatures measured in the reference
positions are consistently lower than the corresponding temperatures measured in the position
with heat flow upwards. Due to a small, vertical temperature gradient in the cold box, the
temperature on the cold side of the convection apparatus changes with the position of the
apparatus. Thus the cold side temperature is lower when measuring in the horizontal reference
position than in the position with heat flow upwards. For instance, when measuring a surface
temperature difference of 40°C, the actual surface temperature difference in the horizontal
reference position was 40.2°C, whereas it was only 39.5°C when measuring with heat flow
upwards. A minor part of the difference in the measured temperatures is caused by the fact
that the surface temperature difference is not equal in the two positions. When approximating
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the temperature profile throughout the specimen as linear and correcting according to the
actual surface temperatures, the remaining difference in temperature at “x = 0.2 m”
corresponds to the distance from the measuring plates to the thermocouples having been
increased by 6-7 mm in the reference position. Based on this observation, it is reasonable to
think that the net weight of the specimen compresses the air cracks in the soft foam layers and
causes the specimen to sink against the cold side when the apparatus is turned into the

horizontal reference position, and that this will cause an increase in the distance between the
thermocouples and the measuring plates.
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5.4.4 Fibre glass (3) in vertical position (h/dy, = 7.5)

The measurements on fibre glass (3) have been performed with a surface temperature
difference of 40°C only. Figure 5.14 shows the heat flow pattern measured in the two vertical
positions together with the heat flow pattern calculated by CHConP. Figure 5.15 shows the
corresponding temperature profiles measured on the cold side, in the centre, and on the hot
side in each side of the apparatus.
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Figure 5.14: Heat flow pattern - fibre glass (3): calculated and measured local Nusselt numbers in the two
vertical positions with an aspect ratio h/d,, = 7.5 and a surface temperature difference of 40°C. The
dotted curve shows the heat flow pattern calculated by CHConP when using the permeabilities
from table 3.1.

In the measurement with MP1 located on top, GR1 became 3°C too warm; which means that
GR1 has helped MP1 in this position and the measurement by MP1 has become “too good™.
With MP1 located at the bottom GR1 was 3.7°C too cold; which means that MP1 in this
position has had extra edge losses and the measurement by MP1 was “too poor”.

However, as the measured heat flow increases, the measurement becomes less sensible to
balance error between the measuring plates and the guards.
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Figure 5.15: Fibre glass (3): temperature profiles measured at the right and left sides in the specimen on the
cold side, in the middle, and on the hot side with a surface temperature difference of 40°C and an
aspect ratio of h/d,, = 7.5. The dotted curves show the temperature in the middle calculated by
CHConP. The upper chart shows the temperature when MP1 is located on top and the lower chart
shows the temperature when MP12 is located on top.
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Comments on results

The heat flow pattern in fibre glass (3) is much more influenced by convection at the upper
and lower parts of the specimen in comparison to the measurement made on stone wool (1). If
only the measurement at the edge made by MP12 is considered, the maximum distortion at
the edge seems to become lower than calculated by CHConP. The plastic cover in which fibre
glass (3) was enclosed was taped to the inside of the apparatus, taping the plastic cover to the
top and bottom may have reduced the effect of convection in the specimen compared to the
situation without impermeable layers in the specimen.

The local Nusselt numbers in the lower half of the specimen in both vertical positions become
greater than expected. With MP12 at the top, an increase in the local Nusselt number appears
at a distance of 1.125 m from the bottom. However, this distortion cannot be related to the
measured temperature profile in the centre of the specimen.

The increase in the total measured heat flow is 7% when MP1 is positioned on top; which
matches the increase calculated by CHConP. However, when MP12 is positioned on top, the
total heat flow increases by 17% compared to the horizontal reference position. The
difference in the total heat flow between the two vertical positions is probably due to the
arrangement of the specimen in the apparatus. Even though the specimen was fixed very
carefully to the guard insulation when it was fitted into the apparatus, the measurements
performed indicate that the specimen or parts of the specimen may have changed position in
the apparatus when the position of the apparatus was changed.

With regard to the temperature profiles in the centre of the specimen, it should also here be
remembered that the plastic cover may have interrupted some of the air movements in the
material, and that the thermocouples were placed between the plastic covers. The
measurements made in the centre of the specimen show a temperature difference of up to 5°C
across the specimen. As equal differences in temperatures across the specimen in the centre
also are apparent when the two horizontal positions are measured, the main part of the
temperature difference across the specimen is assumed to be caused by difference in thermal
conductivity in the inserted specimen.

