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Abstract—A laboratory apparatus has been constructed to subject fiberglass insulation to one-dimensional
moist airflow and heat transfer with temperatures from 20 to —20°C. Using this apparatus, the effects of
air exfiltration and infiltration on the heat and moisture transport characteristics within a medium density
fiberglass insulation material are investigated experimentally for one-dimensional transient conditions. The
experimental results, which are typical of cold climate building envelope applications, indicated that the
adsorption process had a significant influence on the temperature distribution over much of the warm
portion of the slab during air exfiltration shortly after the tests began. Furthermore, for all of the air
exfiltration tests carried out, the majority of the moisture and frost accumulation was within the insulation
slab adjacent to the cold surface. For air infiltration, it was discovered that the drying rate was substantially
higher for lower airflow rates.

1. INTRODUCTION

In the past decade or two, thick layers of fiberglass
insulation have been used to conserve energy within
building and refrigerated space envelopes. Failure to
eliminate the natural convection of air and moisture
diffusion within typical fiberglass insulated roof struc-
tures in a cold climate has been shown to reduce the
apparent thermal resistance of the insulation by up to
a factor of two [1]. The accumulation of moisture not
only increases the energy transfer across the insu-
lation, it can also lead to mold growth, degradation
of any organic materials such as wood, rust damage
to any metallic components, freezing damage in the
condensation zone at low temperatures, as well as an
overall reduction in the quality of the insulation [2].
To inhibit the flow of air and moisture through the
wall structure a vapor retarder is a required building
construction detail in cold climates [3], especially
where the insulation systems operate below freezing
conditions [4]. However, in practice, the consequences
of the frequently observed failure of the vapor retarder
in air-tight structures due to installation problems
(among other factors) are well known in the design
and consulting communities [5].

Moisture transport within building wall and ceiling
insulation generally takes place either through the
process of vapor diffusion, or as a result of the flow
of moist air through the insulation. The flow of moist
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} Ablimation means a substance changing from its vapor
phase to a solid phase [15] ; here, it means frost accumulation
from water vapor.

air through such building envelopes is a consequence
of pressure differences across the permeable envelope
materials caused by wind pressure effects, different
temperature gradients inside and outside, or the air
circulation fans used within buildings.

The main processes involved with the accumulation
of moisture within the insulation are either adsorption
or condensation/frosting. Adsorption involves the
collection of water vapor molecules onto the glass-
fiber surfaces at locations within the insulation where
the relative humidity is below 100%. Condensation
(or ablimationf of frost where the local temperature
is below the freezing point) occurs at locations where
the local relative humidity is at 100%. Since water
vapor adsorption is usually less than the mass of con-
densation, the amount of moisture which accumulates
within the insulation is usually greater in regions
where condensation takes place. Moisture accumu-
lation due to adsorption occurs at the molecular level ;
i.e. mono-layers of water vapor molecules collect on
the surfaces of the glass-fibers [6].

Condensation phenomenon has been observed in
porous wall insulation, particularly when the material
is exposed to a high relative humidity with large tem-
perature differences [7]. As condensation occurs, the
latent heat of condensation (or ablimation) is released,
acting as a heat source in the heat transfer process.
Energy is also released during the adsorption process
as the molecules of water vapor become attached to
the glass-fiber surfaces. Although the amount of
moisture accumulation through adsorption is. usuaily
much smaller than that for condensation, the heat of
adsorption can be up to four times as high as the heat
of vaporization. Also, experimental evidence shows
that the thermal energy exchange between the
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T. cold plate temperature
T, inlet air temperature
temperature difference
u,  air velocity

V' inlet air flow rate

NOMENCLATURE

W humidity ratio.

Greek symbol
¢, inlet air relative humidity (RH).

adsorbed phase and the surrounding phases during an
adsorption or desorption process is pronounced and
can alter the local temperatures significantly [6, 8].

