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ABSTRACT

A large-scale model of a ventilated attic has been built in a climatic chamber to investigate heat transfer in loose-fill attic
insulation, in particular heat transfer by convection and its effect on heat losses through the attic floor. Initial measurementsin
the attic test model have been made on homogeneous, high-density, mineral wool boards to verify the performance of the attic
test model without convection. Thermal resistance measurements on loose-fill insulation show that the measured and calculated
thermal resistance of the attic floor is within the margin of error. Both measurements and simulations indicate air movements
intheinsulation, which are detectabl e by studying thetemper ature patter nsat the surface of theinsul ation. However, theair move-
ments are insufficient to cause a decrease in the thermal resistance of the attic floor. Attic ventilation has a minor effect on the
measured thermal resistance of the attic floor but does cause a decrease in temperature at the upper surface of the insulation.

INTRODUCTION

Loosge-fill insulationis commonly used in attic floorsin
Swedish residentia buildings. The main advantage of loose-
fill insulation, compared to insulation boards, is the installa
tion procedure, which iseasy and fast; theloose-fill insulation
isblown into place. As aresult, pipes and other install ations
areeasily covered and thereislittlewaste. However, theloose-
fill insulation is permeable to air and has no wind protection,
which makes the insulation susceptible to both natural and
forced convection. Since the amount of convection in loose-
fill insulation depends on the thickness of theinsulation and of
the geometry of the attic, measurements of convection need to
be performed with large-scal e equipment. Thishas previously
been done under laboratory conditions in the USA and in
Canada by, among others, Wilkes et al. (1991), Rose and
McCaa (1991), Besant and Miller (1983), and Wilkes and
Rucker (1983) and under natural weather conditions in
Sweden by Lo6fstrom and Johansson (1992) and Anderlind
(1992). The American measurements show signs of convec-
tion, whichisnot the case in the Swedish measurements. This
is not surprising since the measurements in Sweden were

performed on loose-fill insulation with a lower permeability
and asmaller temperature difference acrosstheinsulation, not
representative of a Swedish winter. Loose-fill insulation with
joists is modeled two-dimensionally by Delmas and Arquis
(1995) and Delmas and Wilkes (1992). A review of the liter-
ature on convection in loose-fill attic insulation is found in
Fryklund (1997a).

The present study investigates heat flows and air move-
mentsin common Swedish loose-fill, rockwool insulation and
rockwool boards applied in alarge-scale attic test model. The
attic test model is placed in a climate chamber and heat flows
through the attic floor are measured, along with temperatures
in and on the surface of the insul ation. The measurements are
compared to simulations, the discrepancies are investigated
and discussed, and an error analysisis presented.

ATTIC TEST MODEL

The large-scale attic test model (18 m?, 194 ft?) is
constructed to simulate aresidential building with aventilated
attic. The attic model islocated in a climate chamber, where
a minimum temperature of —25°C (—13°F) can be obtained.
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Figurel Thefour major parts of the attic model.

The model consists of four major parts: an attic space, an attic
floor, a guard chamber, and a movable metering box (see
Figure 1).

The attic space is not insulated against the climate cham-
ber and has an attic ventilation system that supplies air from
the climate chamber. The ventilation air enters the attic
through the eaves on one side of the attic and exitsthrough the
eaves on the other side. When loose-fill insulation is tested,
wind protection is mounted at the eaves, according to the
manufacturer, to prevent the air from directly entering the
insulation.

The attic floor consists of two halves: one homogeneous
area, where the insulation lies directly on afloor of particle-
boards with overlaying plastic foil, and one traditionally
constructed floor with gypsum board, secondary spaced
boarding, plastic fail, joists, and insulation. Any type of insu-
lation can be used in the attic and thicknesses up to one meter
can beinstalled.

The guard chamber simulates normal indoor climate, i.e.,
temperatures from 20°C to 25°C (68°F to 77°F) are applied.
Theguard isregulated to follow the temperature of the meter-
ing box, which has a set temperature. By measuring the
temperature difference over the metering box walls, the
needed heat input to the guard is determined.

