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FOREWORD 

The present work, investigating the natural convective heat 

transfer in insulated structures, is part of a larger research 

program concerning the heat transfer in permeable materials 

and their behaviour as insulations in a structure. The first 

part of this work, which dealt with the basic mechanisms of 

heat transfer in a fibrous material, has already been reported 

on. 

The natural convective heat transfer in insulations and insulated 

structures has been the subject of many speculations. A thorough 

theory on the heat transfer in this case has hereto been lacking 

and relevant influencing factors have frequently been ignored, 

while peculiarities in the measuring results have been attributed 

to natural convection. It is therefore hoped that this work will 

clearly show the important factors and their influence on the 

natural convective heat transfer in the insulation. Explicit 

expressions give the qualitative influence from these factors 

and diagrams show their quantitative influence. 

I am greatly indebted to those who have given their assistance 

to this project: professor Lars Erik Nevander, the head of the 

department, who initiated and made the research work possible, 

Miss Gunvor Hällnor, Mr. Thord Lundgren And Mr. Lars Olsson, who 

helped with the measurements, Mr. Alf Hansson, who erected the 

test wall and especially to Mrs. Mary Lindqvist, who patiently 

typed the manuscript and Mrs. Lilian Johansson, who drew the 

figures for the report. I also wish to thank my colleagues and 

friends, who have shown interest in my work and given me helpful 

advice. 

The work presented here have in part been supported by a grant 

from the Research Fund of the Swedish Counsil for Building 

Research. 

Lund, November, 1972. 

Claes Bankvall 
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SUMMARY 

This report investigates the natural convective heat flow in 

insulatedstructures. To understand the heat transfer due to 

convective flow in an insulation the twoextreme limits from 

the point of heat transfer are observed, i.e. the solid 

structure and the air space. A discussion is made of the 

natural ~onvection in the air space. This part is largely 

based on the literature. The factors influencing the convective 

heat transfer in the vertical and in the horizontal air space 

are illustrated. A discussionis made of the laws governing 

fluid flow in porous media and the concept of specific per

meability is introduced. This makes it possible to develop a 

theoretical model for the convective heat flow in the perme

able space. A nurnerical solution to this problem is presen-

ted and verified by available experimental results. 

The factors influencing the convective heat transfer in the 

vertical and horizontal insulated structure are calculated 

and discussed. Experimental investigations are presented to 

establish the presence of natural convection in insulations 

in building technological applications. Nurnerous measurements 

were made on wall insulations, representing the vertical space 

and in a guarded hot plate in order to establish the behaviour 

of the horizontal space. The experiments on the wall structure 

include a tentative investigation of the influence of small 

air spaces and openings in the insulation. A discussion is 

made of the measurements on wall insulations reported in the 

literature. It is found that the theories are in good agreem.ent 

with these findings and give a consistent qualitative and 

quantitative explanation of the natural convective heat trans

fer in the insulated structure. The conclusions are presented 

in Section 7. 
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INTRODUCTION 

1.1 Introduction 

Effective thermal insulations are of considerable importance for 

many fields of modern technology. The availability and use of 

liquefied natural gas, the developments of superconductors for 

the generation and transmission of electricity, the maintenance 

of low temperatures for diminishing noise in electronic devices, 

the increasing use of cryogenic fluids in manufacturing processes 

and in the medical sciences, the expansion of the food preserva

tion industry, the insulation of space-vehicle cryogenic fuel 

stages, engine components, etc., are examples where the overall 

efficiency would have been significantly retarded without suit

able thermal insulations. This is also the case in the field of 

building physics, due to increasing requirements of comfort, and 

the necessity of reducing costs. In order to fulfil the demands 

of a more effective utilization of the insulating materials, 

further knowledge of their properties is required. This is 

especially true for many new types of high-performing thermal 

insulations with complicated mechanisms of heat transfer. It is 

not possible to judge the behaviour of an insulation inside a 

structure without knowledge of the different ways of heat trans

fer in the material itself. 

Most highly insulating materials are porous, i.e. they usually 

contain large amounts of air or other gas. The pore system can 

be closed, as in many cellular plastics, or open, as in mineral 

wool. The mechanisms of heat transfer in a porous material are: 

conduction in solid phase constituting the insulation, radiation 

within the material and conduction due to the gas confined in 

the irisulation. In an open-pore material like mineral wool, the 

transport of heat can be further increased by natural or free 

convection, i.e. heat transported by a gas-flow due to differen

ces in gas density induced by a temperature-gradient over the 

material. 

Fibrous insulations with open-pore system and complex mechanisms 

of heat transfer have presented difficulties when evaluating 
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building structures where these materials have been used for 

insulation. The influence of dimension, temperature, temperature 

differences, etc., have not been conclusively evaluated in many 

investigations. In some cases the reason for this can be attri

buted to less rigorous measuring techniques. In most cases, how

ever, a thorough theory on the heat transfer in the insulation 

has been lacking, which has frequently lead to ignoring relevant 

influencing factors while peculiarities in the measuring results 

have been attributed to convection. This situation is partly due 

to insufficient knowledge of the mechanisms of heat transfer in 

the non-convecting material, and partly due to the difficulties 

in calculating the convective heat transfer. These calculations 

require the use of high speed computers with large capacity, 

often in combination with sophisticated numerica.l methods. Only 

in recent years has it been possible to solve some of the rele

vant problems. It has thus not been possible to draw any decisive 

conclusions about the importance of free convection for normal 

building technological applications of the insulation. 

1.2 Disposition 

The aim of the present work has been to investigate the natural 

convection in constructions insulated with open-pore material 

(mineral wool). This research is part of a project intended to 

give a detailed and consistent explanation of the mechanisms of 

heat transfer in the insulating material and the performances 

of such a material in a structure. 

The fundamental mechanisms of heat transfer in open-pore insula

tion have earlier been calc.ulated theoretically and verified by 

experiments. That investigation was done with no convection 

present and gave information on the basic physical mechanisms of 

heat transfer in the material ( Bankvall, 1972a, 1972b). 

In the present investigation,natural convection has been studied 

in detail. The theoretical calculations and considerations give 

a fairly complete treatment of this problem. The experimental 

investigations, however, have mostly been concerned with the 



insulation in applications normal for building physics and buil

ding technology, and the experiments therefore include a tenta

tive investigation of the influences of small air spaces and 

openings in the insulation. The problem of forced convection and 

protection from wind is not taken up in the present study. 

In Section 2, the general philosophy behind the present approach 

to natural convection is outlined and discussed. 

Section 3 explains the heat transfer due to convection in an air 

(fluid) space. The influencing factors and variation of the 

temperature and velocity fields are discussed. Extensive informa

tion can be found in the literature on the natural convection in 

the fluid space, while this is not the case for the one with insu

lation. This section is therefore largely based on the theoretical 

and experimental investigations available. 

Section 4 discusses the laws governing fluid flow in porous media. 

The concept of specific perrr.eability is introduced. Theoretical 

and experimer.tal evaluations of the permeahility e.re presented 

for mineral wool materials. 

The theoretical treatment of natural convection in a permeable 

material is given in Section 5, Comparisons are made with the 

scanty theoretical and experimental information on the subject 

in the literature. The factors influencing heat transfer, tem

perature field and velocity field are discussed in detail. 

Section 6 presents experimental investigations to establish the 

presence of natural convection in insulations in building tech

nological applications. Measurements have been made on wall insu

lations, representing the vertical space and in a guarded hot 

plate in order to estab]ish the tehaviour of the horizontal space, 

Tbe experimental invec,tigati om; ah;c inclt:öe a tent.ativl: :.;tudy of 

the influences from sma11 air spaces and openings in the insula

tion. This section is concluded by a discussion of the numerous 

wall insu1ation measurements previously presented in the litera

ture. 
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The final conclusions anda summary of the results and their 

implications are presented in Section 7. 

Details of theoretical calculatory methods and experimental 

results and procedures are given in the Appendix. The literary 

references are listed in the appropriate category or at the end 

of the Bibliography. Frequently-used symbols can be found under 

the heading Nomenclature. SI-units have been used throughout un

less clearly stated otherwise in the context. 



2 NATURAL CONVECTION 

2. 1 Phenomenology 

Natural ar free convection can be considered as the heat transfer 

by flow af fluid due ta the interaction between the field af 

gravity and temperature-induced density variations in the fluid. 

This isa fairly well known phenomenon in the air space and in 

order ta understand the heat transfer due ta convection in an 

insulation it is suitable ta observe the two extreme limits from 

the point af view af heat transfer. 

One extreme limit af the porous insulation is the solid structure 

which is reached as the porosity af the material decreases. The 

other extreme limit is reached as the porosity increases and is 

the air space (ar uninsulated structure). This is illustrated in 

FIG. 2.1 ana space af different orientation. In the figure the 

characteristic air flow patterns inside the space and heat flow 

variations at the boundaries are shown for constant boundary 

temperatures. This means that it is of interest ta investigate ta 

what extent the thermal performances af the insulated structure 

are similar ta those of the air space or those of the solid struc

ture. 

When the basic physical mechanisms of heat transfer are known in 

a material without convective gas flow, the question is under what 

circumstances natural convection will be of importance to the 

total effective thermal conductivity of the insulation, for example 

when installed in a wall. In order to understand the phenomenology 

of natural convection,valuable information can be gained from the 

available knowledge of the behaviour of the air space. This 

approach was suggested earlier by the author (Bankvall, 1966) and 

will be used in the following. 

11 
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3 NATURAL CONVECTION IN AIR (FLUID) SPACE 

3.1 Introduction 

The heat transfer in a fluid (gaseous or liquid) space has been 

investigated by several research workers. The transfer by radia

tion has in most cases given few difficulties,and the main 

interest has been directed towards the different convective phe-

nomena the space. Earlier investigations of natural convec-

tion or heat transfer in a fluid space have been of eXJ?erimental 

character, sometimes with a limited dimensional analysis as the 

theoretical background. The complete equations governing the heat 

and mass flow in the system have eventually been given. Their 

complicated nature has, however, made analytical solutions diffi

cult and, in most cases, impossible. Only the recent development 

of high-speed computers has enabled the numerical solution 

of some of the . This situation invariably leads to diffi-

culties in evaluat some of the earlier experiments because 

relevant influencing factors are not given. 

In the following,the natural convection in a fluid space will be 

described, first by establishing the theoretical equations and 

then by presenting some theoretical and experimental results. 

This exposition ,will largely be based on the available literature. 

3.2 Vertical space, theoretical background. 

The equations governing the natural convection in a vertical 

fluid space can be developed and discussed with reference to 

FIG. 3. 1. In the figure, h drcnotes the l1eight, d the depth and b 

the width of the space. The temperatures of the vertical walls 

x = 0 and x = d are Te and TH, respectively. Assume 

that the variation in temperature is small compared to the 

absolute temperature, and that pressure differences arising from 

inertia and gravitational forces are negligible in comparison to 

absolute pressure. This implies that density variations are 

ant only in their ion of bouyancy forces and then 

det by variation of absolute temperature, the so 

called Boussinesq approximation. Other fluid parameters are 

1 3 
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independent of temperature. Assume also that the effects of 

compressibility and viscous dissipation of energy are negligible. 

The governing equations can then be expressed in the following 

form in vector notation. 

The continuity equation 

div V= 0 

where v = (u, v, w) is the local velocity. 

The momentum equation 

-
dV + p ( V- ) p dt grad v = - grad p + n v2v - p S(T - T ) g 

m 

( 3, 1 ) 

( 3. 2) 

where t is the time, p and T are local pressure and tempe

rature of the fluid, while p, n and S are mean values of 

density, dynamic viscosity and the coefficient of cubical expan

sion corresponding to the mean temperature Tm = (TH + Tc)/2. 

g = (O,O,-g) is the gravitational acceleration. 

The energy equation 

p C ].! + p C (v grad) T = \ v2T 
p 8t p 

( 3. 3) 

where C is the specific heat at constant pressure and A 
p 

the thermal conductivity corresponding to the mean temperature 

T . m 

The governing equations can be derived from the study of a cont-

rol volw11e of the fluid (cf. e.g. Chandrasekhar, 1961 or Kays, 

1966). The continuity equation expresses that the content of mass 

in the volume does not change, i.e. the same amount of fluid 

flows inta the volume as flows out of it. The momentum equation 

states that the change in momentum as the fluid flows through the 

control volume lS equal to all external forces acting on the 

control surface or volume. The energy equation expresses the 

change in energy content of the volume, lll this case the change 

in temperature and the heat transport ed by flow of fluid lS 

15 
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balanced by that due to conduction in the fluid. 