It has been found that the main reason for moisture
accumulation within building wall cavities is the exfil-
tration of warm, humid, indoor air during the heating
season [9). Vafai and Tien [10] found, from their
numerical simulation for test conditions applied to a
warm humid climate, that air movement within the
porous insulation is often the dominant mode of
energy and mass transfer. This applies even for very
small pressure gradients across the slab. This would
indicate that, in studying the moisture accumulation
and heat transfer processes within building wall insu-
lation materials, attention should be placed on the
temperature and humidity properties of airflow
through the insulation, as well as the flow direction.
This is particularly important for cold weather appli-
cations. It has been reported that frosting, coupled
with condensation and adsorption, has a more sig-
nificant effect on the thermal performance of fiberglass
insulation than that in warm climate applications [8,
13, 14]. To the authors’ knowledge, there have been
very few if any experimental results for laboratory
tests that quantify the effect of air movement on
moisture and frost accumulation for cold climate
applications. The experimental validation of numerical
models is even more scarce.

In order to fully understand the phenomena occur-
ring within the wall structure, research needs to be
conducted into the effects of both air exfiltration
(which results in the accumulation of moisture and
frost within the porous insulation inside wall cavities),
and air infiltration (which may tend to remove
moisture/frost from some regions of an insulation slab
and deposit this moisture as condensation or frost
elsewhere). It is the objective of this investigation to
examine experimentally the effects of air exfiltration
and air infiltration on the heat and moisture transfer
characteristics of a medium density porous fiberglass
insulation.

2. EXPERIMENTAL SCHEME

The overall experimental requirement was to create
a uniform, one-dimensional flow of air through a
porous fiberglass insulation slab. The airflow was to
simulate exfiltration and infiltration conditions
through a house wall or ceiling during cold weather

(e.g. internal environment—moist air at +20°C,
external environment—dry air at —20°C). Although
typical indoor relative humidity conditions during
cold winter weather rarely exceed 50% relative
humidity (RH) in most buildings, the exfiltration tests
were conducted with warm, room temperature air
with a high relative humidity (60-90% RH). These
high relative humidities were used in order to obtain
experimental data with small relative errors and to
magnify the effects that varying the relative humidity
might have on the heat, moisture and air transport
characteristics within the porous insulation slab. It
should be noted, however, that for certain buildings
and rooms (some houses, animal barns, indoor swim-
ming pools, hospital operating rooms, computer
rooms, etc.) the internal relative humidity can reach
50% or higher during cold weather.

A schematic drawing of the experiment test section
is provided in Fig. 1. The test insulation slab is placed
horizontally and cooled from below. This con-
figuration allows us to exclude buoyancy flow from
the model. For the air exfiltration tests warm air was
supplied to the air inlet ports at the top of the test cell
(eight are provided in the top cover plate) and flowed
uniformly down toward the cold plate on the bottom.
For the air infiltration tests cold air was supplied to
the air gap through eight other inlet ports located in
the bottom air gap region and the air flowed uniformly
up toward the top cover plate, which was at room
temperature.

A four-layer, medium-density (50 kg m ), glass-
fiber slab (AF 545 Fiberglas Canada, ON) with a total
dimension of 275 x 600 x 90 mm was placed in the test
section for each test. A cold plate, which could be
cooled to well below the triple-point temperature of
water through a heat exchanger, was located at the
bottom of the test section. By placing nine small plas-
tic disc spacers on top of the cold plate, an air gap
was created between the bottom surface of the insu-
lation slab and the cold plate (approx. 12 mm in
height). This permitted the exfiltration or infiltration
air to flow uniformly through the insulation slab. To
start a test, the volumetric airflow rate was set using
a mass flow controller, and the ethylene glycol-water
solution, which was used as the heat exchanger cool-
ant for the cold plate, was pumped from a storage
tank which was placed in an environmental chamber.

Ten thermocouples (accuracy +0.2 K) were placed
between the glass fiber layers and on the exposed
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Fig. 1. Schematic drawing of experiment test section.
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top and bottom surfaces of the slab to measure the
temperature field throughout the slab. The moisture
accumulation in each layer of insulation at the end of
each test was determined by weighing the layers prior
to (dry) and at the end of each experiment (moisture
accumulation uncertainty +5% to +15% depending
on samples). To ensure consistent ‘dry’ results, each
testing sample was initially conditioned by the same
procedure;i.e. 16 h oven dry at 107°C and 4 h natural
convection cooling to room temperature. A calibrated
humidity sensor (uncertainty +2% RH) was placed
in the top cover plate of the experimental test section.
This sensor was used to ensure that the air entering
the insulation slab for the exfiltration tests had the
correct relative humidity, whereas, for the infiltration

tests, it was used to monitor the outlet air relative
humidity. To measure the temperature of the air leav-
ing the air gap at the bottom of the test sample, a
single thermocouple was placed at the center of the
plate in the middle of the air gap between the insu-
lation and the cold plate.