The metering box has an area of 1 m? (10.8 ft?) and is
equipped with a heating element, four fans, and twenty ther-
mocouple pairs in series at the walls. The metering box has
been thoroughly calibrated and the thermal resistance calibra-
tion result, on polystyrene boards, was within 1% of that
measured at SP, the Swedish National Testing and Research
Ingtitute. Descriptions of the metering box calibration,
temperature and heat flow measurements, details of the
construction of theattic test model, and the performance of the
climate chamber can be found in Fryklund (1997b).

TEST PROGRAM

The test program for the attic test model is designed as
follows:

1. The metering box is cdibrated in a horizontal hotbox, the
Wind Box, using a polystyrene board. The outcome of this
calibration is described in Fryklund (1997b) and briefly in
Wahlgren (1998).

2. The attic test model, including the metering box, is cdli-
brated with high-density, rockwool boards that are used to
ensurethat thereis no convection in the material. The cdi-
bration is made on the homogeneous part of the attic floor
to avoid the influence of thermal bridges (joists). The
measured thermal resistance of the celling agreed with the
thermd resistance based on standard measured thermal
conductivities. Measurements on mineral boards with attic
ventilation showed a 1% increase in heat flow compared to
no ventilation, which iswithin the accuracy of the metering
equipment. Since rockwool boards havelow air permeabil-
ity there should be no effect of forced convection.

3. Next, agap of 1 cm (0.4 in.) was created between two
boards, halfway through the insulation. This caused an
increasein heat flow in the metering area of approximately
10%, in agreement with computer simulations.

4. Finaly, loose-fill minera wool is applied to the attic floor.
Both air temperatures and surface temperatures are
measured to calculate heat flows and to detect convection
cellsintheloose-fill insulation. The presenceof convection
cellscan beindicated by ascatter in surfacetemperatures—
the more convection, the larger the difference in tempera-
ture over the top surface. The measurements on loose-fill
insulation in the homogeneous part of the attic floor are
presented in this paper, and the measurements on the
conventionally constructed attic floor are presently
running.

DIMENSIONLESS NUMBERS
AND MATERIAL PROPERTIES

The measurements of the thermal performance of the
insulationintheattic test model are presented asthermal resis-
tance of the attic floor as a function of a modified Rayleigh
number, and Nusselt number as a function of the modified
Rayleigh number. The modified Rayleigh number, Ra,, isa
dimensionlessnumber that can be regarded asameasure of the
driving forces for natural convection.

_ 9BpCy dkAT
- v : A (1)

Ra,
The properties of the air are the heat expansion coef-
ficient, p = 1/T 1/K (1/°R); the kinematic viscosity,

mean
v (m?/s, ftZ/s); the density, p (kg/m®, Ib/ft3); and the specific
heat capacity, ¢, (Jkg, Btu/lbF). The air permeability of
the porous material is denoted k (m?, ft?), the thermal
conductivity of the insulation without convection A (W/mK,
Btu-in./h-ft>F), the thickness of the insulation d m (ft), the
temperature difference across the insulation AT (°C, °F),
and the acceleration due to gravity g (m/s?, ft/sd).
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The Nusselt number compares the amount of heat flow
with convection to the amount of heat flow without convec-
tion, for the same situation. When the Nusselt number exceeds
unity, convection has started.

NU = heat flow with convection ©
heat flow without convection

In order to calculate the modified Rayleigh number,
several properties of the insulation need to be determined:
thickness, therma conductivity, and permeability, and, to
determine these properties, the density of the insulation and
the mean temperature in the insulation. In the following
section, these properties are described.

Insulation thickness

In order to properly determine the thickness of the insu-
lation layer, for both rockwool boards and loose-fill insula-
tion, athickness meter was constructed according to the SO
draft proposal for loose-fill insulation. The apparatus, a pin
gauge, consists of a pin and a pressure plate that exerts apres-
sure of 30 Pa (4.4e-3 Ib/in?). The thickness of the loose-fill
insulationintheattic part without joi stswasmeasured in June,
ten days after the insulation was applied, and then in Novem-
ber after the tests were completed in this part of the attic. The
settling amounted to 1% of thethickness. Theinitial thickness
inthe metering areawas 0.405 m (1.33 ft), ranging from 0.392
t00.411 m (1.29 ft to 1.35ft).