If only stationary flow is treated, and if the width of the space 

is large (b >> d, h), then the governing equations for the two

dimensional, stationary case can be formulated: 

Continuity, 

clu clw 
- + = 0 
clx 3z 

momentum, 

J_ l_p_ + 32 2 
v(~ + ~) 

p 3x 2 
3z 2 3x 

clw 
u - + w = 

3x clz 

? 2 
J_ _?_]2 + 3~ 3 w) v( --2!.. + + p B( T - T )g 
p clz 2 2 m 

clx dz 

a,nd energy, 

3T 3T 
u- + w-

3x clz 

v = n/p is the kinematic viscosity anda= A/(pC ) the 
p 

( 3. 4) 

( 3. 5) 

( 3. 6) 

( 3. 7) 

thermal diffusivity of the fluid at the mean temperature T . 
m 

In this current case the above equations are ,.;oJ:ved sub,j ected to 

c:ertain boundary condi t i.ons, At the vertical 

;'ondi tions an, 

u = w = 0, T = TC at X = 0 

u = w = o, T = TH at X = d 

At the horizontal boundaries, z = 0 and z = 
together with some condition on T, e.g. that 

es 

( 3. 8) 

h, u = w = 0 

T varies 

linearly from the cold to the hot side or that the boundaries 
. . 3T 

are well insulated so that there is no heat flow, i.e. ~ = O. 

If h >> d the exact conditions for Ton the horizontal boun-

daries are of minor importance. 



In order to simplify the previous equations,dimensionless vari

ables are introduced 

z = z 
d 

( 3. 9) 

T-T 
m 

f1T 
e = 

with 

A dimensionless stream-function w is defined by 

a aw 
u = --

d az 
(3.10) 

w = 

This enables the simplification of equations (3.4) - (3.7). 

Equation of energy (by insertion in (3,7)) 

ae 
ax (3. 11) 

Equation of continuity and momentum (by insertion in (3,5) and 

(3.6) after derivation, insertion of (3.4) and elimination of 

p) 

where 

Pr = ~ 
a 

lJ!_ _ ae 2 
ax - Pr Ra ax+ Pr V~ (3.12) 

(3.13) 

(3.14) 

17 



18 

1G U1cc' Prandtl nurnlwr, and 

Ra (3.15) 

the Rayleigh number. 

The boundary eonditions are 

ijJ = 0 8 = 0 at X = 0 

ijJ = 0 8 = at X = (3.16) 

ijJ 0 8 X 
ae 

0 at z 0 and z .h = = or e.g. = = = az d 

By introdueing dimensionless variables of an adequate ehoiee and 

elimination between the original equations, it has been possible 

to reduee the problem to two equations and the appropriate boun

dary eonditions. This means that the temperature and stream 

funetions, 8 and i)!, are uniquely determined by the Prandtl 

number Pr, the Rayleigh number Ra (sometimes the Grashof number 

Gr = Ra/Pr is used instead), and the aspeet ratio h/d. It should 

be pointed out that, depending,upon the 

tional faetors may influenee the governing 

conditions addi-

The eonveeti ve heat transfer through the spac·,• can be express ed 

dimensionles as the ratio between the 

with eonvective flow in the space, ;\ and the 
ev 

the stagnant fluid, ;\. 

;\ 
ev 
;\ 

= Nu 
h/d 

= d f (~) dZ 
h o ax x=o 

conduetivity 

ivity in 

(3.17) 

When no eonveetive flow is present the Nusselt number Nu, will 

be equal to one. 

The general eonclusion (whieh ean be dedueed from a simple 

analysis of dimensions as well) is 

Nu= f (Pr, Ra, h/d) (3. 18) 



In an air space Pr = 0.7 and the interesting variables are h/d 

and Ra. Instead of Ra, Gr can be used. 

Attempts have been made to solve the above equations analytically. 

In recent years, however, some numerical solutions on computer 

have been more successful. The governing equations for two-dimen

sional convective motion in a long vertical space were discussed 

by Batchelor (1954) in a theoretical study of cavities used for 

thermal insulation of buildings. This analysis was essentially 

asymptotic, discussing the behaviour of the space for small Ra, 

large h/d and large Ra, respectively. Poots ( 1957) developed 

numerical approximations for the solution of the partial diffe

rential equations. These were solved for h/d = 1 and Ra-values 

between 5·102 and 104. Emery and Chu (1965) assumed that the 

convective heat transfer was a result of two boundary layers for

med on the vertical surfaces. They calculated a Nusselt number

relationship for Ra < 107. Similar, somewhat more elaborate 

evaluations have been made by Gill (1966) and Nagendra and 

Tirunarayanan ( 1971), among others. 

A. numerical procedure involving simple difference formulae for 

solving the governing equations was presented by de Vahl Davis 

and Kettleborough ( 1965). Their finite-difference solution was 

I 8 4 w· .. performed for h d = 1. 75 and Ra ~ 5·10. ith same modifica-

tions, this procedure was used by de Vahl Davis ( 1968) to inves-

tigate the convective flow for and h/d in the 

range 1 - 5. Wilkes and Churchill (1966) treated the problem of 

a fluid initially at rest in an isothermal space. This space was 

then subjected to the relevant thermal boundary conditions. They 

gave some solutions for Ra < 7.5.104 and h/d = 1, 2 or 3. A 

similar problem was treated by MacGregor and Emery ( 1969). De-
6 tails of the convective flow were given for Ras 10 and from 

1 to large values of the aspect ratio h/d. In recent years 

Szekely and Todd (1971) have made an analysis of transient lami

nar natural convection in a rectangular space containing either 

one fluid or two immiscible liquids. 
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FIG. 3.2. Schematic temperature and flow fields in natural 
convective heat transfer in a vertical fluid space 
(h/d !:e 10). 
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3.3 Characteristics of natural convection, vertical space. 

In the preceding section it was found that the interesting 

characteristics for the natural convection in the vertical air 

space were the Rayleigh number Ra, the aspect ratio h/d and 

the boundary conditions. A discussion of these influencing 

factors will now be made, on the basis of the extensive litera

ture available. 

In order to understand the convective heat transfer in the air 

space it is suitable to study the temperature and velocity 

fields in the space. FIG. 3.2 shows the different types of flow 

at different values of Ra, at a h/d value of approximately 10. 

The first regime (Ra < 103 ), the conduction regime, is charac

terized by a linear temperature variation from the cold to the 

hot side of the space. The flow of air that may occur is in

significant and the heat is transfered through the space by 

conduction in the air i.e. Nu= 1. Under these conditions no 

influence from Ra or h/d can be expected. 

As Ra increases (103 < Ra < 3·104), a more noticeable flow will 

develop all over the space. The flow is directed upwards at the 

warm side and downwards at the cold side. This so-called asymp

totic flow leads to deformations in the temperature field. The 

temperature gradients at the boundary surfaces are changed and 

this gives as a whole an increased heat transfer through the 

space. The heat is transferred simultaneously by conduction in 

and flow of the air, i.e. by convection. In this case, the heat 

is transferred roughly equally over the height of the space with 

the exception of the top and the bottom, where the flow of air 

especially influences the heat transfer. In these end-regions 

the addition of heat to the air is somewhat greater at the bot

tom of the warm side, and the loss of heat correspondingly larger 

at the top of the cold side than is the case for the side-surfaces 

as a whole. This is due to the warming and cooling, respectively, 

of the air as it flows along the surfaces and at top and bottom 

passes from one side to the other. In this case, a certain influ

ence of h/d can be expected. In a space with a large aspect ratio, 
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the heat transfer in the end-region will influence a relatively 

smaller part of the space. This influence will be more marked 

as Ra, i.e. the flow in the space, increases. 

Further increase of Ra (3·104 < Ra < 106) gives a more noticeable 

flow along the vertical boundaries. Eventually, a boundary layer 

flow is developed, where the boundary layers are separated. The 

temperature change occurs in these boundaries in a way similar 

to that at a free vertical surface. The heat transfer is mainly 

due to the flow of air at the top and the bottom of the space. 

In this case a more noticeable dependence on h/d can be expected. 

Sufficiently large values of Ra (Ra > 106) will give turbulent 

flow in the air space. As long as the turbulence develops within 

the boundary layer the influence of the aspect ratio h/d is 

noticeable, if the turbulence encompasses the whole space it is 

likely that this influence decreases again. 

A summary of the influence of h/d and Ra upon the heat transfer 

in the vertical space can now be made. 

An increase of h/d is likely to decrease the total heat flux 

through the space. Dividing the space horizontally will consequent

ly increase the heat transfer. The extent of the influence of h/d 

upon the heat transfer will depend upon the condition of flow in 

tltc npace. This is illustrated in FIG. 3. 3 where the measurements 

of Mull and Reiher ( 1930) have been used. The figure shows that 

for high Ra-values the variation in Nu with h/d is more pronounced. 

It should be pointed out that if the aspect ratio decreases below · 

approximately one, the reverse will be true, since the convective 

f'lrn.r 1.rill ho C,Pl"'ir111c,l_y l"'oc:+ri,-.+Pr1 1.rh,c,n h/d < 1. FIG. 3.1, from the 

calculations of MacGregor and Emery (1969) shows some indication 

of tld s. In these lat.ter cases, the horizontal boundary condit.i ons 

will rJe of importance. The problem of the horizontal boundary con

ditions wi11, however, be 1eft fora discussion in connection with 

tbe fiber insulated space. All the illustrations in this section 

ref er to the case of insulatcd horizontal boundaries. '110 complete 

the picture of the influencc of h/d it should be noted that the 
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transition from one type of flow to another, as indicated in FIG. 

3.2, generally takes place at a slightly higher Ra value as h/d 

is increased (cf. Eckert and Carlson, 1961). 

FIG. 3.5 shows the general influence of the Ra-value for different 

aspect ratios upon the convective heat transfer through the verti

cal space from calculations of MacGregor and Emery (1969). The 

Rayleigh nurnber is defined by 

3 
Ra = g · S • t:,.T • d 

a· v 

If the air in the space is treated as an ideal gas, S = 1/T and m 

Ra = C . air 

where 

3 
• /J.T • d 

g 
C air = _a_·_v_·_T_ 

m 

(3.19) 

(3. 20) 

only depends upon the gas (air) and the temperature. C . for air 
different mean temperatures is shown in FIG. 3.6. It is obvious 

from the above relationships that for applications in building 

physics the temperature difference and the space thickness are 

the most important influencing factors. 

3.4 Horizontal space, background. 

The heat transfer due to natural convection in a horizontal air 

(fluid) space heated from below, which is the interesting case, 

is governed essentially by the same equations that were estab

lished for the vertical space. FIG. 3.7 shows the notation in 

this case. The governing equations should naturally be subjected 

to the relevant boundary conditions. 

When a layer of a fluid is heated from below, a cellular regime 

of steady convection is established if the Rayleigh number 

oxceeds a critical value. These polygonal, so called Benard 

c~lls (Bcna:rd, 1900) n.rc Ed10wn in Ll1eir hcxagonal form in FJG. 

3.8. In the cell the warm air will descend in the center and 
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the cold air will ascend at the edges of the cell - in the case 

of a liquid, the reverse will be true. In general when a system 

changes from an unstable equilibrium it can do so in several 

principal modes, of interest may then be the mode for which the 

instability is greatest. 

The case of a fluid between two infinite isothermal planes was 

treated by Rayleigh ( 1916). He made a linear analysis of the 

stability criteria for certain boundary conditions. An analysis 

of the fluid layer was made by Jefferys (1926, 1928) for several 

different boundary conditions giving the critical Rayleigh

values for stability. Pellew and Southwell ( 1940) made a 

thorough treatment of the linear disturbance theory for cells 

of arbitrary plan form. In an extension of the linearized stabi

lity theory Malkus and Veronis ( 1958) made a study of non-linear 

processes in cellular convection. This approach was used by 

Edwards and Catton ( 1969) to estimate the influence from vertical 

sidewalls on the convective heat transfer. The natural convection 

in a horizontal fluid space was treated numerically in two 

dimensions by Fromm (1965) for different horizontal boundary 

conditions. Aziz and Hellums ( 1967) presented a method for 

numerical finite difference solution of the three dimensional 

problem. 

3.5 Characteristics of natural convection, horizontal space. 

The natural convection in the horizontal space is governed by 

roughly the same factors as the convective flow in the vertical 

space. These are the Rayleigh number, in this case with has 

dimension parameter, the aspect ratio h/d and the boundary con

ditions. In many cases d >>hand the convection in fluid 

space is governed by the Rayleigh number 

Ra = ~--· _!':,_T __ h_3 
a . \J 

(3.21) 

In the preceedin5 section it was pointed out that when a system 

becornes unstable it can do so indifferent principal modes. FIG. 

3,9 shows the convective heat transfer due to the independent 
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growth of the first sccond and hi13her Ra;vlej ch - like modes. 

The calculat:iorn, wcre done by Catton ( 1966) followinG the 

relationship r,iven by Mnlkus and Veronis ( 1958). The figure 

shows tha.t the first cri ticn.l na-vnlue is reached a.t 1700 p;i ving 

the firnt convccti ve m, ,de of ow flow; when the Ha value reaches 

about 17600, the Elecond mode iEl initiated and adds to the con

vective heat transfer, etc .• This behaviour has been confirmed 

by several theoretical and experimental investigations. In 

FIG. 3, 10 results from experiments on liquids by Silveston 

(1958) and on air by Mull and Reiher ( 1930) are shown. The 

results agree favourably with FIG. 3,9. It should be pointed out 

that for very thin gaseous spaces, h < 10 mm, the critical value 

is sma11er due to another type of convective flow. If the upper 

surface of the fluid layer is free the critical value is about 

1100, Pelle w and Southwe11 ( 1940) . 