A heat-flux meter was mounted within the cold
plate to measure the heat flux through the cold plate.
Asillustrated in Fig. 2, the heat-flux meter consisted of
a high thermal resistance polyethylene sheet (thermal
conductivity of 0.2177 W m~' K™, as given by the
manufacturer) with a thickness of 1/8 in. (3.175 mm).
An aluminum test plate with a thickness of 1/8 in. was
mounted on top of the polyethylene sheet to keep the
top surface temperature uniform. Twenty-one pairs
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Fig. 2. Heat-flux meter and cold plate assembly.
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of thermocouples were embedded in the lower and
upper aluminum surfaces on either side of the poly-
ethylene sheet. The gaps between the polyethylene
sheet and the top aluminum plate, and the poly-
ethylene sheet and the cold block, were filled with a
very thin layer of thermal paste to minimize the con-
tact resistance between these surfaces (thermal com-
pound, part no. 120-8 with a thermal resistance of
0.06 K m*> W), The thermal conductance (W m~?
K" of the heat-flux meter was calibrated based on
the measured temperature drop across a thermally
aged 1 in.-thick sheet of extruded Styrofoam, which
was placed on top of the cold plate assembly.

For each experiment, a number of measurements
were recorded in order to determine temperature pro-
files, heat flux and moisture accumulation values.
These measurements included temperatures within
and across the insulation slab and within the air gap
between the insulation and the cold surface, frost/
moisture accumulation measurements within the insu-
lation and on the surface of the cold plate, air flow
rates, and the relative humidity of the supply air (for
the exfiltration case) and the exhaust air (for the infil-
tration case).

The range of air flow velocity used in this study was
established based on a field investigation by Shaw
[11]. This investigation found that a typical detached
Canadian residential house experiences an air exfil-
tration rate of 0.98 Im~*s~'. For a typical house size
this means an average air speed through the building
envelope filled with insulation of about 1.0 mm s™".
According to Ogniewicz and Tien [12], air velocities
encountered in typical porous insulation applications,
due to free convection and air infiltration, are also of
the order of 1.0 mm s™'. In this study, tests were
carried out with the average air flow velocity through
the insulation at 0.5, 1.0 and .5 mm s~

Flow
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3. EXPERIMENT APPARATUS

Figure 3 outlines the assembly of the components
used for the exfiltration experiments, where warm
moist air flowed into the top of the test cell, shown in
Fig. 1, and uniformly flowed down toward the cold
plate at the bottom. Compressed air first passed
through an industrial dryer, which removed most of
the unwanted moisture from the supply air, and then
flowed through the mass flow controller at the desired
airflow rate. In generating the required range of inlet
air relative humidity (60-90% RH), a water bath was
implemented. By regulating the flow using a flow
meter and a control valve, a portion of the dry inlet
air was diverted from the main line to the bottom of
the water bath. As the air moved up through the
bath it became saturated (100% RH). By mixing this
saturated air with dry air in the correct proportions,
the desired air relative humidity was attained. Once
the proper relative humidity had been obtained, the
air was directed into the top portion of the test section
through eight inlet ports. A total of 16 tests were
performed to study the effects of air exfiltration on
the processes occurring within the porous insulation.
The initial set of tests was performed for all three inlet
air relative humidity values (60, 75, 90%) for test
durations of 1, 2 and 3 h with the airflow rate at 10 ]
min~', which resulted in an average air velocity within
the insulation of 1.0 mm s™'. It was discovered from
the measured data that the temperature profiles
throughout the insulation slab reached a quasi-steady
state after a period of only 2 h. Therefore, for the 15
1 min~"' air flow rate (i.e. 1.5 mm s~ ' air speed within
the insulation), only 1 and 2 h experiments were per-
formed for each of the three inlet air relative humidity
values. To obtain a more complete data set showing
the effect that varying the airflow rate through the

Meter
Water Bath
Dry D_D‘ ’_r/ D;y Air
Air N
Mass Flow Control
Controller Valve
Computer Inlet Ports ~
o Yasums |
Test Section
L — s
Data Acquisition System Outlet Ports
Vented to Room