The great temperature difference across the specimen affects the temperature distribution on
the measuring plates. The temperature in the cold box keeps the temperature on the cold side
of the apparatus constant, whereas the temperature of each measuring plate is regulated
according to the mean temperature of two measuring points on each plate. If a big variation
exists in the thermal conductivity of the inserted specimen across the measuring plates, the -
measuring plate itself is not able to maintain a uniform temperature distribution. When
measuring stone wool (1), a maximum difference of 1.5°C was observed between the two
temperatures measured on the measuring plates, whereas the difference reaches 5.7°C when
measuring fibre glass (3).
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545 Fibre glass (3) in horizontal position with heat flow upwards (d,, = 0.4 m)

The heat flow pattern in the horizontal position with heat flow upwards has been measured on
fibre glass (3) with a specimen thickness of 0.4 m. Figure 5.16 shows the measured heat flow
pattern, and figure 5.17 shows the temperature profile in the middle of the specimen measured
at the right and left side in both the horizontal reference position and the horizontal position
with heat flow upwards.
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Figure 5 16: Heat flow pattern - fibre glass (3): local Nusselt numbers measured in the horizontal position with
heat flow upwards with a specimen thickness of 0.4 m and a surface temperature difference of
40°C.
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Figure 5.17: Fibre glass (3): temperature profiles in the right and left sides of the specimen 0.2 m above the

measuring plates with a specimen thickness of 0.4 m and a surface temperature difference of 40°C.
“ref” signifies the measurement made in the horizontal reference position.
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Comments on results

The average Nusselt number in the position with heat flow upwards becomes 0.99 which
concurs with the theory even though the measured heat flow pattern differs notably from unity
near the edges. When regarding the temperature profile in the centre of the specimen, it is
apparent that big variations have occurred in the thermal conductivity in both directions of the
"inserted specimen, and that the biggest deviations exist near the edges. The variations in
thermal conductivity are caused by density variations in the inserted specimen. As the
specimen contains loose fibres without any binder, it is difficult to ensure a homogeneous
density when the specimen is located in the apparatus. Furthermore, the specimen, or part of
it, may have moved in the apparatus when the position was changed. This may also explain
the big deviation from unity at the edges in the heat flow pattern as the guard regulation of
GR1 has worked quite appropriately in the horizontal measurements on fibre glass (3). When
measuring stone wool (1) in the horizontal positions, the maximum observed difference in
temperature across the specimen was 0.8°C, whereas the maximum difference in fibre glass
(3) reached 4.2°C 0.2 m above the measuring plates.

Comparing the temperature profiles in the two horizontal positions, the temperatures in the
reference position are consistently lower than the temperature in the position with heat flow
upwards. The surface temperature difference was 38.8°C when the reference position was
measured. When measuring the position with heat flow upwards, the surface temperature
difference was reduced to 36.3°C in order to achieve stable temperature conditions in the cold
box in spite of other activities in the laboratory. Correcting the temperatures according to the
difference in surface temperature, and assuming that the average temperature profile is linear,
the remaining difference in temperatures between the two horizontal positions at x=0.2 m
becomes 1.35°C and signifies that the distance between the thermocouples and the measuring
plates has been increased by 16 mm when changing the position from measuring with heat
flow upwards to the reference position. When measuring stone wool (1), the displacement of
the thermocouples was assessed to be within 6-7 mm.

5.5 Summary

In this chapter the result of the experimental investigation is presented. The convection
measurements have been performed on two fibrous materials one with a high and one with a
low permeability. The results are presented as relative values obtained by comparing the
measurements in the different positions to the measurements in the horizontal reference
positions.

The regulation of a few guards sections has not worked as expected in the measurements, and
has caused the measurements on single measuring plates to be disturbed in a different way in
different measurements. The distortion from the poor regulation of the guards has been
commented in relation to the actual measurements.

In spite of the poor regulation, the measured heat flow pattern in the vertical positions
corresponds to the calculated heat flow pattern using numerical calculations. Minor deviations
exist which are probably due to either anisotropy in the material properties and/or joints
between the individual samples. In all the vertical positions measured, it was possible to
detect distortion in the heat flow pattern similarly to the calculated distortion due to natural
convection in the material even in the low permeable material and with a surface temperature
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difference of 20°C only. However, the total heat flow throughout the specimen was only
affected in the highly permeable material which also agrees with the result obtained by
numerical calculations. Though, the measured increase in the total heat flow differs
significantly in the two corresponding vertical positions. This leads to the concern that the

specimen may have undertaken slide movements in the apparatus mainly in the measurement
with the largest heat flow.