The above figures are valid when the aspect ratio h/d ~ 0.2, 

for higher values of h/d the convective motion sets in at a 

higher Ra-value and the boundary conditions on the vertical 

sides can be of importance. This influence of the aspect ratio 

was investigated experimentally and theoretically by Catton and 

Edwards (Catton & Edwards, 1967 and Edwards & Catton, 1969). 

FIG. 3, 11 shows the influence from h/d on the convective heat 

transfer according to these investigations. 

The criterion for natural convective flow in a horizontal air 

space is given by 

Ra ~ 1700 

where 

Ra 
3 

= g· L'iT· h 
a . v . = T 

m 

(3. 22) 

(3. 23) 

The coefficient C . depends upon the gas (air) and the tempera
air 

ture. C . is given in FIG. 3.6. It is evident that in applicaair 
tions in building physics the temperature difference over the 

space and its height are the most important influencing factors. 
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4 FLOW IN POROUS MATERIAL 

4. 1 The governing eguation 

In order to correctly evaluate convection in an open-pore mate

rial it is necessary to know the equation governing the gas flow 

through the material. It is then possible to treat the heat trans

fer in the insulated space and make comparisons with the air space. 

The mechanisms of flow processes through porous media are gene

rally complicated (cf. Carman, 1956, Collin, 1961, and Scheideg

ger, 1963). Attempts to describe the flow directly by means of 

basic physical equations have been unsuccessful for long-range 

prediction of the behavior of the flow. Equations used are there

fore generally semi-empirical and the basic equation governing 

calculations of flow of fluids through porous media is that of 

Darcy ( 1856). This empirical law states that the rate of flow is 

directly proportional to the pressure gradient causing flow, i.e. 

u = B A..12_ 
1 L 

( 4. 1 ) 

where u is the apparent linear rate of flow, 6p the total 

pressure drop across a specimen of length L and B1 isa per

meability coefficient. The apparent linear flow rate u is de

fined by 

u = _g 
A ( 4. 2) 

where Q is the volume flow across the cross-sectional area A. 

The above proportionality between flow rate and pressure gradient 

does not always hold, but it can be applied in most cases of 

viscous streamline or laminar flow. If the decrease in pressure 

is small, i.e. compressibility can be ignored,the equation can 

be rewritten in the following form 

u = 

q 1s Lhc Llynami<' vii,cmd Ly and B 
0 

( 4. 3) 

LhP :;pc~r-iJ'ic 
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permeability coefficient. 

Several workers have reformulated the Dn.rcy-law and discussed its 

applicR.bility (cf. e.g. Huhbert, 1956, lloupeurt, 1959, Whitaker, 

1966, in addition to the prcvious rcfr:r<'nccs). The rclationship 

has also been derived more or less stringently and as a special 

case, from e.g. in recent years, classical continuum mechanics 

(Fulks et al, 1971) or by statistical models where the randomness 

is described as inherent in the fluid particles (Liao & Scheideg

ger, 1970) or ascribed to the medium (Torelli & Scheidegger, 197"1 ). 

4.2 The specific permeability. 

The specific permeability coefficient is defined by 

B = 
0 

n 
grad p ( 4. 4) 

Generally speaking the permeability is the fluid conductivity of 

the porous material and the value of B is determined by the 
0 

structure 

that B 
0 

of the material. From the defining equation it is seen 

has dimensions of length squared (m2 ) and it is roughly 

a measure of the mean square pore diameter of the material. In 

many branches of applied science other units have been adopted 

specific to that branch. The permeability coefficient B1 , in the 

original formulation of the Darcy-law, is rather restricted in 

its usefulness. This constant is obvio11sly indicative of the 

permeability of a certain medium toa particular fluid. It de

pends on the properties of both the medium and the fluid. In the 

1930-s, when several research workers pointed out the advantages 

of a coefficient that separated the influence of the porous 

media from that of the liquid, the specific permeability B 
0 

was more or less generally accepted. The verification of this 

concept consists in the innumerable successful determinations of 

permeability that have been performed with it. 

In an unisotropic porous material the permeability will have 

different values indifferent directions (cf. Scheidegger, 1954). 

In such a case three orthogonal principal axes can be assigned 

to the sample with corresponding permeability coefficients, B01 , 



B02 and B03 (cf. e.g. Ferrandon, 1948, Scheidegger, 1963). If the 

coordinate axes are oriented parallol to the principal axe~ each 

component of the linear rate of flow is proportional to the cor

responding component of the potential ( pres,rnre) c;radient wi th 

the appropriate permeability coefficient. In the mineral wool 

insulation the fibers are generally oriented randomly in parallel 

fiber planes. The permeability coefficient in two directions can 

therefore be assumed to be the same and the principal directions 

of interest are B and B (B = B or B ). 
ox oz oy ox oz 

Many attempts have been made to relate the structure of the 

porous material to its permeability. It is, however, intuitively 

clear that this isa mast difficult task simply because a correct 

description of the structure of the material is exceedingly dif

ficult. In order to find theoretical correlations the porous 

media are represented by theoretical models that can be treated 

mathematically. The simplec::t models are those eons i sting of 

capillaries ( f. Schei 

bility of hese mod 

models bas ed 

accepted theory in 

the porous mat 

, 1 3). The usefulness and applica

very restricted. More elaborate 

c radius theories. The most generally 

s case is that of (1927). this 

al is represented by an assemblage of 

channels. The Navier-Stokes ons are sol •1,red s 

for all channels pass 

flow the porous media and the 

terms 

The bas treatment Kozens 

research workers. commonly used 

Carman 

B 
0 

= ----
k · s2 

0 

C arman, 19 5 6 ) 

2 
( 1 - E) 

:i_on normal the 

l::3 expressed n 

medium. 

modified severa1 

is the one by 

( 4. 5) 

E the material, k the Kozeny eons-

tant 

fined by 

:specifi surface of the solid phase. 

fiber of diameter D, 80 = 4/D. The poros1. 

a 

is de-

(4.6) 
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FIG. 4.1. The variation in perrneability with flow velocity 
according to the drag theory, cf. equation (4.7), 



where is the (bulk) density of the material and the 

density of the solid phase. 

Unfortunately the Kozeny theory also fails in many cases, 

especially for high porosities. This is notic:>ahle from the 

variation of the Kozeny constant, theoretically given as 2, 

from experiments chosen as 5 and in the case of high porosity 

fibrous materials increasing further with increasing porosity 

( cf. Carman, 1956). A different apriroach was developed by 

Emersleben ( 1927). In this tlleory the walls of the pores are 

treated as obstacles to the viscous flow. The drag of the 

fluid is estimated from the Navier-Stokes eqnFLtions, and the 

resistance of the porous media to flow is equal to the sum of 

all drags. The drag theory is likely to give good results in the 

case of highly porous media, such as fibers, where the single 

particles can be regarded as more or less solitary within the 

fluid. This theory was used by Iberall ( 1950) in a study of 

permeability of glass wool and other highly porous media. In 

the case for the fibrous media 

B 
0 

= l_ 
16 

E D2 

1 - E 

2 - ln Re 
4 - ln Re 

where Re is the Reynold nwnber 

Re = D p u"' 
n 

( 4. 7) 

(4.8) 

p is the fluid density and u"' is the local flow velocity 

related to the linear rate of flow by 

u"'= u/s ( 4. 9) 

A significant implication of equation (4.7) is that the permea

bility varies with the Reynolds number i.e. the velocity of flow. 

This effect is generally attributed to the fluid inertia. FIG. 

4.1 shows the variation in relative permeability as a function 

of apparent velocity. 

The drag theory has been treated indifferent ways by differnt 

research workers. In a recent paper by Kyan et. al. ( 1970) 
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the deflection of individual fibers was also considered. A com

parison was made with the Kozeny theory. 

None of the previous models are, however, complicated enough to 

represent true porous media. Therefore they describe the permea

bility of the matcriril with the same insufficiency as many other 

Sl~mi-crnpir:ica1 1't' Lat.i un:, l'()1tr1d in LlH' I i Lc't':1.L11rc. Tn rl'<:ent ycars 

statistical models of flow thraugh porous material have been 

tried with some hope af leading toan understanding of the rele

vant mechanisms. 

4.3 Measurements of permeability. 

The measurements of permeability are dane using the Darcy rela

tianship. This means that fora certain poraus system the rele

vant pressure drap and simultaneaus flaw are measured. In same 

cases these methods have been standardized e.g. ASTM ( 1968) and 

DIN ( 1958). 

In the present investigatian the permeability of two different 

types of mineral waal insulations (diabase and glass fiber) was 

measured. The measurements were performed parallel and at right 

angle to the fiber planes. The different measurement techniques 

used are described in the Appendix tagether with the detailed 

results. The conclusive results of the permeability measurements 

are shown in FIG. 4.2. Regression lines give the specific permea

bility depending upon type of fibrous material, arientation and 

density. 

As was pointed aut earlier there is same doubt as to what 

extent the proportionality between the pressure gradiPnt and the 

apparent rate of flow (or velocity) is true. In order to inves

tigate this, measurements were made with different flaw rates. 

This is illustrated in FIG. 4.3 where the lower line indicates 

the velocity range in which mast of the measurements were per-

formed, departure from the praportionality relationship could 

be detected. Two sets of measurements were made at higher velo

cities as is indicated by the upper line in the figure. In this 

case a slight deviation from the simple linear relationship was 
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detected for u > 0.3 m/s. This indicates that in this type of 

material the Darcy equation is applicable for fairly hic;h veloci

ties. The result does not ahow nny influence from npparent velo

city upon the permeabili ty ar" wan iml:i en.Led by the drag theory 

in FIG. 4. 1. 

The Kozeny-Carman equation (4.5) can be used to calculate the 

Kozeny constant from the permeability measurements in FIG. 4.2. 
This has been done in FIG. 4.4 for the glass fiber, B (.1). The 

0 

figure shows the rapid increase in the "constant" and the failure 

of the theory at high porosities. This phenomenon has been re

ported by many research workers, e.g. Lord ( 1955) found values 

vary1ng from 5 to 25 when E varied from 0.90 to 0,99, 

Kyan et al. ( 1970) made comparisons with the Kozeny theory and 

calculated values for the Kozeny constant, in a development of 

the drag theory. In the porosity range 0.90 to 0.99 the constant 

varied from about 5 to over 20. Other investigations have 

shown even higher values for the Kozeny constant at high porosi

ties, cf. Carman ( 1956). 

It is obvious that the theoretical considerations contain vague 

factors and it is likely that they can only rendera qualitative 

description of the phenomena. The measured permeability values 

for the fiber materials will therefore be used as they are pre

sented in FIG. 4.2. These results are in general confirmed by 

measurements upon similar materials byFournier et al. ( 1967) and 

Höglund (1963) - though a permeability coefficient depending 

upon the viscosity of the fluid and its temperature was used 

(cf. equation (4.1)). 
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5 NJ\.TlJHJ\.L CONVECTION IN POROUS ( Finnotm) GPJ\.CE. 

5. 1 IntroLlrtd,ion. 

When a porous material is introduced as insulation in an unin

sulated (air) space the resistance to air flow in the space will 

increase. The deformation of the temperature field due togas 

flow will consequently be less pronounced. The behaviour of the 

space will then shift towards that of the solid structure with 

linear temperature gradient and constant heat flow at the 1so

thermal boundaries. As was pointed out before, the air space 

represents one limiting case of the insulated space and the 

solid structure the other. The natural convection in the perme

able insulation will therefore be investigated in much the same 

way as the air space. Since the research work in this field is 

considerably less conclusive and elaborate - as will be seen -

the study will have to be made throughly, to yield useful 

results 

5.2 Vertical space, theoretical background. 

The natural convection in the vertical, insulated space is 

treated 1n two dimensions for stationary flow. The problem 1s 

defined 1n FIG. 5.1. The governing equations are with one not

able exception largely the same as for the air space. The velo

city of flow is governed by the Darcy relationship which leads 

toa simplification of the momentum equations. This means that 

to the previous assumptions about the convective flow in the 

air space is added the assumption that in the permeable space 

the da.mping force acting on the flow is of greater magnitude 

than the viscous force. This· 1s a valid assumption 1n cases of 

natural convection where the flow velocity is moderate. The 

inclusion of the viscous force in the governing equations is 

quite possible but since this leads toa more laborious solu

tion without increasing the accuracy - as will be shown 1n the 

following - there is no reason for doing so in this case. 