Fig. 3. Exfiltration apparatus.
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Table 1. Experimental conditions for air exfiltration
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Property Value Test variation
T, (inlet air temperature) 20.0°C +1.0°C
T. (cold plate temperature) —20.0°C +1.0°C
¢.. (inlet air RH) 60% 75% 90% +2.0%
8.33x 10 m*s~! (51 min~")
V (inlet airflow rate) 1.67x10"*m*s~! (10 1 min~") +1.0%

2.50x107*m?s~' (151 min~")

insulation might have on the transport properties, a 2
h test was performed at 5 1 min~' (i.e. 0.5 mm s~' air
speed within the insulation) with the inlet air relative
humidity at 75%. At the end of each of these tests,
the frost and moisture mass accumulation data were
obtained. Table 1 lists the range of parameters used
in the air exfiltration study.

Figure 4 outlines the assembly of the components
required to carry out the air infiltration experiments
where cold air entered the air gap and uniformly
flowed up through the insulation to the top of the test
cell in Fig. 1. The infiltration tests involved passing
cold dry air through the porous media from the cold
side of the slab towards the warm side. In the case of
air infiltration, the drying process of the inlet supply
air took place in two stages. The air from the com-
pressor passed through an industrial drying machine
and then it passed through a desiccant to eliminate
even more of the moisture which might be present in
the airflow, before it was cooled to the cold plate
temperature. Each of the five tests which involved air
infiltration consisted of first 2 h of air exfiltration (so
that there would be moisture distributed throughout
the insulation sample at the start of the infiltration
tests), immediately followed by 2 h of air infiltration.
The infiltration air supplied to the test cell was dry
(i.e. humidity ratio, W = 0.0008), therefore little
would have been observed if the insulation sample

Computer

had also been dry at the start of the infiltration tests.
Since the experimental moisture/frost accumulation
data had already been obtained for the exfiltration
tests, the starting conditions for the infiltration
portion of these tests were known. By using these
known data and those obtained at the end of the
infiltration tests, the effect of air infiltration on the
moisture transport properties within the insulation
was determined. For each complete 4 h test, the air-
flow rate was kept constant, although the direction of
the flow was reversed after 2 h. Furthermore, the
temperature and relative humidity of the infiltration
air were kept the same for all of the tests performed
(dry air, —20°C). For the exfiltration portion of these
tests, the inlet air RH was kept at 75% for both the
0.5mm s~ and 1.5 mm s~ air velocities, whereas for
the 1.0 mm s~' flow rate tests were carried out with
the inlet air RH at 60, 75 and 90%. Changing the
airflow rate and the relative humidity of the inlet air
for the exfiltration portion resulted in different initial
conditions (temperature profiles and moisture
accumulation) for the air infiltration tests.

To cool the supply air, Tygon tubing was wrapped
around the supply line which carried the ethylene gly-
col-water solution used to cool the cold plate, and
insulation was then placed over top of these wrap-
pings. The dry air was passed through this tubing and
up to the test cell. With the supply piping at approx.
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Fig. 4. Infiltration apparatus.
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Table 2. Experimental condition for air infiltration

Property

T, (inlet air temperature)
T, (cold plate temperature)
¢ .. (inlet air RH)

Value Test variation
—20.0°C +1.0°C
—20.0°C +1.0°C
~5% +2% RH
S5imin~’ (4, =0.5mms"")
101 min~' (4, = 1.0 mms ') +0.80%

V (air flow rate)

18 i =1 (00 1 & s -y
LI 1N (W, = 1.0 Mmims )

—24°C, and the total number of tubing wrappings
near 200, the air was cooled to the required tem-
perature of —20°C. Table 2 lists the parameter settings
for the infiltration tests.

4. EXPERIMENTAL RESULTS

4.1. Air exfiltration

Figure 5 represents a typical temperature profile for
a 3 h exfiltration test. The symbols used in the figures
and tables are noted as follows: L = total thickness
of the insulation slab [m]; z = coordinate axis with
z =0 at the warm side and z = L at the cold side of
the slab [m]; T = temperature [K]. The temperatures
in the upper region of the slab, particularly in the
initial transient period, where the temperatures rose
above the ambient temperature, were above the satu-
ration temperature based on the vapor density of the
inlet air. This indicated that condensation could not
have been occurring in this region. Therefore, the
energy required for the temperature increase resulted
from adsorption. On a molecular level, as the water
vapor passed through the glass-fiber porous media,
adsorption of water molecules from the water vapor
onto the glass-fiber surfaces was taking place. This
phenomenon is similar to the test results obtained
under no exfiltration (vapor diffusion only), as
reported by Tao et al. [8]. Since the slab was initially
dry, the sudden exposure of the insulation to moist
airflow resulted in a phase change energy release due
to the adhesion of the water molecules to the fiber
surfaces. As indicated in this figure, the temperatures
throughout the insulation slab and that within the air

