
http://jen.sagepub.com

Journal of Building Physics 

DOI: 10.1177/1744259106075947 
 2007; 30; 351 Journal of Building Physics

Paula Wahlgren 
 Attic Insulation

Overview and Literature Survey of Natural and Forced Convection in

http://jen.sagepub.com/cgi/content/abstract/30/4/351
 The online version of this article can be found at:

 Published by:

http://www.sagepublications.com

 On behalf of:

 International Council for Research and Innovation in Building and Construction

 can be found at:Journal of Building Physics Additional services and information for 

 http://jen.sagepub.com/cgi/alerts Email Alerts:

 http://jen.sagepub.com/subscriptions Subscriptions:

 http://www.sagepub.com/journalsReprints.navReprints: 

 http://www.sagepub.com/journalsPermissions.navPermissions: 

 © 2007 SAGE Publications. All rights reserved. Not for commercial use or unauthorized distribution.
 at University College Dublin on February 20, 2008 http://jen.sagepub.comDownloaded from 

http://www.cibworld.nl
http://jen.sagepub.com/cgi/alerts
http://jen.sagepub.com/subscriptions
http://www.sagepub.com/journalsReprints.nav
http://www.sagepub.com/journalsPermissions.nav
http://jen.sagepub.com


Overview and Literature Survey of Natural
and Forced Convection in Attic Insulation

PAULA WAHLGREN*

Department of Civil and Environmental Engineering
Division of Building Technology, Chalmers University of Technology

412 96 Gothenburg, Sweden

ABSTRACT: This article presents an overview and a literature survey of convection
in attic insulation. The study focuses on the onset of natural convection in the
insulation, but also discusses the influence of forced convection. It covers
experimental studies in small-scale measurement apparatus, large-scale laboratory
measurements, in situ measurements, as well as numerical and theoretical work on
convection in attic insulation. Suggestions for future work are also presented.

KEY WORDS: convection, attic, insulation, heat transfer.

INTRODUCTION

I
N COLD CLIMATES, well-insulated building components are beneficial
both to the environment and to the individual homeowner. In Sweden,

for example, �40% of the total energy use is related to buildings and 70–
90% of this energy is consumed during the occupation phase of the building
(Adalberth, 2000). In order to obtain a good thermal performance,
insulation materials with adequate thickness and properties and good work-
manship are required. Loose-fill insulation is commonly used in residential
buildings, in particular on attic floors. The main advantage of loose-fill
insulation compared to insulation boards is that the installation procedure is
easy and fast. The loose-fill insulation is blown into place, pipes and other
installations are easily covered and there is little waste. However, the air
permeability of loose-fill insulation is often higher than that of insulation
boards, which can allow for air movements, convection, in the insulation.
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Natural convection occurs in wintertime and is triggered by air density
differences due to temperature differences. The warmer air at the bottom
rises and the colder, denser air sinks due to gravity. This takes place both in
the attic insulation and in the attic space, and the result is an increase in heat
transfer through the attic floor. Air movements due to an external driving
force, such as wind, is referred to as forced convection. Forced convection
includes the case when air moves along the upper surface of the insulation
(wind swept insulation) and the case when air penetrates the insulation,
often due to poor function of the wind protection boards. An example of
an attic with loose-fill insulation, wind protection along the eaves, and
ventilation is shown in Figure 1. Wind protection boards have various
designs and can be made of different materials, such as cardboard, plastic
foam, or mineral wool. There is usually no wind protection at the upper
surface of the insulation.
There are several consequences when convection occurs in insulation.

Primarily, the air movements cause extra heat loss through the insulation,
resulting in higher energy use and, possibly, a poor thermal comfort in the
building. Convection can also influence moisture distribution in the attic.
A good understanding of convection makes it easier to determine the
required insulation material properties for a construction, and also to
design, for example an attic, so that natural or forced convection does not
decrease the thermal performance. A certain construction or insulation
material might be suitable in a moderate but not in a colder climate.
Consequently, reliable information on convection is essential to assess
materials, constructions, and suitable climate zones.
Research on convection in air-permeable attic insulation has been per-

formed since the eighties. Initially, small-scale measurements were performed,
both on natural and forced convection. In the nineties, measurements were

Figure 1. An example of a ventilated attic with loose-fill insulation and wind protection
at the eaves.
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also carried out in attic modules where, for example, joists, wind protection
boards, and other details could be included. Numerical models were
developed parallel to this work.

This article presents a review of the literature about measurements and
simulations of convection in attic insulation. The study focuses on the onset
of natural convection, but also discusses the influence of forced convection.
It covers experimental studies in small-scale measurement apparatus,
large-scale laboratory measurements, in situ measurements, and numerical
and theoretical work on convection in attic insulation.

A background is given to present the theory on convection in porous
materials and also to guide the reader from the basic case with convection in
a horizontal, homogeneous medium with well-defined boundary conditions,
to the situation in an attic.