The governing equations can be formulated as follows 
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4,2 

continuity, 

dU dW 
+ - = 0 

dX dZ 

momentum, 

B 
-~~ 

U = n dX 

w = 
B 

oz ( ~ - Sp ( T - 'I' ) g) 
n clz m -

and energy, 

--( -- ) ( clT w ~) 
PC f u-::;- + ~z p ax o 

( 5. 1 ) 

( 5. 2) 

( 5. 3) 

B and B 
OX OZ 

are the specific permeabilities of the material 

in the direction X and z, respectively. These directions 

correspond to the directions of the principal axis in the 

material. (pCp)f denotes the heat capacity of the fluid, and 

the index f will be omitted in the following. A is the ther-
o 

mal conductivity of the material at stagnant flow, i.e. when no 

convection is present. 

The previous equations have to be combined with the appropriate 

boundary conditions and can then be simplified and made dimen

sionless in roughly the same way as for the air space. The 

following dimensionless entities are introduced 

X 
X = d 

z = ~ d 

the temperature function, 

T - T 
m 

e=-~ 

the stream function is defined by, 

( 5. 4) 

( 5. 5) 



u = 

w = 

a 
0 

d 

a 
0 

d 

with 

a 
0 

/1. 
= -2..__ 

pC 
p 

(5.6) 

( 5. 7) 

Derivation of the momenturn equations and elimination of the 

pressure, 

_ n_ 
B 

OX 

dU = _n _ 
3z B 

oz 

insertion, 

_n_ 
B ox 

clw - p S g ~(T - T ) 
dX cl X m 

2 
~ - p g S ~T l 
3X2 d 

ae 
ax 

For the sake of simplici ty, it. wi 11 hP HssnmPil t.h::i.t. 

( 5. 8) 

( 5. 9) 

B ~ B = B . The nondimensional momenturn equation can now be 
OX OZ O 

formulated 

-Ra 
0 

with 

ae 2 = V 1/! ax 

g·S·~T·d·B 
Ra = ~~~~~-0-

o v. a 
0 

(5.10) 

(5.11) 

The non-dimensional energy equation can be found directly by 

insertion 

3~ ae ae a~ 2 = v e sz ax - äz ax (5.12) 

Boundary conditions, containing the aspect ratio h/d and perhaps 

some other influencing factors, have to be added to these equa

tions. 
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The introduction of appropriate non-dimensional variables has 

simplified the original equations into two relationships expres

sing the momentum and energy conservation of the system. Compa

risons with the air space show that the greatest differences are 

to be found between the momentum-equations, as can be expected. 

The Rayleigh number used in the case of the air space has been 

modified and expresses the influence of the specific permeability 

of the material. The temperature field e and the stream func

tion ~ are thus determined by the modified Rayleigh number Ra 
0 

and the aspect ratio h/d together with the boundary conditions. 

The conventional Rayleigh number for the permeable space 1.s - in 

analogy with the fluid space, 

Ra = g B LiT d3 
a v 

0 

(5.13) 

It is of interest to campare this with the modified Rayleigh 

number. This can be done by taking the ratio between them. 

Ra B 
0 0 

Ra = d2 - Da (5.14) 

Da is the Darcy number and expresses the modification of the 

Rayleigh number due to the permeability of the material in the 

space. If the viscous force is of the same magnitude as the 

damping force it is found that the solution depends upon Da and 

Ra, but not necessarily simply on the product Ra· Da = Ra . 
0 

The present problem, however, will be solved as stated above with 

the modified Rayleigh number Ra. 
0 

As in the case of the air space a modified Grashof number can be 

introduced 

Gr = Ra /Pr = 
0 0 

with 

Pr = \) a 
0 

2 
\) 

(5.15) 

(5.16) 



The heat transfer through the insulated spaee ean be expressed 

in the same way as before, i.e. 

;\ 
ev 

;\ 
0 

- Nu dZ ( 5. 17) 

A denotes the effeetive thermal eonduetivity of the material ev 
with eonveetive flow. When no sueh flow is present, Nu equals 

one. 

From the above it can generally be observed that 

Nu = f(Ra , h/d) 
0 

with the addition of the appropriate boundary eonditions. 

(5.18) 

5.3 Vertical space, numerieal solution and its verification. 

The governing equations for the vertical spaee were solved 

primarily for the problem shown in FIG. 5.2. The insulated space 

is bounded horizontally with cross-bars, and above and below 

these bars are other insulated spaees. The ealculations are made 

for -che marked area in the figure, i.e. for one spaee and one 

bar. For known dimensions and known thermal eonduetivities of the 

insulation and the bar, the ealeulations are generally made with 

the assumption of isothermal vertieal boundaries. It is quite 

possible, of eourse,to use any other boundary eonditions speci

fying the temperature, heat flow and (or) the thermal eonducti

vity of the surrounding structural parts. 

The non-dimensional equations were solved numerieally using a 

finite-differencing teehnique. The details of this solution and 

some investigations of its eharaeteristies are given in the 

Appendix. In the following the numerieal solution is used to 

campare theoretical calculations with earlier experiments. This 

is, however, a difficult task since in most cases all the relevant 

influenc:i.ng factors have not been specified. 
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One of the first and most stringent investigations of the convec

tive heat transfer in the permeable space was that of Schneider 

(1963). He measured the thermal conductivity of granular materials 

using glass or steel spheres in water, turpentine, oil and air, 

respectively. The results were presented as Nu= f(Ra ) and are 
0 

shown in FIG. 5.3. The measurements were performed in a guarded 

hot plate orientated vertically with the aspect ratio for the 

space 7.5. This information makes it possible to calculate the 

results theoretically as is indicated by the solid line in the 

figure. 

Mordchelles-Regnier et al.( 1969) and Klarsfeld (1970) presented 

optical studies of the temp~rature field in a vertical space with 

chlorobenzene and glass fibers. In FIG. 5.4 measurements by Klars

feld have been compared to the theoretical calculations. Though 

there is some doubt as to the horizontal boundary conditions, 

they have in this case been assumed as insulated. Klarsfeld also 

presents a semi-empirical relationship between Nu and Ra and h/d. 
0 

This relationship does not agree with the present theoretical 

solution. 

The above indicates that the theoretical calculations agree well 

with the dependable experiments performed. This is further sub

stantiated by the numerical investigation by Chan, Ivey and 

Barry (1970). Their calculations included viscous force and they 

discussed their solution in terms of Ra and Da values (cf. section 

5o2). They solved the insulated horizontal boundary case and this 

solution agrees well with the simpler numerical solution presen

ted here - this also is an indication that the viscous force can 

be neglected in the present study. The theoretical and the nume

rical model developed will therefore be used to describe the be

haviour of the vertical permeable space. 

5.4 Characteristics of natural convection, vertical space. 

When a permeable insulation is introduced into an air space the 

convective flow in the space experiences a damping force from 

the material. It is therefore natural to expect a relation be-
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tween Nu and Ra in this space similar to that between Nu and Ra 
0 

in the air space. This situation is roughly illustrated in FIG. 

5.5 (h/d ~ 10). The boundaries between the different types of 

flow are marked only tentatively. As for the air space the value 

of Ra , when one type of flow transforms into another type depends 
0 

upon the aspect ratio. An increase of h/d generally leads to flow 

transformation at a higher value of Ra. 
0 

The factors influencing the natural convection in the vertical 

permeable space are the modified Rayleigh number, Ra , the aspect 
0 

ratio h/d and the boundary conditions. These will be discussed 

for Ra ~ 200 since this value is well above the values found in 
0 

applications in building physics. 

The mödified Rayleigh number Ra is defined by 
0 

Ra 
0 
=------v. a 

0 

and in the case of an ideal gas (air) with 

Ra = C . 
d·M·B 

0 

o air,o " 0 

where 

c . = air,o 

g·p·C 
p 

\) 

S = 1/T m 

(5.19) 

(5.20) 

( 5. 21) 

The coefficient C . depends solely upon the air, and varies with air,o 
the mean temperature, as is shown in FIG. 5.6. From the stand-

point of building physics it is obvious that the largest variations 

in the Ra -value are due to changes in ö~, d or the choice of 
0 

material, B and A • In the same way as for the air space the 
0 0 

air flow in the insulated space deforms the temperature field and 

for this reason alters the heat flow patterns at the vertical iso

thermal boundaries. The changes in the velocity, temperature 

and heat flow fields with increasing Ra -value are illustrated in 
0 

FIG. 5. ·1-5. 8. In these figures results from the computer are re-

produced showing e (indicated by T) varying from O to 1, t 
varying from O to about 10 and 10000•d6/dX (indicated by DT/DX). 

The Ra -values are 1 and 100, respectively, and the aspect ratio 
0 
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FIG. 5.7-5.8. Temperature field and streamfunction for 
permeable space with different Ra -value, h/d = 5, 
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FIG. 5.9. Natural convective heat transfer in permeable space 
with isothermal vertical and insulated horizontal 
boundaries. 
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h/d = 5 with insulated horizontal boundaries. As tne streamfunc

tion develops, the temperature field is deformed and the heat 

flow through the bottom of the warm side and the top of the cold 

side is increased; the opposite is true at the top of the warm 

side and the botten of the cold side. Calculations indicated 

velocities below 0.01 m/s. This is within the validity of the 

Darcy law and warrants the emission of the viscous force. 

The influence of the aspect ratio h/d and the modified Rayleigh 

number on the convective heat transfer in the space is calculated 

in FIG. 5. 9 for insulated horizontal boundaries. As could be 

expected, it is found that the heat transfer decreases as the 

aspect ratio increases. This phenomenon is explained by the con

vective flow from one vertical side to the other at the top and 

at the bottom of the space. In a space with large height this end 

region flow will influence a comparatively small part of the 

total space. If the aspect ratio on,the other hand decreases be

low one the convective flow will be restricted and the convective 

heat transfer will diminish again. In this latter case,of course, 

the horizontal boundary conditions are of paramount importance. 

These changes in the flow and temperature fields are illustrated 

in FIG. 5.10-5. 12, in the same manner as before. The variation 

in Nusselt number with h/d fora given Rayleigh number is illu

strated in FIG. 5.13. Additional calculations have indicated a 

slight shift of the maximal value of the curve towards lower 

aspect ratio for increasing Ha -value. 
0 

In the previous theoretical calculations the horizontal bounda

ries have been considered as perfectly insulating. This has 

been done because this is the situation where the convective 

flow mast influences the heat transfer. As the conductivity of 

the horizontal boundaries increases,the temperature field at the 

boundaries will restrict the deformation of the temperature field 

in the insulated space and reduce the convective flow. This is 

illustrated in FIG. 5.14 where the Nu-value is shown for given 

Ra -values as a function of the ratio between the thermal conduc-
o 

tivity in the insulation and the horizontal crossbars. The dif-

ferent temperature fields in the limiting cases, the perfectly 

conducting and insulating horizontal boundaries,respectively, 
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FIG. 5.10-5.12. Temperature field and streamfunction for permeable 
space' of diffe~ent aspect ratio. 
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FIG. 5.13. The influence of aspect ratio upon the convective 
heat transfer in a vertical permeable space. 
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FIG. 5.14. The influence of thermal conductivity ratio upon 
the convective heat transfer in a vertical struc
ture (0.5 x 0.10 insulated space and 0.05 x 0.10 
crossbar). 



are shown in FIG. 5. 15 and 5. 16. The former figure clearly shows 

the restriction of the temperature field deformation at the hori

zontal boundaries. The heat transfer in these cases is illustrated 

in FIG. 5. 17 as a function of Ra for h/d = 1 and 10. 
0 

The vertical boundaries in the theoretical calculations have thus 

far been considered as having constant temperature. As was pointed 

out before, however, it is quite simple to assume any other tem

perature distribution on the boundaries. In FIG. 5. 18 and 5.20 the 

vertical temperatures have been asswned to vary linearly over the 

height of the space wi th forty percent of the temperature diffe

rence. The horizontal boundaries have been assumed insulated. In 

FIG. 5. 18 the temperature increases with the height. This situa

tion leads toa further deformation in the convective temperature 

field and heat transfer increases as compared to constant tempera

ture boundaries in FIG. 5.19. In FIG. 5.20 the situation is reversed. 

From the above, it can generally be stated that the influence from 

the temperature boundary conditions, on the convective flow and 

heat transfer in the space, depends upon whether they restrict the 

convective flow deformation of the temperature field or not. This 

is actually self-evident. 

It is obvious that, with the addition of the specific permeability, 

the same factors influence the permeable space as the air (fluid) 

space (cf. section 3.3). These factors and their interaction have 

presented considerable difficulties in many investigations. The 

natural convection phenomena have, under certain conditions, been 

observed in permeable materials by many research workers though 

few have realized the importance of all the influencing factors. 

Allcut ( 1951) observed conve.ction in materials under increased 

pressure and this was also the subject of an investigation by 

Martin and Haselden (1963). They also noted the possibility of 

an aspect ratio giving maximal convection. Similar measurements 

were later performed by Baker and Haselden ( 1970) and Bet1:Jeder 

and Jolas (1972). Achtziger (1960) and Zehendner (1964) made mea-

surements upon light mineral-wool insulations in guarded hot plates. 