300
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280 {
275 1
270 1
2651
2601
255
250

Temperature (K)

0 20 40 60 80 100 120 140 160 180 200
t (min)

~——2/L=0.00 — — 2/L=0.25 - - - - ZL=0.50— - -Z/L=0.75
— 2100 —— Tgap o Tep

Fig. 5. Typical temperature profiles for an air exfiltration test
(10 Imin~', 75% RH).

gap between the slab and the cold plate reached a
steady state (all of which are below the ambient tem-
perature) after a period of approx. 2 h.

The release of energy, which resulted in the tem-
perature increase, is referred to as the heat of adsorp-
tion (which can be up to four times higher than the
heat of evaporation or condensation [6]). The tem-
peratures continued to increase only as long as the
energy released during this adsorption process was
dominant compared to the heat diffusion toward the
cold temperatures created by the cold plate below the
insulation slab. It should be noted that, after a short
period of time (when the moisture content reached
0.05% of the dry mass of the insulation), the heat of
adsorption equaled the heat of condensation and they
remained the same as long as the moisture content
stayed above this particular level [6].

Under air exfiltration conditions, adsorption
strongly affected the temperatures in the middle of
the slab. However, for the vapor-diffusion-only process,
under similar temperature and air relative humidity
boundary conditions, the temperature rise due to the
adsorption effect was only detected at locations near
the top surface of the slab [8]. This difference occurred
because, in the exfiltration tests, as a result of the
downward movement of air through the insulation
slab, the adsorption process took place in a larger
domain as compared with the process with only vapor
diffusion. Correspondingly, the domain in which the
temperatures increase above the ambient temperature
became larger as well.

Table 3 lists the temperature increases (A7) due to
adsorption (maximum temperature —initial tem-
perature) at the locations of z/L = 0.0, z/L = 0.25,
z/L = 0.50 and z/L = 0.75 for all of the exfiltration
experiments. This table indicates that an increase in
the inlet air relative humidity (maintaining a constant
airflow rate) resulted in larger temperature increases
at all four locations. As the inlet air RH increased, the
number of water vapor molecules in the air available
for adsorption to the fiber surfaces increased. There-
fore, since the amount of adsorption taking place
increased, the energy released was higher, thus result-
ing in larger temperature increases. Table 3 also shows
that increasing the airflow rate (at constant inlet air
relative humidities) shifts the point of maximum tem-
perature increase due to adsorption closer to the cold
surface. In examining the 75% inlet air relative
humidity case, the maximum temperature increase
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Table 3. Maximum temperature increases in the fiberglass associated with adsorption

Relative
Flow rate humidity AT AT AT AT
(I min~'] [%)] z/L = 0.00 z/L =0.25 z/L = 0.50 z/L=0.75
S 75 +1.19 +1.94 +1.53 +0.00
10 60 +0.66 +1.70 +2.08 +0.60
75 +0.83 +1.99 +2.27 +0.74
90 +1.05 +2.61 +2.85 +1.02
15 60 +0.36 +1.55 +2.10 +1.32
75 +0.66 +2.10 +2.99 +1.92
90 +0.74 +2.79 +3.64 +2.69

shifted from the z/L = 0.25 location for the 5 | min™!
test to the z/L = 0.50 location for the 15 1 min~"' test.
It should also be noted, however, that, while this shift
was taking place, the temperature increase due to
adsorption in the upper layers of insulation decreased.
As the water vapor passed through the slab at a higher
velocity (higher airflow rate), the adsorption tem-
perature increase, AT, in the upper layers of the insu-
lation was reduced by the convective heat transfer
due to the airflow, which was supplied at a cooler
temperature at the top of the insulation.