BACKGROUND AND DEFINITIONS

Convection is one of the three heat transfer modes in insulation, the
others being conduction and radiation. Convection is the action of
conveying and in the present context it is moving air that transports heat.
There are two types of convection, natural convection and forced
convection. Forced convection is caused by an external airflow and can be
induced by, for example, attic ventilation. Natural convection occurs due to
density differences between cold and warm air. In attic insulation, the air
at the bottom of the insulation layer is heated and rises, whereas the air at
the top layer sinks. The onset of natural convection in attic insulation is a
stability problem. In a wall, the air moves upward at the warm side and
downward at the cold side.

The modified Rayleigh number is a dimensionless number that can be
regarded as a measure of the driving forces of natural convection. The larger
the modified Rayleigh number, the stronger the driving forces of natural
convection. The modified Rayleigh number is a function of the properties of
the air in the material and the properties of the material, and is calculated as:

Ram ¼
g��fcp,f
�
�
dk�T

�m
ð�Þ: ð1Þ

The properties of the air are heat expansion coefficient, � (1/K), kinematic
viscosity, �(m2/s), density, �f (kg/m3), and specific heat capacity, cp,f
(J/kgK). The properties of the insulation material are air permeability, k
(m2), and thermal conductivity, �m (W/m �K). The temperature difference
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over the insulation (from warm side to cold side) is �T (�C) and d (m) is the
thickness of the insulation.
To denote the onset of convection, the critical modified Rayleigh number,

Ram,cr, is used. The critical modified Rayleigh number depends on several
factors, most importantly the boundary conditions and the geometry of the
material. According to linear stability analysis, an infinite layer of horizontal
homogeneous porous material with impermeable and isothermal upper and
lower surfaces has a critical modified Rayleigh number of 4�2. Changing the
upper surface to permeable (which corresponds to an attic) reduces the
critical modified Rayleigh number to 27.1. Further reduction is obtained
when the thermal conditions at the upper and lower surfaces are changed
to constant heat flow, which decreases the critical modified number to 3.
When natural convection develops in a homogeneous porous layer,

different types of cells can form. Experiments, presented in Zierep and
Oertel (1982), show hexagonal convection cells that are created with a
permeable upper boundary, and rolls with an impermeable upper boundary.
Lower boundaries are impermeable. This is shown in Figure 2(a) and (b).
In attic insulation there are inhomogeneities in the insulation, such as

joists, cavities, and pipes. Cavities can be caused by poor workmanship,
but also by people, or by mice living in the insulation. Poor performance of

(a)

(b)

Figure 2. (a) Hexagonal convection cells, streamlines visualized with aluminum powder.
(b) Convection rolls, horizontal and vertical visualization (from Zierep and Oertel, 1982).
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the wind protection has caused the insulation to move in some attics.
Usually, these inhomogeneities will be of great importance to the shape of
the convection cells, resulting in more complex cells.

The insulation material itself is not always homogeneous, which affects
the thermal conductivity and the air permeability of the insulation. The
effect of material anisotropy (different property values in different
directions) on the critical modified Rayleigh number has been studied by
Epherre (1977) for impermeable and isothermal boundaries. He shows how
the critical modified Rayleigh number varies when the material properties
in horizontal and vertical direction are different. Corresponding work for
other boundary conditions are presented in McKibbin (1986). Furthermore,
Epherre presents the minimum critical modified number as a function of
the thermal conductivity ratio and air permeability ratio according to
Equation (2).

� ¼
kH
kV

� ¼
�H
�V

Rac, min ¼ �
2 1þ

�

�

� �1=2
" #2

:

ð2Þ

An illustration of the effect of anisotropy is made, using material data from
Dyrbøl (1998). She measured the following material properties for rockwool
boards with an average density of 30.5 kg/m3; horizontal and vertical
thermal conductivities, �H¼ 0.0383 (W/m �K), �V¼ 0.0352 (W/m �K),
horizontal and vertical air permeabilities, KH¼ 28.0 � 10�10 (m2), and
KV¼ 17.4 � 10�10 (m2).

These material properties result in a critical modified Rayleigh number of
32.8. For an isotropic material, a corresponding critical modified Rayleigh
number (impermeable and isothermal boundaries) is 39.4 (4�2).
Consequently, the anisotropy here resulted in a 17% reduction in the
critical modified Rayleigh number.

For an attic insulation, there are many reasons why it is difficult to
determine a critical modified Rayleigh number. In order to take into account
effects caused by joists or cavities, numerical simulations or measurements
are required (these are described below). When introducing a joist (solid
inclusion with higher thermal conductivity than the insulation), the result
is that the stability in the fluid/porous medium system is disturbed so that
convection can start easier, i.e., at lower modified Rayleigh numbers.
The perimeter of the attic floor can be colder than the center of the attic
floor which also affects the stability of the system. Furthermore, in an attic
configuration the boundary conditions are not easily described and they
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may also be dynamic. The geometry of the attic is also important to the
critical modified Rayleigh number and several geometrical aspect ratios are
significant. An example is the height of the joists in the attic floor in relation
to the height (thickness) of the insulation. All these factors make it difficult
to predict a critical modified Rayleigh number for an attic. Moreover,
when natural convection starts in an attic insulation, the initial effect on heat
transfer is sometimes very small and it can be difficult to estimate the critical
modified Rayleigh number. It is also important to bear in mind that the
radiative heat transfer through a material depends on the mean temperature
in the material. If the mean temperature changes during the test procedure
it is possible that an increase in convective heat transfer is concealed by
a decrease in radiative heat transfer.
Although the focus of this work is to discuss the onset of natural

convection in attic insulation a brief description of how the heat flows
are affected by natural convection is given.
The increase in heat flow due to natural convection can be described by

the Nusselt number, Nu. The Nusselt number is the ratio between the heat
flow through the insulation with convection and the heat flow without
convection, for the same situation.