Since their experiments were performed at J.ow mean temperatures 

and high temperature differences they observed the influence of 
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FIG. 5. 1_5-5. 16. Temperatur fields for conducting and insulating 
horizontal boundaries in the permeable space, 
Ra = 50, h/d = 5, Nu= 1.2 and 1.6 respectively. 
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FIG. 5.18-5.20. The influence from different vertical boundary conditions 
upon the convective heat transfer in the permeable 
space, Ra = 50, h/d = 5. 



convection in accordance wi th the previous consid.erations in this 

section. To these additional references can also be added the 

special studies, with references to geothermal activities, made 

by Wooding ( 1958, 1960, 1962, 1963). 

5.5 Horizontal space. 

In the previous sections the natural convection in the vertical 

insulated space was treated in some detail. It is quite possible 

to calculate the convective heat transfer in the horizontal per

meable space in the same way. In this case, however, extensive 

analytical and numerical calculations are available in the lite

rature. The conditions of convection are also well established 

experimentally. 

As in the case of the horizontal fluid space, it has been found 

that there exists a critical modified Rayleigh number value 

above which natural convection will be present in the space. For 

a space defined as in FIG. 5.21 the critical Ra -value is 
0 

g·S·liT·h·B 
Ra = o = 4 

o v·a 
0 

2 
1T (5.22) 

The breakdown of stability of a permeable horizontal space was 

discussed by Horton and Rogers (1945). Essentially the same line

arized analytical approach was used as had earlier been used for 

fluid layers ( cf. Section 3. 4), but they did not use the modified 

thermal diffusivity a. This was also the case in the treatment 
0 

by Lapwood (1948). Experimental verifications of the critical 

value for convection were therefore not very successful as per

formed -by Morrison, Rogers and Horton ( 1949). Rogers and Morrison 

(1950), Rogers and Schilberg (1951) and Rogers ( 1953) extended 

the theoretical analysis but still used the thermal diffusivity 

a for the fluid. Wooding (1957) stated the governing equations 

using the modified thermal diffusivity a , and applied this in 
0 

an analytical and numerical treatment of the temperature field 

in a geothermal area. The results were reported to be in fair 

agreement with measured temperatures (cf. references in Section 

5.4 also). The experimental measurements by Schneider ( 1963) on 
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granular materials clearly showed the existence of.a critical 

Ra "'40. Ris experiments also indicated that the a -value should 
0 0 

be used. Katta and Masuoka ( 1967) measured the criterion for the 

onset of convective flow and verified the value 4 rr2 . 'l'hey also 

confirmed the importance of the modified thermal conductivity a , 
0 

and so did Elder (1967) in his experiments and nu.merical calcula-

tions. Combarnous and Le Fur (1969) experimentally studied diffe

rent modes of convection and also found the critical Ra -value"' 
0 

4o. 

A criterion for the stability under arbitrary disturbances of the 

convective flow in a porous medium was considered by Westbrook 

(1969). Ris considerations also led to equations (5.22). In recent 

years several investigations have been published in this field. 

Aziz and Combarnous ( 1970)discussed the development of different 

convective modes in analogy with the fluid space considerations 

by Malkus and Veronis. The theoretical results deviated somewhat, 

however, from the experimental results at high Ra -value. This 
0 

was also the case when comparisons were made with the numerical 

solution presented by Combarnous ( 1970), and Combarnous and Bia 

(1971). This situation i illustrated in FIG. 5.22. Boires ( 1970) 

made an analytical and experimental exposition of the natural con

vection phenomena in the horizontal permeable space. Combarnous 

and Aziz ( 1 ) noted that, for insulating horizontal boundaries 

the critical Ra -value was reduced to less than half of that of 
0 

thc isothcrmal boundarics casc. The trcmsicnt thrcc-dimcnsional 

natura.1 ecmvection in the horizontal space was discussed by Holst 

and Aziz (1972) and the influence of inclination from the horizon-

taJ upon the convective heat transfer was investigated by Boires 

and Monferran (1972). Analytical studies of the horizontal per

meable space have been presented by Beck ( 1972) and Palm et al. 

(1972). ~he differences between the most recent presentations are 

genera1ly t.he discussion of the higher convective modes and the 

influence of boundar;\T conditions and three-dimensional flow. The 

critical value for natura1 convection is, however, well established. 

The criterion for natural convection in an air filled permeable 

material is 
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Ra 
0 

h•t.T·B 
= c . --,-0- .2: 4 ,r2 air,o I\ 

(5.23) 

The coefficient 

temperatures. 

0 

c . air,o is given in FIG. 5.6 for different mean 

From the above it is obvious that, as in the case of the air space, 

the convective flow in the horizontal permeable space is phenome

nologically slightly different from that in the vertical space. 

The important influencing factors in the horizontal case are in

cluded in the Ra -value. 
0 



6 EXPERIMEN'I1AL INVESTIGATIONS. 

6.1 Introduction. 

The factors influencing the natural convection in an insulated 

structure have been established theoretically in the previous 

sections. In order to study these factors in applied building 

physics, two different types of experiments were undertaken. 

The behaviour of the horizontal space was investigated in a 

guarded hot plate apparatus and the behaviour of the vertical 

space was tested in an insulated wall structure. This choice of 

different experimental procedures in the two cases was based on 

the previous theoretical findings. Numerous measurements were made 

on the wall structure, in order to ascertain under what condi

tiohs natural convection can be found in a wall insulation. 

6.2 Convective heat transfer through horizontaljpsulated space, 

investigated in a guarded hot plate apparatus. 

In the horizontal insulated space, the aspect ratio h/d is gene

rally small and the vertical boundary conditions are of little 

interest. The important factor is the modified Rayleigh number. 

Tests were therefore made in a one-sided, rotatable guarded hot 

plate apparatus. This unit has been described in a previous re

port (cf. Bankvall, 1972a), and consists basically of a hot and 

a cold plate. The test specimen is placed between the plates and 

its thermal conductivity is calculated from the measurement of 

heat flow and temperatures. 

The thermal conductivity of the permeable horizontal space, was 

measured in the guarded hot plate as a function of temperature 

difference and heat flow orientation. Measurements were first 

performed on a light mineral wool with air, then the material 

was filled ,rith water and a situation reached where the critical 

modified number was, according to the theoretical eon

, ,',XC eeded. 

F'IG, 6.1 illustrates the results from the measurements on the 

insulation with air. No indication of convective heat transfer 
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FIG. 6.1. The influence of temperature difference and heat 
flow direction on thermal conductivity of glass 
fiber insuiated horizontal space. Guarded hot 
plate investigation. 



was found. This is also predicted by the theoretical Ra -value, 
0 

which, in this case, is 3 for ~T = 60 °c. The case with the 

material saturated in water gave the results shown in FIG. 6.2 

and 6.3. The variation in Nu-value from temperature difference 

and heat flow direction is illustrated in the first figure, in 

the second the Ra -values have been calculated. This figure shows 
0 

that the Nu-value increases when the modified Rayleigh number 

exceeds a value of about 40. In these calculations, the specific 

permeability value parallel to the fiber planes has been used, 

B ( 11). If the other lower value, B (l), is used, the cri tical 
0 0 . 

modified Rayleigh number will be reached at about 30. Fournier 

and Klarsfeld ( 1970, 1971) found in similar measurements that 

the choice of B0 ( Il) agreed best with the theories. This was 

further confirmed in the recalculations they made of the measure-

ments by Zehendner (1964) on mineral wool at low mean temperatures 

and with large temperature differences. Paljak ( 1969) presented 

measurements on mineral wool with different heat flow orientation. 

The Ra -value, calculated from the information found in the re-
o 

port, was"" 1.5. No indication of convective heat transfer was 

reported. 

The above confirms the theoretical considerations concerning the 

convective heat flow in a horizontal permeable space. The existence 

of a critical Ra -value for this type of natural convection has 
0 

been verified. 

6.3 Convective heat transfer through vertical insulated space, 

the crossbar wall. 

The comrective heat flow 1.n the vertical space is influenced by 

the modified Rayleigh number, the aspect ratio and the boundary 

conditions. In order to investigate this influence measurements 

were performed on a crossbar wall between a cold room anda warm 

room. The wall structure was 5.4 m high and 3,5 m wide. The cross

bars of wood were covered with sheets of hard fiberboard. In this 

insulated structure, a space of 1.5xo.6 m was studied in detail. 

Different mineral wool insulations were used, glass fiber or 

diabase fiber. The density of the fibrous material varied from 
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10 to 60 kg/m3 and its thickness from 0.05 to 0.145 m. In some of 

the tests the insulated space was divided horizontally by inser

tion of thin fiberboards. The temperature at the warm side was 

+15 to +20 °c, while the cold side had a temperature between -25 

and +5 °c indifferent measurements. 

Measurements of temperatures and heat flows were taken during 

the investigations. The temperatures were measured on both sides 

of the covering fiberboards in all experiments. In same of the 

measurements on low density materials, the temperature field in

side the insulation was also investigated. The heat flow was mea

sured over the height of the space on the warm side as well as the 

cold side. FIG. 6.4 shows the placement of heat flow meters and 

thermocouples on the boards. "Inside" indicates the side turned 

towards the insulation. The two covering boards were identical. 

Details concerning measurement techniques and instrumentation 

are given in the Appendix. 

the measurements have been pointed out. The influences from 

varying mean temperature, temperature difference and dimensions 

were therefore investigated for different insulations. The proper

ties of the permeable materials, i.e. specific permeability and 

thermal conductivity, had been investigated in advance. The per

meability measurements have already been described. The measure

ments of thermal conductivity, A , were performed in the guarded 
0 

hot plate for different densities and temperatures. The results 

of the measurements are shown in FIG. 6.5. These results have 

been recalculated in FIG. 6.6 to show the influence from mean 

temperature more clearly. 

Detailed results of the measurements on the wall structure are 

given in diagrams in the Appendix. The heat flows measured over 

the height of the space and the temperatures measured at the sur

face of the insulation., i. e. the inside of the boards, are shown 

in these diagrams. Since the change of temperature horizontally 

over the boards was insignificant, the temperatures measured at 

the place corresponding to the center of the heat flow meters 

have been indicated. The effective thermal conductivity of the 
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wall insulation was calculated from the mean of the heat flows and 

the mean of the temperature differences. The measured density of 

the insulation and its thickness together with the calculated ther

mal conductivity and the mean temperature are given in each diagram. 

In cases where the space was divided horizontally, this has been 

indicated by contineous lines. FIG. 6.7 shows examples of this. In 

the measurements on diabase fiber insulation, the space was divided 

with specimens of slightly different densities in the different 

sections. This was due to the fact that the commercially available 

dimensions for the material was o.9xo.6 m. 

From the wall measurements, it was possible to investigate the in

fluencing factors characteristic for natural convection. An exami

nation of the heat flows over the height of the space revealed no 

variations that were typical for natural convection. The same heat 

flow was generally measured on the warm as on the cold side at 

each height. To protect the heat flow meters from the direct and 

somewhat irregular cooling air flow on the cold side, an imperme

able cover was errected outside the measuring area. This created a 

large air space with steady, regular air flow, gave stable read

ings from the heat flow meters, but led in same cases toa marked 

temperature variation over the height of the space. This did not, 

however, adversely influence the results. Calculations of the 

thermal conductivity at each height showed a variation in conduc

tivity-value consistent with the simultaneous change in mean tem

perature. 

The measurements of the temperatures inside same of the low density 

materials, did not reveal any distortions of the temperature field 

characteristic for natural convective air flow. These measurements, 

done with thermocouples inserted inta the insulation, were, however, 

not accurate. In spite of careful installation and that the test 

specimen was cut to pieces after the test, it was difficult to 

establish the location of the measuring points accurately enough. 

The influence of mean temperature upon the heat transfer in the 

insulated space is shown in FIG. 6.8. The ratio between the thermal 

conductivity measured in the wall insulation, \, and measured in 

the guarded hot plate, \ , (from figures 6.5 and 6.6) is illustrated 
0 
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FIG. 6.7. Examples of measured results showing heat flows and 
surface temperatures over the height of the insula
tion. (x) indicates cold side and(•) warm side. 
Density/thickness and thermal conductivity/mean 
temperature are given in SI-units. In the upper 
diagram the space was divided and specimens of 
d:i:fferent densities were used. 
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FIG. 6.8. Influence of mean temperature upon Nu-value (= A/A ) 
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FIG. 6.9. Nu-value vs. mean temperature for all tests on 
vertical space, arbitrary temperature difference. 
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for different mean temperatures. The variation of the temperature 

difference for these measurements was within ±0.7 °c of the mean 

value. No significant influence upon the ratio, i.e. the Nu-value, 

from the mean temperature can be found. The slight variation in 

temperature difference, which was as a matter of fact completely 

arbitrary, does not alter this conclusion. A conservative estima

tion of the error in the measured \-value indicates a maximal 

error of 9 %. In FIG. 6.9 all measurements upon wall insulation 

are shown as a function of mean temperature, regardless of the 

temperature difference. No significant regression line can be 

found, and the conductivity ratio, Nu, is represented by the 

entire mean value, which is Nu= 1.0074. 