The measured temperature profiles in the material indicate that the way of ensuring contact

between the specimen and the plywood cover has not been sufficient and may have caused a
slide movement of the specimen in some of the measurements.

Even though, the measurements may have been disturbed by error in the apparatus or by the
insufficient contact between the specimen and the plywood cover the main conclusions from
the measurements seem to be reliable as the measured heat flow pattern and the calculated
heat flow patterns corresponds quite well.
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6. Conclusion

The significance of natural convection to the total heat transfer has experimentally been
examined on two fibrous materials with different permeability and thermal conductivity. The
performed measurements are supported by numerical calculations.

The project was limited to investigating the effect of natural convection under the following
conditions:

e “perfectly” installed material
e impermeable and isothermal boundaries

e measurements when the specimen is placed in both horizontal and vertical positions and
in dimensions for building use.

For this purpose a newly designed convection apparatus has been built. The measuring area in
the apparatus is 1-3 m’, and a specimen thickness of 0.1 — 0.5 m can be measured. The
boundary conditions are achieved by way of the apparatus design. Great attention has been

paid to the placement of the specimens in the apparatus in order to perform measurements
only on perfectly installed materials.

Both the measurements and the corresponding numerical calculations show a distinct
convection-induced redistribution of the heat flow in the form of an increase in heat flow
primarily through the lower part of the structure, and a decrease in heat flow primarily
through the upper part of the structure. The redistribution of heat flows is obvious even at a
specimen thickness of 0.2 m and a temperature difference of only 20°C. In the low-permeable
material the redistribution of heat flow does not affect the average heat flow throughout the
specimen. Whereas, in the highly permeable material a convection-induced increase in the
total heat flow of 7% and 17% was measured in two measurements presumed to be equal.
Realising that convection occurs even in “perfectly” installed materials with low permeability,
impermeable boundaries and even at low temperature differences means that the precondition

applied for practical use, neglecting natural convection, is not fulfilled even when the most
favourable conditions are applied.

In the performed numerical calculations it is possible to presuppose a perfectly installed
material with constant direction-dependent properties. Thus, the numerical calculations
compared with the measurements performed give a good impression of how variations in the
material properties influence the distribution of heat flows in the material.

The measuring principle in the convection apparatus using a three-dimensional guard system
was found suitable for measuring one-dimensional heat flow on large material dimension. The
performance of the convection apparatus has been verified on an impermeable material; when
measuring a specimen thickness of 0.5 m a good correlation was found to measurements
carried out in a heat flow meter apparatus on specimens of 0.1 m thickness.

When performance testing the apparatus, problems in controlling a few guard sections were
found. The method chosen for solving this problem proved not to be optimal during the .
measurements. The significance of the problem in relation to the performed measurements
has been analysed and discussed in the report.
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Chapter 6: Conclusion

'The measurements performed indicate that it is very difficult to obtain “perfection” when
installing the specimen in the convection apparatus due to the material itself and the specimen
volume measured. The measurements in some cases indicate differences in density and
permeability within the specimen, which are partly caused by variations in the material itself,
and partly by the way the specimen is arranged in the apparatus. When measuring in the
horizontal reference position there are signs of the underlying material being compressed,
which means that the existence of minor air cracks within the specimen cannot be rejected.

6.1 Recommendations for further work

On the basis of the performed investigation it must be recommended to include convection in
the building legislation and in the international standards. The effect of convection in building
structures is more significant than the results found in this project, due to the fact that
“perfectly” installed insulation materials do not exist in building structures. Convection could
be taken into consideration by correcting the design value of the thermal conductivity of the
insulation materials with respect to; the permeability of the material, the applied material
thickness, the design temperatures, and the family of insulation material used — the family of
insulation material influence the risk of creating gaps in the insulated structure.

The agreement between the measurement performed in this project and the numerical
calculations shows that theoretically it is possible to calculate a correction factor concerning
the material properties, dimensions and temperatures. However, the influence of convection

when the materials contain gaps and the material-dependent risk of gaps in the insulated
structure need to be investigated further.