Increasing the inlet air relative humidity (Fig. 6),
or increasing the airflow rate (Fig. 7), both resulted in
a substantial increase in the total amount of moisture/
frost which accumulated within the bottom layer of
the insulation slab. Each data point represents a ratio
of the mass of accumulated moisture within each insu-
lation layer divided by the dry mass of each layer.
Within the upper three layers of the slab, increasing
the inlet air RH or increasing the airflow rate had very
little effect on the degree of moisture accumulation.
In comparing the two figures, it is evident that increas-
ing the rate of air flow through the insulation had a
greater effect on the moisture accumulation near the
cold surface than increasing the relative humidity of
the inlet air {e.g. increasing the flow rate from 5 to 10
I min~' increased the moisture accumulation by 150%
in the bottom layer, whereas increasing the relative
humidity from 60 to 90% increased the moisture
accumulation by only 85%).

As indicated in Figs. 6 and 7, the majority of the
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+
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g. 6. Moisture accumulation profiles for a range of relative
humidities (10 1 min~", after 2 h).

Fi

moisture was collected in the layer closest to the cold
surface. This observation is the same for all of the
tests carried out in the exfiltration study. With the
temperatures within the bottom layer dropping below
the saturation temperature, based on the vapor den-
sity at such locations, condensation/ablimation took
place. Although moisture accumulation took place
within the upper regions of the slab due to adsorption,
the amount of moisture which accumulated was much
less than that for the condensation region, since
adsorption deals with the deposition of moisture onto
the fiber surfaces in much smaller molecular layers.
This trend of having the maximum amount of
moisture accumulation near the cold surface is similar
to the test results obtained with no exfiitration (vapor
diffusion only [13]), but contrary to the numerical
results presented by Vafai and Tien [10]. This may be
due to the fact that the time duration for moisture
accumulation in Vafai and Tien’s numerical results

“was much shorter than for the tests presented here. In

the study by Tao er al. [14], it was also found that,
during the initial period, more moisture accumulated
near the warm side of the insulation slab, while later
more moisture and/or frost was found near the cold
side of the slab. It should be noted that for operating
temperatures above the freezing point, moisture
accumulation is not significant even with air infil-
tration/exfiltration ; e.g. Vafai and Tien [10] reported
a liquid volume fraction of the order of 10~* with the
operating temperatures above the freezing point. With
frosting, however, the moisture accumulation in the

0.07
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L
5
8 o003
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Fig. 7. Effect of air flow rate on moisture accumulation (75%
RH, after 2 h).
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Fig. 8. Temperature profiles throughout the slab for air exfil-

tration (0-120 min, 75% RH, 101 min ') and air infiltration
(120240 min, 10 I min™").

bottom slab was more pronounced during warm air
exfiltration ; i.e. the moisture content reached 0.09 by
mass or about 4.5x 107 liquid volume fraction for
the 90% RH, 101 min~"' case (¥, = 1.0mms~"'), which
is a factor of 45 greater than the case without frost
[10].

4.2. Air infiltration

Figure 8 depicts the temperature profiles of a com-
plete 4 h test for exfiltration and infiltration. By the
end of the first 2 h (exfiltration), the temperature
profile within the insulation slab is shown to reach
steady state. At this time the airflow system was re-
configured (in less than 2 min) from Fig. 3 to Fig. 4 for
air infiltration. The temperatures within the insulation
rapidly decreased until, eventually for this test, the
temperatures at z/L =0.50, z/L=0.75, and
z/L = 1.00 became within 1°C of each other.

Figure 9 compares the experimentally determined
amount of moisture/frost accumulation within the
insulation slab after a 2 h exfiltration test (10  min ',
u,=1.0 mm s™', 75% inlet air RH) to the amount
present after an additional 2 h of air infiltration (10 |
min~', ¥, = 1.0 mm s~1). This figure indicates that,
during the infiltration process, the dry inlet air was
sublimating frost from the bottom layer of insulation,
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0.04 « 2hr exfil s
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Fig. 9. Moisture accumulation comparison—exfiltration/
infiltration (10 1 min—', 75% RH exfiltration air).
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and as the air passed through the upper layers, some of
the water vapor was being re-deposited, either through
ablimation or condensation. The net effect was that
the total mass of frost and condensate was reduced by
air infiltration through the slab of insulation.