If the influence of temperature difference upon the Nu-value is 

illustrated instead, then the points are rearranged in another 

arbitrary pattern. This is shown in FIG. 6.10 regardless of mean 

temperature. The restricted possibility to change the temperature 

of the hot side of the insulated space, did, however, make it 

impossible to change the mean temperature and the temperature 

difference completely independently. In order to test whether any 

such simultaneous variation of the two variables could be found 

to influence the measurement results, a multiple regression ana

lysis was made. A stepwise linear analysis (cf. Draper, N.R. & 

Smith, H., 1966) was performed on computer. No significant vari

ables were found, which confirms the conclusion that neither the 

mean temperature nor the temperature difference influenced the 

Nu-value. 

The influence of height, i.e. aspect ratio, upon the heat transfer 

in the insulated space was investigated by inserting horizontal 

partitions of fiberboard. A comparison between the undivided 

space and the divided space gives the results shown in FIG. 6.11. 

No significant change in the Nu-value can be detected, though 

these measurements were performed on the low density materials. 

In a similar manner as before the influence of insulation thick

ness may be tested. This is illustrated in FIG. 6.12 for all the 

materials tested. It is found that this variable does not influ

ence the Nu-value. 
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FIG. 6.12. The influence of thickness upon the convective 
heat transfer for all tests in the vertical space. 
The tested thicknesses were 0.05, 0.08, 0,10 and 
0.145m. 



So far it has been found that neither the heat flow, the tempe

rature field inside the insulation, the influences of mean tem

perature, temperature difference, aspect ratio nor the influence 

of insulation thickness do, in the measurements, indicate any 

noticeable heat transfer due to convective air flow in the per

meable vertical space. 

The specific permeability of the insulation and its thermal con

ductivity, A , are closely related to the bulk density. A final 
0 

comparison was therefore made between the thermal conductivity 

values measured in the guarded hot plate·and in the wall struc

ture for different insulations. The results of this are shown in 

FIG. 6.13, where all values from the wall measurements have been 

adjusted toa mean temperature of 10 °c. As is seen, the insulated 

space behaves as can be expected from the laboratory measurements 

in the guarded hot plate apparatus. A theoretical calculation of 

the modified Rayleigh-value in the most critical experimental 

case lS of interest. This case lS d = O. 145 m, T = -3 oc 
m ' 

/J.T = 35 oc and p = 12 kg/m3 ; i.e. >.. = 0.0355 W/mK and 
10-10 m2, 

0 

B0 ( 11) = 110 . which gives a Ra -value of 5. A compari-
0 

son with FIG. 5.9 (on page 52) shows that this lS theoretically 

not enough to give any appreciable convective influence on the 

heat transfer in the experiments, regardless of the aspect ratio. 

The boundary conditions in the wall structure will not alter this 

conclusion. The horizontal boundaries were not perfectly insulat

ing, which will compensate for the vertical boundaries not being 

perfectly isothermal (cf. Section 5.4). 

The Ra -values in the performed experiments were not sufficiently 
0 

high to cause any appreciable convective heat transfer according 

to the theories. The experimental results show no indication of 

convective air flow in any of the factors influenced by such flow. 

The mean thermal conductivity ratio between wall and guarded hot 

plate measurements, >../>.. is as a matter of fact 1.0074, i.e. 
0 

the measurements o.n the insulated vertical space are on an average 

less than 1 % higher than the guarded hot plate results. 
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FIG. 6.13. Measurements of thermal conductivity on insulated 
walls (•) as compared to guarded hot plate results (~). 



6.4 The insulation in combination with air spaces. 

In normal building applications, there may be slits and openings 

between slabs of insulation if the insulating work is not care

fully done. Also in this situation the limiting case is the air 

space, because this represents a case with no insulation at all. 

The opposite limit, of course, is when the insulation completely 

fills the space. This was the case in the previous sections. 

It is difficult to evaluate the influence of slits and openings 

in an insulation, first because even when the number and dimen

sion or these small air spaces are known, the situation pre

sents a very extensive theoretical and calculatory problem, and 
. I . . 

secondly because the problem is seldom well defined, i.e. the 

number, size and location of the openings due to more or less 

careful insulation work differs, and are generally unknown. In 

this situation two questions are of interest for the insulating 

performances of the structure. The first is whether it is more 

difficult to achieve good workmanship with one material than 

with another. The second is whether the thermal performances of 

the material are influencecl by the presence of small air spaces, 

e.g. if a material with high permeability is appreciably influen

ced by the convective air flow in the air space and thus gets 

an increase in thermal conductivity due to convection in part of 

the material. 

Field investigations have shown that inferior workmanship can 

lead to openings going from the warm side to the cold side of 

an insulating space or toan air space between the insulation 

and one of the covering boards, or any arbitrary combination of 

these two alternatives, the latter generally being the case. 

To what extent small air spaces or openings will influence the 

thermal conductivity of a permeable material is an interesting 

question from a physical stand point. Since it is difficult to 

sol ve this problem theoretically, a tentative experimental in

vestigation was performed. In the wall structure a space with 

a thickness of 0.095 m anda surface area of o.9xo.6 m was 
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FIG. 6. 14. Placement of thermocouples and heat flow meters 
on the two identical covering boards. "Inside" 
indicates the side turned towards the insulation. 

FIG. 6. 1 , 16. Vertical and horizontal slits in the insulation. 
Viewed from cold side before the erection of the 
covering board. 



studied in detail. This area was divided into nine parts. In 

each part the heat flow through the insulation and the tempe

ratures at the surfaces of the insulation were measured. FIG. 

6.14 shows the placement of heat flow meters and thermocouples 

on the covering boards. The two boards, on the warm and the 

cold side, respectively, were identical. "Inside" indicates the 

side turned towards the insulation. The temperatures measured 

on the inside of the boards, i.e. at the surface of the insu

lation, were used together with the mean of the heat flow 

values measured in each part of the insulated space to calcu

late the thermal resistance of that part. The instrumentation 

and measurement techniques, together with~he detailed results, 

are given in the Appendix. The results are stated as thermal 

resistance and mean temperature in each part of the space. The 

temperature difference was between 19 and 24 °c in all measure

ments. Th~ materials investigated were glass fiber, p"' 17 kg/m3 , 

diabase fiber, p"' 46 kg/m3 and cellular plastic (expanded 

polystyrene), p"' 15 kg/m3. The two mineral wool insulations 

had nearly the same thermal conductivity values, but the per

meability of the glass fiber was more than twice that of the 

diabase. The permeablility of the cellular plastic of course 

was very small. This choice of materials was made in order to, 

under otherwise equal conditions, test the influence from small 

air spaces and different specific permeability upon the thermal 

conductivity of the insulation. 

Three different series of tests were made, each beginning with 

a measurement of the completely insulated space. In the first 

series vertical slits were cut through the material. The slits 

were 5, 10 and 30 mm in width and the 'tops and bottoms of the 

slits were situated between a, horizontal pair of a warm anda 

cold side heat flow meter. In this way, the heat f'low in the end 

regions of the slit was measured together with a measurement in 

between. FIG. 6.15 shows a phötographofthis situation taken 

from the cold side before the covering board has been erected. 

All three materials were test ed in this way. 

In the second series of tests, the slits were made horizontally 

but otherwise the same, as is shown in FIG. 6.16. The mineral 
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FIG. 6.17. The influence of width of vertical slit upon the 
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wool insulations were tested in this way. 

The final series of tests was made with the space insulated with 

slabs of decreasing thicknes 9 , full thickness 0.095 m, 0.085 m, 

0.07 m and finally only 0.045 m insulation on the warm side and 

a 0.05 m air space on the cold side. This was accomplished by 

sawing up the initial slab of insulation. All three types of 

insulation were tested. 

The results from the measurements on the vertical slits are 

shown in FIG. 6.17, where the decrease in thermal resistance is 

given as a function of the width of the slit. It should be noted 

that these values are referred to the area covered by the heat 

flow meters (0.10 m diameter). In the case of the 30 mm slit, 

it is not unlikely that the three-dimensional heat flow around 

the slit will also distortthe isotherms outside the measured 

area. Since a theoretical evaluation is difficul~ the measure

ments are only used to note that in spite of the large differen

ces in specific permeability in the materials tested, the de

crease in thermal resistance due to vertical slits is roughly 

the same. The measurements on the horizontal slits gave results 

as shown in FIG. 6. 18. It is also evident in this case that the 

permeability of the material is of no importance under the con

ditions of measurement. 

The thermal resistance of the space when the insulatiqn in it 

was combined wi th an air space on the cold side is illustrated 

in FIG. 6.19. In this case, the combination of air space and 

insulation can easily be calculated theoretically. This calcu

lation agrees very well with the.measured values and no influ

ence from the specific permeapility of the material can be 

found. 

In practical applications, of course, different types of slits 

and openings are combined. Investigations at building sites 

have shown good insulation installations combined with examples 

of widely varying inferior work. Laboratory measurements, at 

the Lund Inst:Ltute of Technology, have shown that inferior in

sulation work may considerably reduce the thermal resistance 
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FIG. 6.19. The influence of an air space on the cold side 
in the insulated space (total thickness 0,095 m). 
The lines connect theoretically calculated 
va.lues and the points indicate measured results; 
- A diabase fiber, -- • glass fiber and · · · · • 
cellular plastic. 



of a space, to what extent being entirely dependent on the 

arbitrary workmanship in the actual case. The simplest solution 

to these problems is, of course, a. careful installation of the 

insulation. 

6.5 Measurements on insulated structures in the literature. 

Measurements on insulated structures are numerous in the lite

rature. In same cases, the influence of natural convection has 

been reported, but in others, not. This can partly be attributed 

toan insufficient theoretica.l background, which has obscured 

the important influencing factors. In many ca.ses, however, the 

basic mechanisms of heat transfer in a permeable material ha.ve 

been misinterpreted. Heat transfer due to radiation has been 

attributed to convection etc .. This situation has been discussed 

before ( Bankvall, 1972b). In the following, only investigations 

on insulated structures will be considered. 

The influence from natural convection on insulated structures 

has generally been indicated when air spaces ha.ve been included 

in the structure, or when the temperature conditions ha.ve been 

exceptional, e.g. in cold stora.ge insulations. 

Wilkes and Vianey (1943) reported on effects of convection in 

ceiling insulations. Though their results included the cross

bars in their test section, the values found for unprotected 

loose fill mineral wool indicated an influence from convection., 

Depending upon the permeability of the insulation, which was 

not given in the report, the Ra. 0 -value in the tests may exceed 

the critical value, especially since a free upper surface can 

indicate a lower value of this kind than in the enclosed hori

zontal space. Many investigations on insulated walls including 

air spaces ha.ve treated the installation of a permeable foil-

or paper-enclosed material in the space. These investigations 

ha.ve shown the importance of sealing the insulation blankets 

to the surrounding structural partsso as to prevent air circu

lation round the insulation (cf. Handegord & Hutcheon 1952, 

1953, Robinson et al. 1957, Lund & Lander, 1961). In these 

c:&.ses the permeability of the insulation was of little interest. 
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Lorentzen and Brendeng (1960) reported on the influence of free 

convection in insulated, vertical freezer room walls. The height 

of the wall was 2.4 m and its thickness 0.21 m. The insulation 

was mineral wool, loose fill, in mats or as bats, in some tests 

expanded polystyrene or cork was used. In all cases natural con

vection was reported. The temperature difference was 25-40 °c 
0 and the mean temperature about O C. The authors pointed out that 

some of the convective heat transfer was due to leakages through 

small crevices between individual slabs and that due to this 

cork and polystyrene slab insulation off'ered no advantage over 

fiber materials of sufficiently high density. In the measure

ments the influence_from natural convection in the case of loose 

fill insulation was especially noticeable. No explicit informa

tion on the permeability of the fiber material was given. The 

fiber diameter for the loose fill fiber material, with densities 

down to 17 kg/m3 , was, however, referred to, and indicated that 

the permeablility might have been several times as high as in 

the materials used in the present investigation. The aspect 

ratio for the convective flow in the more or less evenly distri

buted loose fill insulation could have been anywhere below app

roximately ten. The theories indicate the possibility of a con

siderable amount of natural convective heat transfer. 

Ca.mmerer ( 1962) discussed the thermal conductivity of wall 

insulations of mineral wool. This report included a short in

ventory of findings in the literature and the author noted 

the inconsistency and contradictions as to the nature of free 

convection in early measurement results. The report presented 

investigations on a mineral wool insulation with varying height, 

0.3-1.3 m, and thickness, 0.05-0.20 m. Measurements were also 

made in a guarded hot plate with different heat flow directions. 

The mean temperature varied from -2 to +250 °c with a temperature 

difference of 20 °c/cm. No references as to the permeability of 
3 the material were made. The density, however, was high, 100 kg/m 

and the author conclud.ed that no influence from natural convec

tion could be found in any of the measurements. 