In this project the attention has been focused on how natural convection influences the heat
flow distribution in fibrous materials. A further investigation should go further into how
interrelated conditions might influence materials and structures, such as moisture which is
transferred within the structure together with air movements, how the big temperature
differences affect the comfort, and how thermal bridges affects the conditions for convection
to take place.

6.2 Commercial perspective

Behind this project were four commercial perspectives:

[}

to strengthen the Danish research in the area of buildings physics
e to create new collaboration contacts for future projects — national as well as international

e to investigate the effect of natural convection when the material properties approach the
limits

e to acquire knowledge of the different heat transport mechanisms to be used in future
research for improving the thermal properties of fibrous materials used in the building
sector.
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Chapter 6: Conclusion

The research in the area of natural convection has been initiated in Denmark through this
project. At the Department of Building and Energy a new apparatus has been built which will
be used in future projects to assess the effects of natural convection in different types of
insulation products.

In the project a valuable collaboration has been established with other universities - mainly in
the Nordic countries. This will continue after the project.

The results gained in the scientific part of the project are described in the main conclusions in
part I and part II, respectively. The knowledge gained through this project will be used by the
companies involved in the project in their future research concerning the thermal properties of
fibrous materials.
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Appendix A

Error analysis of convection apparatus

Error in measurement can be divided into systematic errors and random errors. Systematic
error is the type of error which occurs with the same size and in the same direction in all the
measurements e.g. if the balance shows 1% too little, the same error will occur in all the
measurements. The “random” dispersion in measurements depends on the type of
measurement and on the way that the reproducibility is performed. The “random™ dispersion
can either be an expression of real fluctuations in the materials, or a random error in the
measurement. In the actual study relative measurements have been performed, and effects of
systematic error can be ignored. The maximum systematic error is considered in the following
in order to get an impression of the ability of the apparatus to perform absolute measurements.

The estimated maximum error can be expressed according to eq. (5.5), (ISO, 1995 and
Johansson, 1988):

'C:,X—‘Axi (a.1)

in which Ax; is the error in determining the parameter x; in the expression of the measured
value. The maximum relative error in the measurement of thermal conductivity can then be
found as the sum of the relative errors in each parameter eq. (5.6).

5 24,
ANy _| A-AT” AD AA A(AT)
;\‘ - l a@ l ............ (32)
in which
AD = error in measuring the heat flow
Ad = error in the measured thickness

AA error in measuring the measuring area

A(AT) = error in measured temperature difference between the warm and cold side of
the apparatus

As discussed by Serkitjis [1995], the term above contains different types of error and
uncertainties, and a complete error analysis is very complex. The analysis presented below is
based on certain simplifying assumptions, but it is still able to give a fairly good impression
of the measuring accuracy of the apparatus.
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Appendix A: Error analysis of convection apparatus

A.l Error in heat flow, A®
Error in the heat flow, which is recorded during a measuring period, can be caused by:

direct error in measuring the power supplied to the heating plates (A®;)

error from measuring heat flow to the guard side ((A®,,)) or to the bottom guard caused
by a balance error (A®,,)

error from measuring boundary losses from the edge of the specimen (A®3)
disturbance from other activities in the laboratory or the surroundings (A®,)

The four types of error, which may cause error in the heat flow, are considered as

independent, and the summated error in the heat flow can be determined according to eq.
(5.112).

AD = AD, + AD, + AD, +AD, (a.3)

AD; ; Direct error in measuring the heat flow

Figure 5.7 shows a sketch of the principle of how the power supplied to the measuring plates
is measured. Each measuring plate is connected with a known precision resistance
Reesistance = 1€2 in order to achieve a high precision when measuring the current. The
contributed effect on the measuring plates can be calculated from the relation in eq. (5.7).

@ :RMP Iieas :(%]_m.—_Rwim -Rresistance ]Izmeas (34)
meas

in which

Rmp = resistance of the coating on the measuring plate [Q]

Ruire = resistance of wire [Q]

Rresisance = resistance of precision resistance (1Q)

Ump = potential difference across the measuring plate [V]

ULesistnce = potential difference across the precision resistance [V]

Umeasurea = potential difference across the measuring plate, the precision resistance, and the
wire [V]

Iieas = current in the circuit [A]

4

Rwire

U

‘resistance I

measured

measured.

