
www.elsevier.com/locate/ijhmt

International Journal of Heat and Mass Transfer 50 (2007) 4527–4539
An experimental data set for benchmarking 1-D, transient heat
and moisture transfer models of hygroscopic building materials.

Part I: Experimental facility and material property data

Prabal Talukdar a, Stephen O. Olutmayin b, Olalekan F. Osanyintola c, Carey J. Simonson b,*

a Department of Mechanical Engineering, Indian Institute of Technology Delhi, Hauz Khas, New Delhi 110 016, India
b Department of Mechanical Engineering, University of Saskatchewan, 57 Campus Drive, Saskatoon, SK, Canada S7N 5A9

c XXL Engineering Ltd., #101-807 Manning Road NE, Calgary, AB, Canada T2E 7M8

Received 31 March 2006; received in revised form 17 March 2007
Available online 7 June 2007
Abstract

As numerical models of heat and moisture transfer in porous building materials advance and numerical investigations increase in the
literature, there remains a need for simple accurate and well-documented experimental data for model validation. The aim of this two
part paper is to provide such experimental data for two hygroscopic building materials (cellulose insulation and spruce plywood) exposed
to 1-D and transient boundary conditions. Part I of this paper describes the transient moisture transfer (TMT) facility used to generate
the experimental data as well as the uncertainty and repeatability of the measured data. The measured material properties are also pre-
sented to fully document the experimental data set and permit its use by other researchers.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Modern buildings and their heating, ventilating and air-
conditioning (HVAC) systems are required to be more
energy efficient, while considering the ever-increasing
demand for better indoor air quality, performance and
environmental issues. The goal of HVAC design in build-
ings is to provide good comfort and air quality for occu-
pants during a wide range of outdoor conditions. There
is a lot of research aimed at improving the HVAC systems
in buildings while reducing the energy costs and environ-
mental impacts. Some studies relate to control strategies
and protocols [1–3] while others focus on the analyses of
specific components such as heat pumps [4,5], photo voltaic
cells [6] and evaporative cooling towers [7] to name a few.
In order for these systems to have the greatest impact, it is
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important for the energy needs of the building to be
reduced as much as practical. One way to do this is to
reduce the heat losses and gains through the building enve-
lope by selecting proper insulating materials which are
often porous and hygroscopic.

In addition to reducing heat losses and gains, research
[8–13] has shown that hygroscopic building materials can
moderate relative humidity variations, affecting the per-
ceived air quality [14] and energy consumption [15]. This
is important because recent research by Fang et al. [16]
and Toftum and Fanger [17] has shown that outdoor ven-
tilation rates could be decreased if a moderate enthalpy is
maintained in spaces (provided the minimum ventilation
for health is satisfied) [17].

Over the past half century, a lot of research has been
done on heat, air and moisture (HAM) transfer and storage
in building materials and their effect on energy consump-
tion and the durability of the building. Several large, inter-
national projects have been completed in this field in the
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Nomenclature

A exposed area of test section (m2)
Cp specific heat capacity at constant pressure

(J/(kg K))
Cd orifice discharge coefficient
d diameter across the orifice plate (m)
D diameter of the supply duct (m)
Da binary diffusion coefficient for water vapor in air

(m2/s)
Deff effective vapour diffusion coefficient (m2/s)
Dh hydraulic diameter of the test section duct (m)
ha convective heat transfer coefficient (W/(m2 K))
had latent heat of adsorption (J/kg)
hfg latent heat of vapourization/sorption (J/kg)
hm convective mass transfer coefficient (m/s)
keff effective thermal conductivity (W/(m K))
m mass of specimen (kg)
mo mass of dry specimen (kg)
_m rate of phase change (kg/(m2 s))
_ma mass flow rate of air (kg/s)
Nu Nusselt number
Patm atmospheric pressure (N/m2)
Pvsat saturation vapour pressure (N/m2)
q00 heat flux (W/m2)
Rv specific gas constant of vapour (J/kg K)
Re Reynolds number of airflow over the specimen
RH relative humidity
S sensitivity coefficient for the material properties
Sh Sherwood number
t time (s) or (h) if specified
T temperature (�C)

TMT transient moisture transfer
u mass of moisture adsorbed per kg of dry speci-

men (kg/kg)
W humidity ratio (kg/kg)
x distance from the top of the specimen (m)

Greek symbols

b diameter ratio
d water vapour permeability (kg/(m s Pa))
Dm moisture accumulation (kg)
Dp pressure difference (Pa)
DT temperature difference (K)
e volume fraction
k expansibility factor
q density (kg/m3)
/ relative humidity in fraction