Höglund (1963) reported on laboratory-investigations of insulated 



walls. The height of the insulation was 2.4 m and its thickness 

O. 1 m. 1'he 

The 

insulation used had a density of 15 
-10 

permeability was 10 and 

and 45 kg/m.:,. 

23 · 10- 10 m2 , 

B 11 ) • The mean temperature was about O 
0 

and the temperature 

was varied between and l-11 In measurements on 

the hro conrplet fi the Gpace the author repor-

ted an increase in thermal conductivity with increasing tempera

ture difference due to natural convection. 'rhis influence was, 

however, small and based on the heat flow measurements made only 

on the warm side in a total of nine measurements. A theoretical 

of the Ra -values for NJ' = 0 c and T = 0 °c 
o m 

in the two materials gives Ra °' 2 and 0.5 respectively. This 

indicates that the convective heat transfer should have been 

negligible. 'l'wo measurement s wi th O. 08 m mineral wool and O. 02 m 

air space in the 0.10 m space were presented. Both measurements 

showed heat flow variations over the height characteristic·for 

convective flow. The reported measured mean thermal conductivities 

are, however, in agreement with a simple calculation of the 

thermal resistance in the insulation plus that the air space. 

one measurement on 45 /m3 material, when installed, at 

both surfaces) spaces that interconnected at the top and 

the of the space, showed a significant reduction in the 

total value. 

In a report, Hög.lund and Hansson (1964) reported on 

measurements on mineral wool insulation of a height 

B (l_) 

of 1.5 m 

anda thickness of O. 10 m. The 
0 ' 

varied from 
i 0-1 
il to 50 

-10 2 
10 m. The temperature difference varied 

between 17 and 39 at a mean temperature of O to 40 °c in dif-

ferent tests. 'I'he analy zed results present ed showed a succes-

s influence from convection as the permeability 

. An even more marked influence was reported for insu-

lation with air space. Examination these results, which were 

ba .. sed on mea.sared heat flow stributions on the warm side, does 

the conclusion about heat flow the case 

ca.se with bas ed 

rneas"t1rernen.ts cover board on the cold side. 
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Lotz (1964) reported on results from nine years of field obser

vations of the thermal performance of fibrous glass insulations 

in the walls of refrigerated warehouses. These results were com

bined with laboratory measurements in a guarded hot box on mate

rials with a density of 25 and 130 kg/m3 , 6T ~ 60 °c, T ~ 10 °c 
m 

and d = 0.12 m. The author concluded that, though the presence 

of convection currents was indicated in some tests, the net 

effect of convection on the total heat transfer was negligible 

for constructions containing an air-impermeable facing on at 

least one surface of the insulation. Wolf et al. (1966) and 

Wolf (1966) presented an investigation of the convective air 

flow effects with mineral wool insulation in wood-frame walls. 

Tests were made with insulation installed with air spaces at 

one or both sides and with or without an air-impermeable poly

ethylene covering. The density of the material was 12 - 38 

kg/m3 , 6T ~ 45 °c and T ~ 0 °c. 0.05 m insulation was installed 
m 

with either 0.04 m air space at one side or 0.025 m air spaces 

at both sides, all with or without covering. The authors conclu

ded that convective air flow effects were negligible when the 

insulation was isolated from the air space by an impermeable 

membrane, or when at least one of the air spaces was eliminated. 

Investigations of the influence of natural convection.in walls 

with insulation from rigid, air-tight, slab-type insulation 

were presented by Lorentzen and Nesje (1966). They showed that 

slits between the insulation slabs might give a marked convective 

heat transfe~ dependent upon the number and size of slits and 

the temperature condi tians in a cold storage wall. Ogston ( 1970) 

studied the influence of natural convection heat transfer in a 

wall of granular material. The conditions were B = 150 · 10- 10 
0 

m2 , d = 0.152 m, gr = 60 °c, Tm = O 0 c and >. 0 = 0.0425 W/mK, 

which gives Ra ~ 15. The hei'ght of the space was originally 
0 

1.07 m and subdivided 0.173 m, i.e. h/d = 7 and 1.2. The author 

noted deformations of the temperature field chracteristic for 

convective flow. The rise in the thermal conductivity value 

found experimentally was, however, small, in the first case 

>./>. "'' 1. 06 and in the second 1. 10. The author also stated that 
0 

these values were obtained at insulating horizontal boundary 



conditions. The theories used in this report give 1.06 and 1.16, 

respectively. 

It is obvious from the above that the experiments found in the 

literature agree well with those presented in•this report. It 

is also evident that the theoretical considerations presented, 

consistently explain the qualitative and quantative results. 
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FIG. 7. 1. The minimal specific permeability of the insulation 
in a horizontal space for natural convective heat 
flow. 
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FIG. 7.2. Minimal specific permeability for natural convective 
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7 CONCLUSIONS 

In the preceeding sections the factors influencing the natural 

convection in a space insulated with a permeable material have 

been investigated theoretically and experimentally. The two 

extreme limits, the air space and the solid structure, have 

been pointed out anda discussion made of the convective heat 

transfer phenomena in the air space. These considerations to

gether with investigations of the flow in a permeable material 

have lead to the permeable space. The natural convection in 

such a space has been treated theoretically in considerable 

detail, and measurements have been presented on insulated 

structures. It has also been shown that these findings 

theoretically, as well as experimentall~ are in good agreement 

with previous experimental results presented in the literatur~ 

and that the theories consistently explain the behavior of the 

natural convection in these cases. 

This permits the following conclusions to be drawn~ 

The natural convection in a fully insulated space is governed 

by the modified Rayleigh number, Ra the aspect ratio, h/d and 
0 

the boundary conditions. 

In the case of the horizontal space, a critical Ra -value 
0 

exists, i.e. 

Ra 
0 

= 
g • lT · h • B 

0 _V_•_a_·_T __ = C . 
O m air ,o 

L:iT· h·B 
____ o_ = 41T2 

,\ 
0 

( 7. 1 ) 

c . 
air,o 

depends upon the air and its mean temperature and is 

given in FIG 5.6 (on page 50). The consequences of this 

equation are shown in FIG 7.1 fora material with ,\ = 0.04 
0 

I o I . W mK at a mean temperature of O C. t should also be pointed 

out that if the upper surface is free,there are indications in 

the literature that the critical value may be gomewhat reduced. 

If only normal building physical applications are considered, 
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the temperature of the warm side can be assumed to be 20 °c 
and on the cold side it is seldom below -20 °c. In FIG. 7.2 

the minimal specific permeability-values necessary to exceed 

the critical Ra -value at 6T = 40 °c and T = O 0 c are 
o m 

given as a solid line for different A -values and h = 0.30 m. 
0 

This figure gives an indication of what the conditions have 

to be to induce natural convective heat transfer in the hori~ 

zontal space. The aspect ratio and boundary conditions are 

normally of little interest in this case. 

In the vertical permeable space, the situation is slightly 

more complicated, since both aspect ratio and boundary condi

tions often influence the amount of natural convective heat 

transfer in the space. The Ra -value is given by 
0 

Ra = C . o air,o 

6T · d · B 
0 

A 
0 

(7.2) 

FIG. 5.9 (on page 52) gives the amount of convective heat trans

fer in the space as a function of h/d and for isothermal ver

tical boundaries and insulating horizontal boundaries. ln order 

to investigate the implications of this under normal applica

tions, the same assumptions are made as in FIG. 7.2, 6T = 40 °c, 
T = 0 °c and d = 0.20 m. Unlike the horizontal case no cri-m 
tical Ra -value exists in the vertical case. The condition for 

0 

5 % natural convective heat transfer is therefore illustrated 

in FIG. 7,3 for different specific permeabilities, B 
0 

and 

thermal conductivities, A . The Ra -value when calculating 
0 0 

FIG. 7.3 was taken from FIG. 5,9 (on page 52) and is valid for 

those boundary conditions. The aspect ratio was chosen as one, 

since this represents a situation with maximal convective heat 

transfer. In order to evaluate the influence of arbitrary boun

dary conditions or other aspect ratios, Section 5.4 should be 

consulted. 

When air spaces or slits are included in the insulated space 

the following conclusions, valid in circumstances similar to 

those in the experimental investigation, can be drawn from 
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the experiments a.rid the literature. 

For normal building physical applications a structure, where 

the insulation has an air space of normal thickness on only 

one side, will behave thermally as the insulation plus an 

air space. If the material is placed with air spaces at 

both sides its permeability may influence the convective 

heat transfer. Slits from the warm to the cold side in the 

material will give convectiv~ heat transfer independent of 

the permeability of the material. This is also true if slits 

and spaces are interconnected and facilitates a convective 

flow round the insulating slabs. 

In general, it can be concluded that in normal temperature 

conditions, the natural convective heat transfer in an in

sulated sp~ce takes very high permeability values to be of 

any importanc~ and that if uncontrolled air spaces and slits 

are introduced inta the insulating structur~ any amount of 

convective heat transfer can be expected.In this case, know

ledge about the behaviour of the air space is useful to 

estimate the ultimate result. 



8 APPENDIX 

8.1 Measurements of suecific permeability. 

The specific permeability coefficient is defined by 

B - Sl 
o - A 

n 
grad p 

This coefficient is generally evaluated by the simultaneous 

measurements of pressure-drop and volume flow fora test mate

rial. The problem is to establish a true one-dimensional flow 

through a representative part of the material. This is done 

conventionally by placing the test specimen in a circular tube 

and measuring the flow through the tube and the pressure-drop 

over the specimen. This method is· similar to the one used by 

Darcy in his experiments and is the one that the standardized 

DIN (1958) and ASTM (1968) methods are based upon. The critical 

part of this method is whether the material adhere to the wall 

and how to avoid slits or flow in slits between the tube-wall 

and the test piece. 

In one part of the investigation, measurements were performed in 

a unit designed according to the conventional .method. The unit 

is shown in FIG. 8.1. The connection between the test specimen 

and the wall was achieved indifferent ways, dependent upon the 

compressibility of the material tested. For materials with low 

compressibility, the test specimen was cut to give a tight fit 

against the tube walls. This could not be done on high compres

sibility specimens without their compression. In this case, the 

diameter of the test piece was made slightly smaller than that 

of the tube and the material was wrapped inan.adhesive paper. 

After inserting this configuration in the tube, the ends of the 

paper-wrapping were sealed by wax to the tube walls. This is 

shown in FIG. 8.1. Measurements were made in tubes with diameters 

from 0.05 to 0.15 m. The pressure-drop was varied, giving an appa

rent velocity of 0.01-0.1 m/s,and in some experiments, 0.08-

0.39 m/s. In a few measurements, the pressure-drop was measured 

inside the material as well. No difference in calculated permea

bility value was found, however. To ensure that the fit of the 
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8 A 

FIG. 8.1 Conventional permeability test tube. 

G 

H 

A Air inlet from flow regulation and rotameter. 

B Screen for flow normalizing. 

C Test specimen. 

D Air outlet or open end. 

E Pressure taps connected to manometer. 

F Alternative pressure taps to faciliate measurement 
in the test spec1men. 

G Adhesive wrapping sealed to the test tube (used in 
case of high compressibility specimens). 

I 

A 

8 

FIG. 8.2. Permeability measure~ent by guard ring technique. 

A Pressure tap from guard ring, connected to dif
ferential manometer. 

B Pressure tap from test area, connected to diffe
rential manometer and to manometer for pressure 
difference measurement over test specimen. 

C Test specimen. 

D Test section. 

E Guard section. 

F Screen. 

G Air inlet, test section, from flow regulator and 
rotameter. 

H Air inlet, guard section, from precision flow regulator. 

I Open end. 



low compressible materials was sufficient, some of these were 

measured with adhesive wrapping as well, and showed no difference 

between the respective results. It was generally found that this 

conventional method had fairly high reproducability, but that 

the fitting of the material was sometimes a tedious work. 

Measurements of permeability were also·performed in a unit manu

factured according to principles developed at the Statens Prov

ningsanstalt (National Swedish Institute for Materials Testing) 

in Stockholm. The unit is shown in FIG. 8.2. This method applies 

a guard ring techni~ue to ensure one-dimensional flow in the test 

area. At the same time the problem of flow between the test piece 

and the wall is more or less avoided. The flow through the guard 

ring is regulated so as to give zero differential pressure be

tween the inflow regions of the guard and the test sections. The 

dimensions of the guard and test area together with the thickness 

of specimen and its permeability will decide to what extent one

dimensional flow is actually achieved. This method naturally sim

plifies the installation of the material as compared to the pre

vious one. On the other hand it was found it was slightly more 

difficult to achieve high reproducability. 

The results from the measurements are shown in FIG. 8.3-8.6, 

where permeability is given versus density. Measurements para

lelltothe fiber planes were made exclusively in the guard ring 

unit after pieces of the test material had been glued together 

toyield a sufficiently large area of maesurement. It is not be

lieved that this method influenced the results in any appreci

able way. Measurements at right angle to the fiber planes were 

performed in both units, and showed no differences in the results 

from the two units. In the diagrams, regression lines give the 

approximate relationship between density and specific permeabi

lity. 
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FIG. 8.7. Numerical problem. 