A
Y

Figure A.1: Principle in measuring the power supplied to the measuring plates MP.
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Appendix A: Error analysis of convection apparatus

The resistance of the wire and the 1Q resistance are measured within 1%o at room
temperature, the voltage is measured by the same measurement cards as the temperature with
an error dependent on the signal of the voltage. The error of the current and the direct error in
the measurement of the power have been evaluated using eq. (5.5). The error in measuring the
power was found to be A®; <+ 0.1%.

AD,,: Error due to measured heat flow to guard sides:

The main parts of the guard sides are balanced against four measuring plates as shown in
chapter 4, figure 4.4. The measured temperature difference between the guard sides and the
average of the corresponding measuring plates is usually within 0.1°C in a test period. In
measurements without disturbance from air movements, the temperature distribution of the
measuring plates is uniform within 0.1°C. With disturbance from air movements in the
specimen, the temperature deviation in some cases reaches approx. + 0.5°C from a uniform
temperature distribution between four adjoining measuring plates. In this situation, the heat
flow to the guard sides has been analysed by using HEAT2, which is a computer program for
calculating two-dimensional heat transfer, Blomberg [1996].

The maximum relative error from the measured heat flow to the side guard occurs when the
total heat flow throughout the specimen is small i.e. when the thickness is large and the
temperature difference small. If the specimen is 0.5m thick; if the temperature on the hot side
is 20°C and 0°C on the cold side; and if the temperature difference between the measuring
plate and the balancing guard side is assumed to be 0.6°C, then the relative error from
measuring the heat flow to the guard side becomes A®,, =+ 1.5%. This equals the maximum
deviation from the mean temperature of the four measuring plates and the maximum observed
divergence in balance temperature. In this model, the distance between the measuring plate
and the guard ring is assumed to be 0.005m and filled with stagnant air.

A®Dy,: Error due to measured heat flow to the bottom guard:

When calculating the heat flow throughout the specimen, the heat flow from each measuring
plate is compared with the calculated heat loss throughout the corresponding bottom guard
section due to the temperature difference measured by the thermopile. If the temperature
difference causes a heat loss throughout the bottom guard which exceeds * 1% of the direct
measured heat flow from the measuring plate, the measured heat flow is corrected in the
calculation. This means that the maximum relative error from measuring heat flow to the
bottom guard will not exceed A®y;, = + 1%.

A®D; : Error due to boundary loss from the edge of the specimen:

To avoid boundary loss from the side of the specimen when thick specimens are measured,
the apparatus has been constructed with side guards as shown in figure 4.7, so that it is
possible to control the temperature at a distance of 0.25 m above the measuring plates. When
the thickness of the specimen exceeds 200 mm, the side guards ensure a linear temperature
distribution at the edges of the apparatus. When the specimen is 200 mm thick, or less, only
the material of the side guards itself, which are made of 1 mm stainless steel with a thermal
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conductivity of 15W/mK, will help achieving a linear temperature distribution around the
edges of the apparatus. The boundary loss when measuring a 200 mm specimen with a
temperature on the hot side of 20°C and of -10°C on the cold side has been analysed by
HEAT?2. The maximum error from measuring the boundary loss becomes A®; =+ 0.2%.

AD; : Disturbance from other activities

The cooling capacity of the cold box is influenced by other experimental arrangements using
the cooling system. If the set point in the cold box is close to the limit temperature, the
temperature control of the box is very sensitive to other activities.

In a few cases, disturbance in the measured power has been observed and it has not been
possible to identify the reason. This is a known phenomenon in experimental arrangements if
the electrical part of the arrangement has not been isolated from the rest of the laboratory.
This type of error is not included in the systematic error.

A2 Error in the measured thickness

The thickness of the specimen installed in the apparatus is measured by using a thickness
gauge with fixed reference points as an average over 24 points evenly distributed over the
surface of the total measuring area. The error in the thickness measurement can fluctuate with
the apparatus, the measurement, and the specimen. The planeness of the measuring plates
installed in the apparatus affects the error in measuring the thickness, as a few plates differ by
up to 1 mm. When determining the maximum error, the error from the fluctuation across the
surface including the error from the planeness of the measuring plates has been considered, as
this is found to be the main factor. In the performed measurements, the maximum error
caused by the uncertainty in the measured thickness was found to be within Ad/d = + 2%. The
relative error decreases with the thickness of the inserted specimen.