Density and Density Variations

After thetestson loose-fill insul ation were compl eted, the
thicknessinthe metering areawas measured and theinsulation
in this area was removed and weighed. The density of the
loose-fill insulation was determined to be 31.1 kg/m® (1.94 |b/
ft3), which agreed well with the requested density of 30 kg/m®
(1.87 Ib/ft3).

Thermal Conductivity as a Function of Density

The thermal conductivity of a porousinsulation material
is determined by three parameters: conduction in the air,
conduction in the solid matrix, and radiation across the pore
surfaces and convection. As afunction of density, this can be
described as follows, assuming that the material is dry (no
effect of latent heat) and that the air is still (no convection),
which is a correct assumption when the heat flow is down-
ward.

_ _ C
A= Rair + Asotig * Arag = A+Bp+5 ©)

Therma conductivity as a function of density for
the rockwool, loose-fill insulation in the attic test model
has been determined by using information from Jonsson
(1995) and Dyrbgl (1998). Their measurements are fitted,

using Equation 3, to A(p) = A(30) = 0.0429 W/mK

[A(p) = A(1.87) = 0.297 Btu-in/h-ft*. °F], which is the
thermal conductivity of the loose-fill insulation measured
at SP. The fitted curve is shown in Figure 2.
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Figure2 Estimated curve for the thermal conductivity as
a function of density for loose-fill rockwool
insulation.

The density of the loose-fill insulation in the attic model
within the metering area was 31.1 kg/m® (1.94 1b/ft3) for the
attic part without joists. Since the thermal conductivity of the
loose-fill insulation hasbeen measured at SP at adensity of 30
kg/m® (1.87 Ib/ft3), the accuracy of the approximation of ther-
mal conductivity as a function of density is not critical. The
differenceinthermal conductivity between asample of 30 kg/
m?3 (1.87 Ib/ft3) and 31.1 kg/m?® (1.94 |b/ft3) ismerely +0.5%.

Thermal Conductivity as a
Function of Mean Temperature

Heat transfer in a material depends on the mean temper-
ature of the material. A decrease in temperature leads to a
lower thermal conductivity of the air in the pores of the mate-
rial and to adecreasein radiation between the pore sides, thus,
to alower thermal conductivity of the material.

Measurements of the thermal conductivity of the loose-
fill insulation used in the attic test model have been performed
at different meantemperaturesat SP. Thethermal conductivity
of the loose-fill insulation has been measured at a density of
30 kg/m?® (1.87 Ib/ft3) and at a temperature difference across
the sample of 20°C (36°C). The temperature-dependent ther-
mal conductivity can be expressed as

A =258-10°. T +0.04031 W/mK,

mean

5 4)
[A=995-107-T,

+0.24769 Btu - in/(h- ft*- °F)]

mean

Insulation Permeability

The permeability of amaterial with unidirectional flowis
described by Darcy’s law,

VP = —Ev, (5)

where VP Pa (Ibf/ft?) is the pressure gradient, n (Nsm?,
Ib/fts) is dynamic viscosity, k m? (ft%) is permeability, and
v (m%m?s or m/s, [ft/s]) is the seepage velocity. For one-
dimensional, steady-state conditions we get

P_nR

d kA (6)
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TABLE 1
Permeability of Rockwool, Loose-fill
Insulation at Two Densities

Density Permeability
kg/m3(Ib/ft3) m? (ft2)
Sample 1 30[1.87] 9.6-10°[1.0-107']
Sample 2 33[2.06] 71-10°(76-107)

Here, the seepage vel ocity isreplaced by thetotal airflow,
R (mPs, ft/s), divided by the flow area, A (m?, ft2). The
permeability of the rockwool, loose-fill insulation used in
the attic test model has been measured at SP according to
SS 02 15 50, modified for loose-fill insulation, and with a
stated accuracy of 5%. Two samples were measured.

In order to determinethevariation inthe permeability due
to density variations, permeability equations for rockwool
boards from Jonsson (1995) werefitted to the two permeabil-
ities above. This procedure is described in Wahlgren (2001).
The equation for the loose-fill insulation that matches the
measured data for permeability is

_4
(p) = 3.83-k(32) - 512 31.0 (mz). @)

(&)

Thisequationisagood estimate of the permeability when
the densities are close to the measured valuesin Table 1.