Nu ¼
Qwith convection

Qwithout convection
ð�Þ: ð3Þ

There are estimations of the relation between the Nusselt number and the
modified Rayleigh number (representative of the driving forces for natural
convection). Cheng (1978) presents a compilation of experimental, analytical,
and numerical results for a horizontal, homogeneous layer heated from
below. For most investigations, liquids are used in combination with porous
material created by spheres (e.g., glass beads). Critical modified Rayleigh
numbers close to 40 were found. The following relation for the Nusselt
number and the modified Rayleigh number is suggested by Elder (1967).

Nu ¼
Ram
40
ð�Þ: ð4Þ

Wang and Bejan (1987) constructed the following formula to correlate
with measured data.

Nu ¼
Ram
40

� �n

þ c Ram Prp
� �1=2h in� �1=n

ð�Þ: ð5Þ
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Here, n and c are two empirical constants, n¼�1.65 and c¼ 1896.4, and,
Prp, is the porous medium Prandtl number according to

Prp ¼ 0:72 �
�f

cF�m
�
dffiffiffi
k
p ð�Þ: ð6Þ

This porous medium Prandtl number is valid when the moving fluid is air.
A value of 0.55 can be used for the form-drag constant, cF, for many
materials of high porosity.

Measurements, simulations, and suggested formulas for natural convec-
tion in homogeneous insulation are assembled in Figure 3 (based on
Wahlgren, 2002b). The configuration is a horizontal layer with impermeable
and isothermal boundaries. Two sets of measurements on homogeneous
loose-fill insulation (Langlais et al., 1990; Serkitjis, 1995) are compared to
numerical simulations (Delmas and Wilkes, 1992; Fryklund, 1995) and to
estimations of the Nusselt number as a function of the modified Rayleigh
number (Equations (4), (5) and Bankvall, 1981).

The formula suggested by Bankvall (1981) is

Nu ¼ 1þ 0:04 � Ram � 40ð Þ
0:88: ð7Þ

1

1.1

1.2

1.3

1.4

1.5

1.6

1.7

30 35 40 45 50 55 60

Ram (−)

N
u 

(−
)

Serkitjis (1995), measurements
Langlais et al. (1990), measurements
Delmas & Wilkes (1992), simulation
Fryklund (1995), simulation
Elder (1967)
Wang & Bejan (1987)
Bankvall (1981)

Figure 3. Nusselt number as a function of modified Rayleigh number for a homogeneous
insulation layer bounded by isothermal and impermeable surfaces. Compilation of
measurements, simulations, and estimations (based on Wahlgren, 2002b).
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In most of the following work, natural convection is described in terms of
Nusselt number as a function of critical modified Rayleigh number or of the
temperature difference across the attic floor. In some studies, the thermal
resistance of the attic floor is used. Without natural convection, the thermal
resistance is fairly constant and independent of the temperature difference
across the attic floor. Once natural convection starts in the insulation, this
is shown as a decrease in thermal resistance.
The thermal resistance, R, of the attic floor is defined by

R ¼
�T

Q
� A ðm2 K=WÞ ð8Þ

where �T (�C, K) is the temperature difference between the warm side and
the cold side, Q (W) is the heat flow through the attic floor, and A (m2) is
the area.
Forced convection is often presented as a Nusselt number that is a

function of wind velocity along the upper surface of the insulation.
For further reading on convection in porous media, Nield and Bejan

(1999) is recommended. A summary of the critical modified Rayleigh
numbers for attic floors obtained in different studies are presented in
Table 1.

MEASUREMENTS

As discussed in the previous section, there are many parameters that affect
the onset of natural convection and the convective air movements in attic
insulation. Numerical simulations are useful tools to study convection
and they are usually less time consuming and less expensive than
measurements. However, numerical simulations need to be confirmed
against measurements in order to ensure that the important parameters
are included. Laboratory measurements are also estimations of real attics
subjected to climate variations. Large-scale measurements better simulate
real attics than small-scale measurements for several reasons. The geometry
(including size) of the attic is important to the development of natural
convection. The shape and size of the convection cells are different for
different geometries, which affects the onset of convection. The air volume
above the attic insulation, the attic space, is also of importance to
convection, not the least when forced convection is studied.
In this survey, measurements that have a sample area of 3� 3m2 or

less are classified as small-scale measurements. Usually, the measurement
area is smaller than 3� 3m2 since there is a guard area around the
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ö
m

a
n

d
Jo

h
a

n
ss

o
n

(1
9

9
2

)
ye

s
p

n
,f

X
N

o
R

o
se

a
n

d
M

cC
a

a
(1

9
9

1
)

ye
s

p
n

,f
X

Y
e

s
S

e
rk

itj
is

e
t

a
l.