A3 Error in measuring the measuring area

The area of the measuring plates is only measured once, and this error remains the same
regardless of test run and specimen. Assuming the observation error to be within + 0.5 mm,
the relative error in eq. (5.6) of determining the measuring area become:

4

AA Al Ab 0.0005 0.0005
—=—t—= +

=10.25%
A 1 b 1 0.25

A4 Error in measured temperature difference

The temperature difference between the warm and cold side of the apparatus is calculated on
basis of the surface temperatures measured on each side of the specimen. The surface
temperatures are recorded by thermocouples (Cu/Cu-Ni) which are arranged as illustrated in
figure 4.4. In the apparatus, the thermocouples on the warm side are taped to the glass plates
and on the cold side to the test specimen, which is covered with impermeable plywood, in
both cases along an isotherm. The location of the thermocouples ensures that neither the
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surface resistance nor the conductivity of the thermocouple wire will disturb the
measurement.

The possible errors remaining when determining the surface temperatures could either be an
erroneous reference temperature in the used measurement cards (Schlumberger), or minor
fluctuations in the thermocouples. In order to eliminate fluctuations between the
thermocouples, all the thermocouples have been produced from the same wire. The
temperature measurements from all the thermocouples were checked while the apparatus was
in thermal equilibrium with the surroundings, and there was no sign of error in the reference
temperature of the measurement cards.

The thermocouple wires (10 elements) were calibrated with an extra measurement card at 0°C
and 20°C with an average deviation of -0.15°C and -0.06°C, respectively. On basis of the
performed investigation, the error in the averaged value of the two temperatures used for
measuring the hot and cold side of the specimen is considered to be within + 0.15°C each i.e.
the error in measuring the temperature difference becomes * 0.3°C. If a temperature
difference of 20°C is applied, the maximum relative error in determining the temperature
difference in eq.(5.6 becomes AT/T = + 1.5%.

The estimated maximum error:

From the evaluation above, the maximum error in measuring the thermal conductivity in the
convection apparatus becomes:

AA
;\""“ =(0.1%+1.5%+1.0%+0.2%)+2%+0.5%+1.5% = 6.8% @.5)

72




Appendix B: Placement of guards sections in convection apparatus

Appendix B

Placement of guard sections in convection apparatus:

GSR9 GSR1 GSR10 GSB9 GSB1 GSB10
GR4 GRI GR10 GBS GBS
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@ 23 -3 o
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MP4
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a 3 3 GB3 GB4 z
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GR6 GR4
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Figure B.1: Plane section in convection apparatus.

MP1-12 = Measuring plate 1-12 GB1-10 = Guard bottom 1-10

GR1-12 =Guard ring 1-12

GSR1-12 = Guard side ring 1-12 GSB1-12 = Guard side bottom
(Heating bands which are balanced (Heating bands which are
against the guard ring) balanced against the bottom
guards)
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Placement of the heating bands:

(@] . .
B : : GSM
2
GR MP GR
: : GSR
2 |
GB : GSB
S
S |
150 400 L 1000 400 150
| ] 1

Figure B.2: Cross section in convection apparatus.

GSM = Guard side middle - this heating band is placed 0.25 m above the measuring plates.
GSR = Guard side ring
GSB = Guard side bottom
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Appendix C

Results of convection measurement performed

This appendix contains the results of the measurements performed in the convection
apparatus. The results are presented as thermal conductivity measured at the individual
sections within the apparatus, together with the local Nusselt numbers calculated on the basis
of the measurements performed according to eq. (5.2).

An overview of the results given on the following pages is shown in the table below. The
numbers in the bracket signifies the page number on which the result can be found.

Table C.1:  Overview — measurements, which have been performed within the time limit of the project. The
numbers in () signifies the page number on which the result can be found.

Surface Surface Position of apparatus
temp. temperature

diff. Vertical Horizontal

Material heat flow
h/d=6 Wd=7.5 h/d=15 upwards

AT Thot | Teow | MP1 | MP12 | MP1 | MPI12 MP1

[°C) [°C] [°C] | ontop | ontop | ontop | on top on top d=0.4m | d=0.5m
Stone wool (1) 20 20 0 x (76) | x (76) x (79) x (76)
Stone wool (1) 30 20 | -10 | x(7D) | x (7D x (80) x (77)
Stone wool (1) 40 30 -10 [ x(78) | x (78) x (78)
Fibre glass (3) 40 30 -10 x(81) | x(81) x (81)
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