8.2 Vertical space, numerical solution. 

The governing equations for the vertical insulated space were 

formulated and simplified in Section 5.2 to give, in dimension

less form, 

and 

The problem considered was primarily that of an insulated space 

anda crossbar (cf. FIG. 5.2 on page 46) with different boundaty 

conditions. The vertical boundaries were generally kept at cons

tant temperature. The conduction heat transfer in the solid-cross

bar was calculated from 

a2e a2e 
0 + = 

ax2 - _2 
äZ 

The problem was solved numerically by the introduction of mesh 

points, as in FIG. 8.7. 

In the differential equations the partial derivatives were approx~ 

imated by finite-differences. Inside the space and the crossbar 

three point central-difference approximations were used and at 

the vertical boundaries three point forward - or backward - dif

ference approxima.tions. At the boundary between the space and the 

crossbar a simple heat flow balance with three point temperature 

approximations was 1ised. The temperatures of the bottom horizontal 

boundary of the crossbar were set equal to the temperatures of 

the top horizontal boundary of the space. 

The numerical explicit procedure is illustrated in FIG. 8 .. 8. Con

stants and boundary conditions for temperature field and stream

function are stated, at first. The initial temperature field and 

streamfunction-values are specified, usually equal to the non

convecti ve .state, i. e. linear temperature variation and zero 
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input values 
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INPUT 

I 
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FIG. 8.8. Numerical procedure 



streamfunction-values. New e and ~ values are calculated in 

each mesh point. Two temperature fields, at the n-th and 

(n+1)-th iterations, are retained in the computer. After twenty 

iterations, the difference between these two fields is established. 

The Nu-values are calculated at the hot and the cold sides and 

are printed out together with the difference. If this difference 

is sufficiently small a print out is also made of the temperature 

field and the streamfunction-values. These values are then used 

as initial values if further calculations a.r~ to be made on the 

same structure. 

The stability of the numerical solution depends upon the Ra -value 
0 

and on the mesh size. In the case of the air space more sophisti

cated numerical procedures have been developed to extend the 

stability to high Ra-values (cf. the Bibliography). It should be 

pointed out that the extention of the solution to high Ra- and 

Ra -values, respectively, may involve a certain risk, since the 
0 

original basic equations were developed under certain assumptions 

of e.g. flow-velocity and the viscous force. In the present case, 

the method used is thought to be stable at sufficiently large 

modified Rayleigh numbers. Depending upon the specific problem 

the solution is stable up toa Ra -value of about 200. 
0 

In testing the change in the temperature,field a certain number 

of mesh point values adjacent to the hot side is used. If the to

tal absolute difference calculated from these points is sufficiently 

small, the iterations are terminated. FIG. 8.9 shows the calculated 

difference and the Nu-value as a function of the number of itera-

tions. Test runs like this were made to decide what difference 

would give an acceptable approach to the final value,and how many 

mesh points should be used in the calculation of the change in 

the temperature field. 

The number of mesh points influences the accuracy of the solution 

and the computational time. FIG. 8.10 shows the change in final 

value as a function of the number of mesh points fora space with 

h/d = 1. A closer approach to the numerically correct value is 

achieved as the number of mesh points increases, at the same time 
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FIG. 8.9. Change in calculated temperature field difference, DF, 
and Nu-value as a function of the number of iterations. 
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FIG. 8.10. Change in Nu-value as a function of the number of 
mesh points. 



the computational time will, of course, increase. The program was 

run on a UNIVAC 1108 computer and fora 21x21 mesh the time for 

20 iterations was about 4 seconds. The number of 20-iterations 

required to complete the calculation depends upon the initial 

values and the Ra -value. A separate run for Ra = 50 took in this 
0 0 

case 27 such iterations. 

In Section 5.3 comparisons have been made between results calcu

lated numerically and measured experimentally. A close agreement 

is found, which verifies the validity of the numerical procedure 

developed. 

8.3 Instrumentation, measurement technigues and results. 

Measurements of heat flows and temperatures were made on the 

insulated wall structure. The temperature measurements were made 

by thermocouples with an accuracy of 0.2 °c. The heat flow meters, 

which were glued to the boards, had a stated accuracy of 5 %. 
Calibrations made on three of the meters indicated that the 

accuracy was well within this value. FIG. 8.11 shows the instal

lation of the heat flow meters in the measurements on the insu-

lation in combination with air spaces. 

The registration of the measurements were made by a hundred

channel data-logging unit and the measured values were punched 

on tape (cf. FIG. /).12). After the temperatures and heat flows 

had stabilized, measurements were made fora duration of about 

three hours. In a computer the heat flows and temperatures were 

linearized and calculations made of mean values, deviations etc. 

The detailed results from these measurements are given in the 

following. 

The results for the experiments on insulation without air spaces 

are shown in diagrams. 'l'he heat flows and temperatures measured 

at the surfaces of the insulation over its height are indicated 

in these diagrams. The measured mean density and thickness of 

the insulation, together with the calculated thermal conductivity 

and mean temperature, are given for each specimen tested. 
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FIG. 8. 11. Placement of heat flow meters and thermocouples 
on the board on the cold side. 

FIG, 8. 12. for the measurements of heat 
. Printer and punch on the 



A horizontally, divided space is indicated by continuous lines 

in the diagram. All values are in SI-units unless otherwise 

stat ed. 

The measurement results for walls with air spaces and openings 

are explicitly noted as thermal resistance and mean temperature 

for each part of the space under investigation, as viewed from 

the cold side. 
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Glassfiber, p = 17 kg/m3 , 11 011 . 

Thermal resistance (m2 K/W} Mean temperature ( 0 c) 

2.62 

2.49 

2.56 

2.68 

2~57 

2.64 

2.49 

2.47 

2.47 

Glassfiber, "p = 17 kg/m311 , 

Thermal resistance (m2 K/W) 

2.45 2. 13 1.20 

2.23 1. 69 0.83 

2.47 2.09 1. 37 

Glassfiber, p = 17. 5 kg/m3 , 

Thermal resistance (m2 K/W) 

2.52 2.68 2.49 

2.49 2.67 2.44 

2.59 2.63 2.46 

7.0 

6. 1 

4.9 

7.0 

6.2 

5. 1 

vertical slits. 

Mean temperature 

7.6 8.3 

6.2 6.4 

4.6 4.4 

"o". 

Mean temperature 

6.7 6.8 

5.7 5.9 

4.7 4.9 

Glassfiber, "p = 17. 5 kg/m3", horizontal slits. 

Thermal resistance (m2 K/W) Mean temperature 

1. 10 0.65 0.93 7.6 9. 1 

2. 17 2.03 2. 12 6.5 6.6 

2.36 2.27 2.26 5.4 5.8 

Glassfiber, p = 15 kg/m3 , "o". 

Thermal resistance (m2 K/W) Mean temperature 

2.41 2.57 2.38 5.6 5.6 

2.43 2.46 2.33 4.6 4.9 

2.46 2.50 2.32 3.5 3.8 

( oc) 

( oc) 

( oc) 

( oc) 

7. 1 

5.9 

4.6 

8.4 

5.9 

4.2 

6.9 

5.6 

lr. 5 

9.5 

6.6 

5. 1 

5.8 

4.5 

3.5 
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Glassfiber, p - ;3 15 kg m, d - 10 mm. 

Thermal resistance (m2 K/W) Mean temperature ( oc} 

2.42 2.54 2.30 4. 1 4.2 4.3 

2.45 2.43 2.32 3.0 3,4 3,2 

2.45 2.52 2.36 2.3 2.6 2.2 

Glassfiber, p = 15 kg/m3, d - 25 mm. 

Thermal resistance (m2 K/W) Mean temperature ( oc) 

1.96 2. 13 1.96 4.3 4.4 4.4 

1.98 2.07 1.95 3.2 3,6 3,2 

2.06 2. 12 1. 95 2.3 2.6 2.2 

Glassfiber, p = 3 15,5 kg/m, d - 50 mm. 

Thermal resistance (m2 K/W) Mean temperature ( oc) 

1. 35 1. 43 1. 32 6.o 6.2 6.2 

1. 36 1.40 1. 33 5.0 5.2 4.9 

1. 35 1.40 1. 30 3.8 4.o 3.6 

Diabase fiber ,P = 46 kg/m3, "o". 

Thermal resistance (m2 K/W) Mean temperature ( oc) 

2.70 2.83 2.53 7,9 7,9 7,8 

2.62 2.71 2.59 6.9 7.2 6.9 

2.58 2.71 2.64 6.o 6.3 6.o 

Diabase fiber, " 46 kp:/m311 , vert'ical slits. p = 

Thermal resistance (m2 K/W) Mean temperature ( oc} 

2.46 1.95 1.42 7.6 8.3 8.4 

2.20 1.25 0.73 6.o 6. 1 5,9 

2.30 1.63 1. 37 4.3 4.o 4.3 
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Diabase fiber, p = 45. 5 kg/m3 , "o". 

Thermal resistance (m2 K/W) Mean tempera.ture ( oc) 

2.68 2.78 2.61 7,4 7.3 7.2 

2.58 2.70 2.63 6.4 6.5 6.2 

2.65 2.72 2.64 5.4 5.5 5.2 

Diabase fiber, "p = 45.5 kg/m3", horizontal slits. 

Thermal resistance (m2 K/W) Mean temperature ( oc) 

1. 29 0.69 1. 12 4.7 6.6 6. 1 

2.54 2. 18 2.33 3.3 3.5 3.6 

2.78 2.65 2.55 2.2 2.4 2. 1 

Diabase fiber, 49 3 "O". p = kg/m , 

Thermal resistance (m2 K/W) Mean temperature ( oc) 

2.66 2.81 2.55 6.8 6.8 6.8 

2.61 2.72 2.61 5.8 6.0 5.7 

2.64 2.76 2.62 4.9 4.9 4.7 

Diabase fiber, p = 49 kg/m3, d - 10 mm. 

Thermal resistance (m2 K/W) Mean temperature ( oc) 

2.62 2.64 2.44 6.7 7.0 6.9 

2.51 2.54 2.44 5.7 5.9 5.6 

2.49 2.56 2.44 4.9 4.9 4.7 

Diabase fiber, p = 49 kg/m3, d - 25 mm. 

Thermal resistance (m2 K/W) Mean temperature ( oc) 

2. 18 2.26 2.03 7.0 7.0 6.9 

2. 16 2. 18 2.06 5.7 5.9 5.5 

2.25 2.22 2. 13 4.3 4.6 4.3 
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Diabase fiber, p = 3 49.5 kg/m, d - 50 nun. 

Thermal resistance (m2 K/W) Mean temperature ( oc) 

1. 45 1. 52 1. 37 8.4 8.5 8.4 

1.47 1. 50 1. 41 6.9 7. 1 6.7 

1. 50 1. 50 1. 45 5.3 5.4 5.2 

Cellular plastics, p = 15 kg/m3 , "o". 

Thermal resistance (m2 K/W) Mean temperature (oC) 

2.29 2.33 2.24 7.7 7.7 7.6 

2.23 2.31 2.26 6.7 6.8 6.5 

2.26 2.38 2.26 5.6 5.7 5.3 

Cellular plastics, "p = 1 5 kg/m3", vertical slits. 

Thermal resistance (m2 K/W) Mean temperature ( oc) 

1.89 1. 58 1. 22 8.8 9.3 9.2 

1.87 1. 25 o.68 6.8 7.2 6.6 

1.88 1. 35 1. 16 4.5 4.2 4.7 

Cellular plastic ' p = 15 kg/m3, "o". 

Thermal resistance (m2 K/W) Mean temperature ( oc) 

2.34 2.38 2.25 6.6 6.7 6.6 

2.32 2. 36 2.22 5.3 5.6 5.3 

2.38 2.40 2.27 4. 1 4.3 4.3 

Cellular plastic ' p = 15 kg/m3 , d - 10 mm. 

Thermal resistance (m2 K/W) Mean temperature ( oc) 

2.28 2. 28- 2. 16 5.0 5. 1 5. 1 

2.31 2.26 2.15 3.8 4.2 3.8 

2.39 2.28 2.20 2.6 3.0 2.9 
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Cellular plastic 3 
' p = 15.5 kg/m, d - 25 mm. 

Thermal resistance (m2 K/W) Mean temperature ( oc) 

1.95 1. 99 1. 89 5.7 5.9 5.9 

1 .96 2.00 1.90 4.6 4.8 4.6 

2.05 2.04 1.92 3.4 3.7 3.4 

Cellular plasticc, p = 16 kg/m3, d - 50 mm. 

Thermal resistance (m2 K/W) Mean temperature ( oc) 

1. 33 1. 32 1.26 7.0 7. 1 7. 1 

1. 35 1.37 1.29 5.4 5.7 5.4 

1. 36 1. 34 1. 31 3.8 4.o 3.7 
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