(2
0

0
1

)
jo

is
t

p
n

,f
X

1
0

a
,

2
0

b
n

o
jo

is
t

8
a

jo
is

t
S

e
rk

itj
is

a
n

d
H

a
g

e
n

to
ft

(1
9

9
8

)
n

o
p

,i
n

X
X

2
4

p
e

rm
e

a
b

le
4

0
im

p
e

rm
e

a
b

le
S

e
rk

itj
is

(1
9

9
5

)
n

o
p

,i
n

X
X

2
0

p
e

rm
e

a
b

le
4

0
im

p
e

rm
e

a
b

le
S

ilb
e

rs
te

in
e

t
a

l.
(1

9
9

0
)

n
o

p
,i

n
,f

X
1

5
p

e
rm

e
a

b
le

3
0

–4
0

im
p

e
rm

e
a

b
le

(c
o

n
tin

u
e

d
)

Natural and Forced Convection in Attic Insulation 359

 © 2007 SAGE Publications. All rights reserved. Not for commercial use or unauthorized distribution.
 at University College Dublin on February 20, 2008 http://jen.sagepub.comDownloaded from 

http://jen.sagepub.com


T
a
b

le
1

.
C

o
n

ti
n

u
e

d
.

C
o

n
fi

g
u

ra
ti

o
n

M
e

a
s
u

re
m

e
n

ts
N

u
m

e
ri

c
a

l
s
im

u
la

ti
o

n
s

C
ri

ti
c
a

l
m

o
d

if
ie

d
R

a
y
le

ig
h

n
u

m
b

e
r

R
e

fe
re

n
c
e

s
A

tt
ic

(j
o

is
ts

,
ro

o
f

s
lo

p
e

s
)

B
o

u
n

d
a

ry
c
o

n
d

it
io

n
(P

e
rm

e
a

b
le

/
im

p
e

rm
e

a
b

le
)

N
a

tu
ra

l
c
o

n
ve

c
ti

o
n

/
F

o
rc

e
d

c
o

n
ve

c
ti

o
n

F
u

ll
s
c
a

le
/

in
si

tu
L

a
rg

e
s
c
a

le

S
m

a
ll

s
c
a

le
(s

a
m

p
le

<
3
T

3
m

2
)

3
D

2
D

N
a

tu
ra

l
c
o

n
ve

c
ti

o
n

(y
e

s
o

r
n

o
)

C
ri

ti
c
a

l
m

o
d

if
ie

d
R

a
y
le

ig
h

n
u

m
b

e
r

w
h

e
n

e
s
ti

m
a

te
d

S
ilb

e
rs

te
in

e
t

a
l.

(1
9

9
1

)
n

o
p

,i
f

X
X

W
a

h
lg

re
n

(2
0

0
5

b
)

ye
s

p
n

X
9

–2
5

W
a

h
lg

re
n

(2
0

0
4

)
ye

s
p

n
X

X
2

2
–2

3
m

e
a

su
re

m
e

n
ts

2
4

–2
7

si
m

u
la

tio
n

s
W

a
h

lg
re

n
(2

0
0

2
a

)
ye

s
p

n
,f

X
X

2
2

–2
3

m
e

a
su

re
m

e
n

ts
2

7
si

m
u

la
tio

n
s

W
a

h
lg

re
n

(2
0

0
1

)
ye

s
p

n
,f

X
X

2
2

–2
3

m
e

a
su

re
m

e
n

ts
2

7
si

m
u

la
tio

n
s

W
a

h
lg

re
n

e
t

a
l.

(2
0

0
1

)
jo

is
ts

p
n

X
1

0
W

ilk
e

s
e

t
a

l.
(1

9
9

1
a

)
ye

s
p

n
X

Y
e

s
W

ilk
e

s
e

t
a

l.
(1

9
9

1
b

)
ye

s
p

,i
n

,f
X

1
3

–2
0

p
e

rm
e

a
b

le
W

ilk
e

s
a

n
d

R
u

ck
e

r
(1

9
8

3
)

ye
s

p
n

,f
X

X
1

0
–3

0

a
,

b
m

a
te

ri
a

l
A

a
n

d
B

360 P. WAHLGREN

 © 2007 SAGE Publications. All rights reserved. Not for commercial use or unauthorized distribution.
 at University College Dublin on February 20, 2008 http://jen.sagepub.comDownloaded from 

http://jen.sagepub.com


measurement area. The measurement principle for natural convection in
a small-scale apparatus is to have a warm lower surface and a cold upper
surface with the porous insulation in between and to increase the
temperature difference so that natural convection can be detected. Natural
convection is identified either by a non-linear increase in heat transfer
through the insulation, or by studying the surface temperatures. Boundary
conditions vary, and both open and closed upper surfaces are studied.
In some studies, forced convection is simulated by blowing air along the
upper surface. There are also small-scale investigations on how joists in
the insulation affect convection.