COMPUTER SIMULATIONS

To helpinterpret the measurementsinthe attic test model,
computer simulations have been made using the three-dimen-
sional, transient program PConvBoxT (Hagentoft 2000;
Hagentoft and Serkitjis 1995). This program cal culates heat
flows, air flows, and temperatures in a porous medium with
natural convection. Theinfluence of various boundary condi-
tions and of different porous materials can be investigated.
Forced convection, moisture flow, or latent heat transfer is not
included in the simulations. Air movements are detected by
studying the heat flows and the temperature profile on the
upper, cold surface.

Theatticissimulated asabox of insulationwith an under-
lying board, three insulated walls, and one adiabatic wall
(symmetry versus the attic part with joists). The top surface
is permeable and in contact with an air gap. According to
Serkitjis (1995), thisair gap can be assumed to have aconstant
thermal resistance of 0.2 m?K/W (1.1 ft>F-h/Btu). The simu-
lations of rockwool, loose-fill insulation have a density of
31 kg/m® (1.9 1b/ft3), a thickness of 0.405 m (1.33 ft), and
the material properties described in the previous section. The
temperature on the warm side, being the lower surface of
the board, is kept at a temperature of 22°C (72°F), and the
attic air temperature varies with aminimum of —20°C (—4°F).
With these input data for the rockwool loose-fill insulation
in the attic test model, the maximum modified Rayleigh
number is 10. Consequently, the simulations at higher modi-
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fill insulation in the attic test model, calculated
over the whole attic floor.

Figure3

fied Rayleigh numbers represent lighter and more permeable
products.

Thetransient simulation model showsthat for this partic-
ular attic model setup and for amodified Rayleigh number of
30 it takes approximately eight hours for convection to fully
develop, and that a modified Rayleigh number of 60 requires
fourteen hours. After thisinitia phase, stable cellsare created
in the case of moderate modified Rayleigh numbers, and
moving, irregular cells are created at high modified Rayleigh
numbers (larger than 60); see Figure 4. The Nusselt number as
afunction of the modified Rayleigh number in Figure 3 has
been calculated after the initial convection buildup and
according to Equation 2.

The modified Rayleigh number is calculated using the
temperature difference from the lower surface of the board to
the top surface of the insulation, which iswhat ismeasured in
the attic test model. The coldest conditions in the attic test
model result in amaximum modified Rayleigh number for the
rockwool insulation of 10 and a Nusselt number of 1.002, i.e.,
anegligibleincreasein heat flowsthrough the attic insul ation.

In order to investigate the influence of the structure of the
material on convection, simulations were made on three
different material structures having the same overall thermal
conductivity and permeability. The three material structures
were: lumpsof insulationinamorepermeablematerial, lumps
that are more permeable in a less permeable material, and
homogeneous material. It was shown that by representing the
loose-fill insulation with anonhomogeneous material, thecrit-
ical modified Rayleigh number and the Nusselt number could
be both decreased and increased. Investigations into how to
properly model the structure of the loose-fill material are
needed. The influence of a density gradient in the insulation
was also simulated. The density variation was determined
from measurements on the rockwool, loosefill insulation
usedintheattictest model, and the effect of the gradient on the
Nusselt number was small.
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Figure 4a Horizontal temperature
profile, Ra,, = 62.7.

The temperature profile on the upper surface of theinsu-
| ation shows different patterns depending on the magnitude of
the convective forces. At high modified Rayleigh numbers,
the pattern changes with time and is irregular (Figure 4a),
whereas moderate modified Rayleigh numbersresult in stable
cells (Figure 4b). At low modified Rayleigh numbers, thereis
little or no convection (Figure4c). The horizontal temperature
profileis calculated at 2.5 cm (0.98 in.) below the insulation
surface, i.e., in the center of the top calculation node.

The presence of convection cells can be indicated by a
scatter in surface temperatures; the more the convection, the
larger the difference in temperature over the top surface. The
simulations in Figure 5 show higher horizontal temperature
differences in the top node (2.5 cm [0.98 in] below the
surface), divided by the total temperature difference, for
increasing modified Rayleigh numbers. The temperature
differenceis determined within the metering area as the high-
est temperature minus the lowest temperature.