In comparing the experimental moisture accumu-
lation results obtained for the various airflow rates, a
significant phenomenon was observed. Based on the
total amount of moisture contained within the entire
insulation slab after the exfiltration and infiltration
tests (kg moisture/kg dry insulation material) as the
airflow rate was reduced, a significant percentage of
the moisture accumulated after air exfiltration was
removed from the slab during air infiltration. Figure
10 compares the air infiltration moisture (or frost)
removal mass as a fraction of the accumulated
moisture (or frost) at the end of the air exfiltration
period for the three airflow rates. This figure clearly
shows that a higher drying rate was achieved by
lowering the rate of air flow during air infiltration.

Increasing the infiltration airflow rate caused the
temperatures to decrease throughout the slab, thus
shifting the boundary or interface between the wet
and frozen regions up towards the top surface of the
insulation slab. Any moisture below this interface
existed as frost and could only be removed or
deposited by sublimation or ablimation, whereas any
moisture above this interface could be removed or
deposited by evaporation or condensation (which
occur at a higher rate than sublimation or ablimation).
For air infiltration and the lowest airflow rate (5 |
min~'), the point at which moisture froze was the
closest to the bottom surface of the slab. When the
flow direction was switched for infiltration, the 0°C
interface moved up towards the top surface at the
slowest rate, as compared to the results obtained from
the other airflow rates. Therefore, more of the
accumulated moisture within the slab was in liquid
form for a longer period of time, and thus more evap-
oration could take place. Another very important fac-
tor in the removal of moisture or frost from the insu-
lation is the ambient air temperature and saturation
humidity ratio. The higher the air temperature the
larger the humidity ratio at saturation conditions.
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Fig. 10. Moisture removal ratio for various airflow rates.
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4.3. Heat flux at the cold plate

The current design of the experimental apparatus
allows us to measure directly the heat flux at the cold
plate during each test (Fig. 2). It is, however, of greater
interest for us to quantify the heat flux through fiber-
glass insulation. In principle, this heat flux can be
derived from an energy balance approach considering
air gap temperature, frost accumulation on the cold
plate surface and measured heat flux at the cold plate.
Such an attempt did not lead to a convincing accuracy,
due to various limitations in measurement technique,
including the large uncertainty in determining the
energy term associated with frost accumulation [16].
Since this methodology has considerable future merit
and it is discussed further in the companion paper [17],
we report the status of the experimental technique
and provide numerical analysis of heat flux through
thermal insulation under air filtration conditions. The
numerical results, verified by the experimental data of
temperature and moisture content [17], could be used
as a guide to evaluate the thermal and mass transfer
performance.

5. SUMMARY AND CONCLUSIONS

To date, there has been no laboratory research
reported to investigate the effects of air flow through
a porous fiberglass insulation material (either exfil-
tration or infiltration), while the material is subjected
to sub-zero temperatures. There has been no quan-
titative information which examines the effects of
varying such parameters as the inlet air relative
humidity, inlet airflow rate, or duration of the
exposure on the heat and mass transfer processes
taking place within the insulating material.

This work was aimed at measuring the processes
taking place within the fiberglass insulation with frost-
ing effects and showing the effects that airflow through
the wall insulation can have on the heat loss to the
exterior of a building. The physical importance of
reducing or eliminating any air flow through insulated
structures with the use of a properly installed vapor
retarder has been made clear.

The results obtained through this research work
lead to the following conclusions:

Air exfiltration

(1) The adsorption process significantly increased
the initial temperatures within the top portion of the
slab (up to 3.6°C for the tests carried out here).
Furthermore, increasing the airflow rate from 5 to
151 min™" (4, = 0.5-1.5 mm s~') shifted the region
of maximum temperature increase due to adsorption
from z/L = 0.25to z/L = 0.50 (farther into the slab—
closer to the cold region).

(2) The majority of the moisture and frost accumu-
lated within the bottom layer of the insulation slab.
Furthermore, increasing the inlet air relative humidity
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from 60 to 90% resulted in an 85% increase in the
moisture accumulation in the bottom layer, while
increasing the airflow rate from 5 to 10 1 min™'
increased the moisture accumulation in the bottom
layer by 150%.

Air infiltration

(1) An airflow rate of 51 min™' (4, = 0.5 mms™")
produced a drying rate which was 26 times greater
than that for an airflow rate of 151 min™' (u, = 0.5
mm s'); i.e. the lower the air flow rate through the
insulation, the higher the drying rate. Lower airflow
rates produced warmer temperatures throughout the
slab, with a larger amount of the moisture within the
slab existing in the liquid state as opposed to frost
(more of the slab was above 273 K).
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