Using large-scale or full-scale measurements make it possible to study
effects of numerous construction details. Furthermore, the workmanship
when applying the insulation material can be similar to that at a
construction site. Large-scale measurement equipment for attic insulation
are often built in climate chambers, where the temperatures and the
ventilation air speed can be controlled. In the same way as small-scale
measurements, convection in large-scale and full-scale equipment is
detected by studying heat flows and temperatures.

Small-scale Measurements

Small-scale measurements for horizontal insulation have been made by
Besant and Miller (1983), Jonsson (1993), Langlais et al. (1990), Serkitjis
(1995), and Silberstein et al. (1990, 1991). Besant and Miller (1983) found
that the loose-fill insulation had a decrease in thermal resistance with
an increase in temperature difference over the insulation. Jonsson (1993)
presented measurements where natural convection started slightly already
at a modified Rayleigh number of 3 for a permeable upper surface and at 5
for an impermeable upper surface, both being non-isothermal. Langlais et
al. (1990) showed that convection starts as soon as a temperature gradient is
applied over the insulation, but that a significant effect on the thermal
resistance of the material is obtained only for modified Rayleigh numbers
close to the theoretical value. They defined a critical modified Rayleigh
number of 30 for an open specimen, which is in good agreement with the
theoretical value of 27.1 for the corresponding setup. Serkitjis (1995)
obtained a critical modified Rayleigh number of �20 with a permeable
upper surface and 40 with an impermeable upper surface. The test material
in this case consisted of polystyrene pellets. Using the same equipment, two
mineral wools were also tested and the modified Rayleigh numbers dropped
to 10 (Serkitjis et al., 2001). When a joist was introduced into the insulation,
the critical modified Rayleigh number was only slightly lowered, to 8.
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Investigations on forced convection, in the same paper, show that the more
permeable the material, the greater the influence of air velocity on heat
transfer through the material. A joist in the insulation further increases the
heat transfer. Measurements from Silberstein et al. (1990) showed that
the critical modified Rayleigh number was �15 for a permeable
homogeneous specimen with natural convection, but that air movements
were present even at lower modified Rayleigh numbers. The investigations
on forced convection by Silberstein et al. (1991) showed that there is little
effect of forced convection when the airflow is <0.5m/s, and that there is a
decrease in thermal resistance with increased air velocity. Nevertheless, all
presented investigations, using small-scale measurements, show that there is
a small increase in heat transfer due to forced convection as soon as there is
airflow over the material.

Full-scale, in situ Measurements

Convection in attic insulation does not only depend on the material
properties of the insulation and on boundary conditions, such as
temperatures and air velocities, but also on the thickness of the material
and on the geometry of the insulation. Thermal bridges, such as joists, and
inhomogeneities in the insulation also affect convection. This motivates
studies of attic insulation in full-scale or with large-scale equipment under
realistic climate conditions. Full-scale, in situ measurements of the thermal
resistance of attic insulation have been performed by Anderlind (1992),
Löfström and Johansson (1992), and Rose and McCaa (1991). Anderlind
(1992) and Löfström and Johansson (1992) made measurements at low
modified Rayleigh numbers only and found no significant effect of natural
convection on the thermal resistance of attic insulation. Rose and McCaa
used materials with a higher air permeability, and natural convection started
in the insulation. The decrease in thermal resistance of the attic floor
insulation due to forced convection was negligible.

Large-scale Laboratory Measurements

A large-scale laboratory measurement is the most suitable method to
experimentally estimate natural and forced convection in attics. The
surrounding climate is controlled and large-scale effects can be studied.
The most recent experimental studies are described in Wahlgren (2001,
2002a, 2004). Measurements using large-scale laboratory equipment
(described in Fryklund, 1997), with and without attic ventilation,
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are presented. The investigations showed that natural convection started in
the insulation when the modified Rayleigh number exceeded 22. A
comparison between the measured thermal resistance at the onset of
convection and the thermal resistance at the maximum measured modified
Rayleigh number showed a decrease of �25% in thermal resistance. The
measurements also indicated that attic ventilation has an effect on
convection in the insulation material. Wilkes and Rucker (1983) published
the first large-scale laboratory measurements of convection in attic
insulation. They concluded that natural convection occurred in the
insulation and that the critical modified Rayleigh number was much lower
that the theoretical value. The work was continued by Wilkes et al.
(1991a,b). They found that the thermal resistance of loose-fill insulation was
up to a factor of two lower than the nominal thermal resistance, due to
natural convection. The critical Rayleigh number in Wilkes et al. (1991b)
was estimated to be between 13 and 20. Attic ventilation did not affect the
thermal resistance of the attic floor.