Both temperatures and heat flows vary at different loca-
tions under the attic floor. Therefore, simulations were made
toinvestigate the influence of thelocation of the metering box
ontheestimated thermal resistance of theattic floor. Thesimu-
| ations showed that it isimportant to simul ate the correct loca-
tion of the metering box, in particular at high modified
Rayleigh numberswhen the direction and the magnitude of the
air flow varies greatly over the attic floor.

ERROR ANALYSIS OF THE MEASUREMENTS

A simple error analysis has been made on the modified
Rayleigh number and on the measured and cal cul ated thermal
resistance. Theerror analysis has been based on the following
formula that states that the maximum error is the sum of the
relative error of each variable.

AF = 6)

n
oF
—AX
Elaxk K

Using Equation 1 for the modified Rayleigh number
results in amaximum relative error of
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Figure 4b Horizontal
profile, Ra,, = 34.6.

Figure4c Horizontal temperature
profile, Ra,, = 13.6.
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Figure5 Smulated temperature difference over a
horizontal surface divided by the temperature
difference over the attic insulation and board, as
a function of the modified Rayleigh number.
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The maximum error for each parameter is as follows:
thicknessof theinsulation 1- 1073 m (3.3 1073 t), permeabil-
ity 5% (according to SP), temperature difference 0.1°C
(0.18°F), and thermal conductivity 3% (according to SP).
With the temperature difference used in the attic test model
(20°Ct045°C, 36°Fto 81°F) and aninsulation thicknessof 0.4
m (1.31 ft), the maximum relative error in the modified
Rayleigh number is between 8% and 9%. Theinfluenceof this
error on the Nusselt number (using 8%) isillustratedin Figure
6 for asimulation on a highly permeable insulation material.
For amodified Rayleigh number of 30, theerror inthe Nusselt
number is larger than 10%, while for a modified Rayleigh
number of 20, the error in the Nusselt number is only a few
percent.

The measured thermal resistance has been calculated
according to

AK
k

A(AT)
T

+ + +

- Abox ) ATattic floor (10)

R
Qattic floor
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Figure6 An example of the effect of an error in modified
Rayleigh number on Nusselt number.

where A, (m?, ft?) isthe metering area of the box, 1.006 m?
(10.8 ft9); AT giiic fioor (°C, °F) is the temperature difference
across the attic floor, from the upper surface of the insulation
to the lower surface of the particleboard; and Q ic fioor (W,
Btu/h) is the heat that passes through the attic floor.

The total error in measured thermal resistance is calcu-
lated similarly to the error in the modified Rayleigh number
using Equation 8 on Equation 10, which resultsin

AR _ +/AQ (11)
Q

R

wherel m (ft) is /A, -

The error in measured thermal resistance depends on the
measuring situation and is strongly dependent on the error in
heat input to the box. For the loose-fill insulation in the attic
test model, the highest modified Rayleigh number is 10. The
error inthermal resistancefor thismeasuring situationis8.1%
and at amodified Rayleigh number of 4.8, the error in thermal
resistanceis 7.3%.

The measured thermal resistance has been compared to a
calculated thermal resistance based on thermal conductivity

AT
AT

values, M(T,can) » from SP according to
d
R = : 12
HCTnear 4

The maximum relative error in calculated thermal resis-
tanceis

mean)

(13)

‘ AMT
K(T

mean)

With an error inthermal conductivity of 3% (accordingto
SP) and an error in thickness of 1- 10° m (3.3 - 1073 ft), the
error in calculated thermal resistance is 3.2% for a thickness
of 0.4 m (1.31 ft).

MEASUREMENT RESULTS

Theresults of the measurementsintheattic test model are
presented using three different properties: thermal resistance,
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Figure8

the Nusselt number, and the scatter in temperatures at the
upper surface. The measured thermal resistance (including
convection) has been compared to a calculated thermal resis-
tance (without convection). Since the metering box is placed
inthemiddleof theattic, thereisno need toincludethethermal
bridges that the walls constitute. This has been further inves-
tigated in Fryklund (1997b). The measured and the cal cul ated
thermal resistance differ by approximately 4%; thus, the
calculated and measured thermal resistances are within the
margin of error. Figure 7 shows the calculated thermal resis-
tance, according to Equation 12, and the measured thermal
resistance, Equation 10, with error bars. For the measured
thermal resistance an error of 7.5% is used, for the cal culated
thermal resistance 3.2%, and for the modified Rayleigh
number 8%.