SIMULATIONS

A number of numerical simulations have been made to examine the
phenomena of convection in attic insulation and to perform parametric
studies. In recent times, numerical studies of convection in attic insulation
have been made by means of computational fluid dynamics (CFD).
Wahlgren (2004) uses three-dimensional CFD-simulations of the experi-
mental setup described in, for example, Wahlgren (2001a) to compare
numerical and experimental results, with good agreement. A critical
modified Rayleigh number of 24–27 was simulated and 22–23 was measured.
The CFD-simulations are validated in Wahlgren (2005a). Two-dimensional
simulations using the finite difference method were earlier used for the
same purpose, and the simulated critical modified Rayleigh number with
this method was 27. Ciucasu et al. (2005) used two-dimensional CFD-
simulations to illustrate natural convection in attic insulation. The critical
modified Rayleigh number was 28 for the investigated setup, using three
different insulation materials. Wahlgren (2005b) used three-dimensional
CFD-simulations to investigate the variation in onset of natural convection
in attic insulation due to changes in insulation material and in the geometry
of the attic. The critical modified Rayleigh number varied greatly and a
range of 9–25 was obtained in the simulations.

Two-dimensional numerical studies that concern the influence of joists on
natural convection in attic insulation, are presented in Delmas et al. (1992,
1995). They showed that the critical modified Rayleigh number is lowered
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when joists are introduced into the insulation material. To what extent is
determined by, among other factors, the distance between the joists and the
height of the insulation. Critical modified Rayleigh numbers from 8 to 27
are obtained for permeable upper surfaces. At higher modified Rayleigh
numbers, the joists become an obstacle to motion. Another two-dimensional
example of the effect of the joists is shown in Wahlgren et al. (2001).
The introduction of a joist in a horizontal insulation resulted in a decrease
in critical modified Rayleigh number from 25 to 10. However, even with the
joist, the additional heat flow due to convection was small at modified
Rayleigh numbers below 25. At large modified Rayleigh numbers the joist
acts as an obstacle to convection.
An example of a three-dimensional numerical study with homogeneous

insulation material is presented in Serkitjis and Hagentoft (1998). The
simulations are based on a finite difference method and show good
agreement with the measurements in Serkitjis (1995).

OVERVIEW OF THE STUDIES

A summary of the described investigations is presented in Table 1.
The column denoted ‘attic’ tells if the studied configuration has the shape
of an attic with a ceiling, joists, and wind protection boards at the eaves
connected to an outer roof. The other configurations are horizontal
homogeneous insulation or horizontal insulation with joists. The boundary
condition at the upper surface is described in terms of permeable or
impermeable. The column ‘critical modified Rayleigh number’ states the
estimated critical modified Rayleigh number, if such is available, or answers
if natural convection has been detected or not (yes or no). The studies are
presented in order of scale of the used measurement equipment, and ends
with numerical studies without measurements. Within each group, the
papers are presented chronologically.

DISCUSSION

As described earlier, there is a great variation in the reported critical
modified Rayleigh numbers. This is partly due to a large variation in
construction (including size and attic space), material properties (and
structure), workmanship, and boundary conditions, but also due to
measurement techniques and differences in numerical simulations.
For the measurements that have an attic configuration, the critical

modified Rayleigh number range from 10 to 30. Accordingly, there is no
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general critical modified Rayleigh number that can be used for all attics.
Neither is there a general formula for the Nusselt number as a function of
the modified Rayleigh number available for attics. In some cases, when the
critical modified Rayleigh number is exceeded (i.e., natural convection has
started), there is only a small increase in heat transfer through the attic
floor. The net effect of convection on the total heat flows through the attic
floor, and on the energy use, depends on the duration of the cold weather
conditions. Cold weather and natural convection during a short period of
time causes only a small increase in annual energy use. On the other hand,
thermal comfort in the building might be affected and need to be taken into
account.

Figure 4 shows examples of three-dimensional simulations of one attic
construction (with joists and wind protection boards), in which the
insulation material and the insulation thickness are changed (Wahlgren,
2005b). The attic floor is insulated with two loose-fill insulation materials
(standard, �¼ 15 kg/m3, and light, �¼ 9.4 kg/m3), having two insulation
thicknesses (standard, 0.4m, and thick, 0.6m). Onset of natural convection
is different for the different cases, even though the construction of the attic
is exactly the same, and there is no influence of forced convection.
Furthermore, the increase in heat flow is also different for the different
cases. The simulated insulation material is homogeneous, i.e., there is no
anisotropy and the workmanship is perfect so that no cavities are created,
for example behind the joists.
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Figure 4. Nusselt number as a function of the modified Rayleigh number for an attic
(Wahlgren, 2005b).
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This example clearly shows that care needs to be taken before drawing
any conclusion on the onset of natural convection, even for a specific attic.

RECOMMENDATIONS

Even though convection in attic insulation is a complex phenomenon
without distinct limits, there is some advice that can be used to minimize
the risk of convection and lessen the negative consequences of convection
in attic insulation.

. When given a choice, the use of very low-density insulation materials
should be avoided in cold climates. Very low-density insulation materials
have higher air permeability and are thus more susceptible to convection.

. Great care should be taken to workmanship when applying the insulation
material. This ensures a minimum of cavities and leakage paths in the
insulation. These can act both as initiators of natural convection and
increase heat transfer in the case of convection. Furthermore, damage to
the insulation should of course be prevented.

. Careful installation and a proper design of the wind protection boards
along the eaves are important. This prevents the ventilation air from
entering directly into the insulation and minimizes the risk that the
ventilation air blows away the insulation. The long-term performance of
fastening devices should be secured.

FUTURE WORK

A large amount of work has been made on the subject of convection in
attic insulation. However, due to the complexity of the phenomenon, there
is still a great deal of work worth investigating.
As described, many different critical modified Rayleigh numbers have been

reported for attics. Since natural and forced convection in attics strongly
depend on the geometry of the attics, it is important to study the phenomenon
in large-scale experiments. The ideal scenario would be to have a large-scale
attic where all the important parameters (construction, material, etc.) could
be changed and where any climate could be used. This would make it possible
to investigate the critical modified Rayleigh number and the increase in
Nusselt number for different combinations. Admittedly, this is difficult to
achieve and an alternative is to study convection by using numerical
simulation programs. Naturally, the simulations need to be validated against
experiment when possible. Computational fluid dynamics simulations have
become a useful tool in this work. However, there are numerous
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considerations to be made to ensure an accurate result. For example, the
geometry, the insulation, the air in the attic space, and the boundary
conditions need to be properly described. Three-dimensional simulations
are preferred since convection in attic insulation is a three-dimensional
phenomenon. This is illustrated in Haupt (2005), along with suggestions for
ensuring good quality simulations. The attic space needs to be accounted for
in an adequate way, in particular when the attic space is ventilated and
the insulation can be subjected to forced convection. And, as for natural
convection, the simulations on forced convection also need to be validated
against measurements.

As mentioned earlier, many different results have been presented on
natural convection in attics. They have all dealt with insulation that has
been applied with good workmanship and that has not been damaged
(e.g., by wind or mice). Cavities and cracks will affect the thermal
performance of the insulation, which is also highly relevant for the case of
forced convection. Forced and mixed convection are not investigated as well
as natural convection and need to be studied further. In addition to the
parameters that influence natural convection, the following details need to
be taken into consideration: the geometry of and the ventilation strategy for
the attic space, and the design and function of the air inlet and the wind
protection boards.

In order to calculate an accurate modified Rayleigh number and to obtain
representative values to use in numerical models, the material properties
of the insulation need to be well determined. The material property that
is most difficult to measure and that yields the largest error is the insu-
lation permeability, in particular for low-density materials. Consequently,
it would be beneficial with more accurate methods to measure air
permeability.

Moisture convection takes place when the air that moves contains
moisture. Moisture convection within insulated building components has
mainly been investigated in walls, see for example Riesner et al. (2001) and
Økland (1998). In attics, moisture convection leads to a transfer and
redistribution of moisture in the attic, which can result in condensation
and mold growth. Further research is required.

ACKNOWLEDGMENTS

The project ‘‘Convection Processes in Building Components with Porous
and Fractured Insulation’’ is financially supported by The Swedish Research
Council for Environment, Agricultural Sciences and Spatial Planning,
FORMAS.

Natural and Forced Convection in Attic Insulation 367

 © 2007 SAGE Publications. All rights reserved. Not for commercial use or unauthorized distribution.
 at University College Dublin on February 20, 2008 http://jen.sagepub.comDownloaded from 

http://jen.sagepub.com


REFERENCES

Adalberth, K. (2000). Energy Use and Environmental Impact of New Residential Buildings,
Report TVBH-1012, Department of Building Physics, Lund Institute of Technology,
Lund, Sweden.

Anderlind, G. (1992). Multiple Regression Analysis of In Situ Thermal Measurements- Study
of an Attic Insulated with 800mm Loose Fill Insulation, Journal of Thermal Insulation and
Building Envelopes, 16: 81–104.

Bankvall, C. (1981). Byggnadskonstruktioners värmeledningsförmåga- Inverkan av luftrörelser
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värmemotstånd [Loose-fill Insulation in Attic Ceilings- Determining Thermal Resistance],
[Available in Swedish only], Swedish National Testing and Research Institute, SP Report
1992:62.

368 P. WAHLGREN

 © 2007 SAGE Publications. All rights reserved. Not for commercial use or unauthorized distribution.
 at University College Dublin on February 20, 2008 http://jen.sagepub.comDownloaded from 

http://jen.sagepub.com


McKibbin, R. (1986). Thermal Convection in a Porous Layer: Effects of Anisotropy and
Surface Boundary Conditions, Transport in Porous Media, 1: 271–292.

Nield, D.A. and Bejan, A. (1999). Convection in Porous Media, Springer-Verlag, New York,
USA.

Økland, Ø. (1998). Convection in Highly-insulated Building Structures, Doctoral Thesis,
Department of Building and Construction Engineering, Norwegian University of Science
and Technology, Norway.

Riesner, K., Hagentoft, C.-E., Wang, J. and Mainka, G. (2001). Combined Heat, Air
and Moisture Transport in Loose-Filled Insulation – Experiment and Simulation,
In: 8th Conference on the Performance of the Exterior Envelopes of Whole Buildings,
Florida, USA.