Figure 7 shows that the ventilation rate only has a minor
effect on the measured thermal resistance at the prevailing
airflowsand modified Rayleigh numbers. The Nusselt number
as a function of the modified Rayleigh number (Figure 8)
showsadight increasein the Nusselt number with anincrease
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Figure9 Temperature difference on thetop surface of the

insulation divided by temperature difference
over the attic floor, as a function of the latter.

in the modified Rayleigh number. (The Nusselt humber is
calculated by dividing Equation 11 with Equation 10.)
However, since the thermal resistances are within the margin
of error, natural convection inthe material is not proven even
though the Nusselt number is larger than one. The dip in the
Nusselt number that occurs at amodified Rayleigh number of
approximately 7 to 8 is also found in the simulations but at a
dlightly higher modified Rayleigh number of approximately
10.

For theloose-fill insulationin theattic areawithout joists,
a higher ventilation rate results in a larger temperature scat-
tering, expressed as AT e surf. /ATinguations @d a slightly
lower mean temperature at the upper surface of theinsulation.
Furthermore, the measured scattering increases unlinearly
with the modified Rayleigh number (Figure 9), while simula-
tions show a linear and much smaller dependence at the
prevailing modified Rayleigh numbers. This indicates air
movements in the material during the measurements.
However, an exact comparison between simulated and
measured scatter is difficult since the simulations assume a
completely homogeneous material whilethe loose-fill insula-
tion consists of 1oosely packed lumps. The thermocouples on
the upper surface are all covered with a lump of insulation;
nevertheless, the measurement situation for each thermocou-
pleisnot identical—ascatter intemperaturesisexpected even
at low modified Rayleigh numbers. Figure 10 shows the
measured upper surface temperature profileswith and without
attic ventilation. The wind protection in the attic space, over
whichtheventilation air passes, ends shortly beforethe meter-
ing area, approximately 10 cm above the insulation surface.
Thiscausesasmaller decreasein surfacetemperaturescloseto
the exhaust, wherethe surfaceis protected by wind deflectors,
and alarger decrease further away from the air entrance (see
Figure 10).
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Figure 10 Temperature profileson the upper surface of the
insulation within the metering area, the darker
the color, the warmer. There are eight
thermocouples on the periphery of the area and
one in the center. The figures represent (left) no
ventilation and (right) a low ventilation rate
(forced convection).

CONCLUSIONS

Measurements in a large-scale attic test model insulated
with Swedish loose-fill insulation, and simul ations, have been
presented. The purpose of the measurements is to determine
whether there is convection in the insulation and, if so, the
effect that convection has on the heat flows through the insu-
lated attic floor. The measurements show that the thermal
resistance of the attic insulation isapproximately 4% lessthan
the cal cul ated resistance based on standard measured thermal
conductivities. Thisdiscrepancy iswithin the margin of error.
Air movements in the insulation are indicated by a scatter in
measured surface temperatures at the upper surface of the
insulation. However, at the prevailing modified Rayleigh
numbers, the air movements are insufficient to cause a
decrease in the thermal resistance of the attic floor, which is
shown in both measurements and simulations.
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NOMENCLATURE

area (mz, ft?)

thickness (m, ft)

gravitational acceleration (M/<?, ft/s?)
air permesbility (m?, ft?)

length (m, ft)

Nusselt number
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P = pressure (Pa, 1b/ft?)

Q = heat flow (W, Btu/h)

R = thermal resistance (m2K/W, ftzh°F/Btu)

R = airflow (m%/s, fts)

Ra = Rayleigh number

T = temperature (°C, °F, °R)

v = seepage velocity (m¥/mes or m/s, or ft3/ft?s or ft/s)
A = thermal conductivity (W/mK, Btuin/hftz°F)
n = dynamic viscosity (Ns/mz, Ibfg/ft?)

p = density (kg/m3, 1b/ft3)
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