Rose, W.B. and McCaa, D.J. (1991). The Effect of Natural Convective Air Flows in Residential
Attics on Ceiling Insulation Materials, Insulation Materials: Testing and Applications,
ASTM STP 1116, Philadelphia, Vol. 2, pp. 263–291.

Serkitjis, M. (1995). Natural Convection Heat Transfer in a Horizontal Thermal Insulation
Layer Underlying an Air Layer, Doctoral Thesis, Department of Building Physics,
Chalmers University of Technology, Sweden.

Serkitjis, M. and Hagentoft, C.-E. (1998). The Influence of Natural Convection on the Heat
Transfer in an Air Filled Porous Medium Bounded by an Air Layer, The Nordic Journal of
Building Physics (Acta physica aedificiorum), 1.

Serkitjis, M., Wahlgren, P. and Hagentoft, C.-E. (2001). Natural and Forced Convection in a
Superposed Air and Porous Layer when Heated from Below, In: 5th World Conference on
Experimental Heat Transfer, Fluid Mechanics and Thermodynamics (ExHFT-5),
Thessaloniki, Greece.

Silberstein, A., Arquis, E. and McCaa, D.J. (1991). Forced Convection Effects in Fibrous
Thermal Insulation, Insulation Materials: Testing and Applications, ASTM STP 1116,
Philadelphia, Vol. 2, pp. 292–309.

Silberstein, A., Langlais, C. and Arquis, E. (1990). Natural Convection in Light Fibrous
Insulating Materials with Permeable Interfaces: Onset Criteria and Its Effect on the
Thermal Performance of the Product, Journal of Thermal Insulation, 14: 22–42.

Wahlgren, P. (2001). Convection in Loose-fill Attic Insulation, Doctoral Thesis, Publication
P-01:3, Department of Building Physics, Chalmers University of Technology, Sweden.

Wahlgren, P. (2002a). Measurements and Simulations of Natural and Forced Convection in
Loose-fill Attic Insulation, Journal of Thermal Envelope and Building Science, 26: 93–109.

Wahlgren, P. (2002b). Theory on Convection in Porous Media Applied to Loose-fill Insulation
in Attic Floors, Report 2005:2, Building Physics, Division of Building Technology,
Department of Civil and Environmental Engineering, Chalmers University of Technology,
Sweden.

Wahlgren, P. (2004). Convection in Loose-fill Attic Insulation – Simulations and Large-scale
Measurements, In: 9th Conference on the Thermal Performance of the Exterior Envelopes of
Whole Buildings, Clearwater Beach, Florida, USA.

Wahlgren, P. (2005a). Verification and Validation of CFD-simulations on Heat Transfer in
Porous Insulation, Report 2005:1, Building Physics, Division of Building Technology,
Department of Civil and Environmental Engineering, Chalmers University of Technology,
Sweden.

Wahlgren, P. (2005b). Variation in Critical Modified Rayleigh Number in Porous Attic
Insulation due to Geometry and Materials, In: 7th Symposium on Building Physics in the
Nordic Countries, Reykjavik, Iceland, June 13–15.

Wahlgren, P., Serkitjis, M. and Hagentoft, C.-E. (2001). Convection in Horizontal Insulation,
In: Proceedings of the International Conference on Building Envelope Systems and
Technologies 2001 (ICBEST), Ottawa, Canada.

Natural and Forced Convection in Attic Insulation 369

 © 2007 SAGE Publications. All rights reserved. Not for commercial use or unauthorized distribution.
 at University College Dublin on February 20, 2008 http://jen.sagepub.comDownloaded from 

http://jen.sagepub.com


Wang, M. and Bejan, A. (1987). Heat Transfer Correlation for Bénard Convection in a Fluid
Saturated Porous Layer, International Communications in Heat and Mass Transfer, 14:
617–626.

Wilkes, K.E. and Rucker, J.L. (1983). Thermal Performance of Residential Attic Insulation,
Energy and Buildings, 5: 263–277.

Wilkes, K.E., Wendt, R.L., Delmas, A. and Childs, P.W. (1991a). Attic Testing at the Roof
Research Center – Initial Results, ORNL/CON-313, Oak Ridge National Laboratory,
Proceedings, Third International Symposium on Roofing Technology, April 17–19,
Montreal, Canada.

Wilkes, K.E., Wendt, R.L., Delmas, A. and Childs, P.W. (1991b). Thermal Performance of One
Loose-Fill Fiberglass Attic Insulation, Insulation materials: Testing and Application,
ASTM STP 1116, Philadelphia, Vol. 2, pp. 275–291.

Zierep, J. and Oertel, Jr. H. (1982). Convective Transport and Instability Phenomena, G. Braun,
Karlsruhe, 577 pp., Germany.

370 P. WAHLGREN

 © 2007 SAGE Publications. All rights reserved. Not for commercial use or unauthorized distribution.
 at University College Dublin on February 20, 2008 http://jen.sagepub.comDownloaded from 

http://jen.sagepub.com