Subscripts
a air
atm atmospheric
av average
eff effective
g gas phase (air and water vapour)
i initial, at some point
j index
l adsorbed phase
s solid
v vapour
vsat saturation vapour
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last decade [18–21] as well as numerous studies by individ-
ual researchers and organizations, e.g., [22–25]. These stud-
ies have significantly advanced this field of research, but
have also highlighted the general need for more experimen-
tal data that quantifies HAM transport in porous building
materials. For example, Hagentoft et al. [19] provide excel-
lent benchmarks for assessing the quality of 1-D HAM
simulation models, but rely solely on numerical and analyt-
ical cases because well-documented and accurate 1-D data
are scarce. Therefore, the main purpose of this paper is to
present a detailed description of a test facility that provides
data that quantifies transient, 1-D heat and moisture trans-
fer in building materials, including the accuracy, repeat-
ability and the extent to which the experiments are 1-D.
These are important factors when using the data in part
II of the paper [26], to validate numerical models.

In the current research, two porous and hygroscopic
building materials are chosen for investigation – cellulose
insulation and spruce plywood. Since the experimental
results in part II [26] are intended as a data set to bench-
mark numerical simulations, the material properties like
sorption isotherm, thermal conductivity and water vapour
permeability are also required to fully document the data
set. These properties are input parameters for numerical
models and may significantly affect the numerical results
and therefore the experimental procedures and measured
property data are presented in this paper.

2. Experimental facility

The purpose of the experiment is to measure the tran-
sient temperature, relative humidity and moisture accumu-
lation distributions within cellulose insulation and spruce
plywood.

2.1. Facility

A schematic of the transient moisture transfer (TMT)
facility is shown in Fig. 1. The facility is designed to mea-
sure 1-D heat and moisture transfer between a flowing air
stream and a stationary porous material. A small converg-
ing wind tunnel produces a steady, fully developed air flow
above the material to be tested. The airflow is provided by
a variable speed vacuum pump, which draws air from one
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Fig. 1. Schematic of (a) the TMT facility and (b) test section.
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Fig. 2. Measured (a) temperature and (b) relative humidity of air in the
environmental chamber shown for a period of 2 days.
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of two environmental chambers that can be maintained at
different temperatures and humidity. Transient test condi-
tions are created by switching the chamber from which
the air is delivered. Fig. 2 presents the temperature and
humidity in the environmental chamber during a 2-day test
showing the typical fluctuations during a test. In Fig. 2,
95% of the data are within ±0.1 �C and ±1.4% RH of
the average. The closed loop ducting system helps minimize
fluctuation in air temperature and relative humidity.

The airflow in the rectangular duct (20.5 mm high and
298 mm wide) above the test section (Fig. 1b) creates the
upper convective heat and moisture transfer boundary con-
dition for the material being tested, while a plate heat
exchanger and insulation creates the lower boundary con-
dition. The plate heat exchanger can be controlled to a
specified temperature or left inactive (as in this paper)
resulting in an adiabatic boundary condition below the test
specimen. The test material is contained in a container
made of lexan plastic which creates an impermeable
boundary condition on the bottom and all sides of the
specimen. The impermeable plastic container ensures 1-D
moisture transport, while the insulation around the con-
tainer creates an adiabatic boundary condition resulting
in 1-D heat transfer. The size of the plastic container
depends on the thermal and moisture properties such as
density, porosity, thermal conductivity and water vapour
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permeability of the material to be tested. For the experi-
ments in this paper, the container is chosen to be 600 mm
long, 280 mm wide, 27 mm deep for spruce plywood and
600 mm long, 280 mm wide, 300 mm deep for cellulose
insulation. For the measurements of spruce plywood, three
pieces of plywood (each 9 mm thick) are held together with
nylon screws to reduce the air gap between the pieces
(Fig. 3). In the case of cellulose insulation, cellulose is
packed to a uniform density of 50 kg/m3 inside the
container.

In addition to well defined boundary conditions, a com-
plete data set requires specified initial conditions. The ini-
tial conditions were achieved by conditioning the spruce
plywood boards until they are in equilibrium with air
above a saturated salt solution (KC2H3O2–22% RH), with
equilibrium being defined as when the change in mass
between three successive readings 24 h apart is less than
0.1%. The cellulose insulation is conditioned to equilibrium
with the laboratory air because it is a loose fill material and
difficult to remove from the container.
Fig. 3. Location of the thermocouple and humidity sensors between the layers
top view picture showing the grooves in the plywood.
3. Instrumentation and uncertainty

The full data set includes many measurements of tem-
perature, relative humidity, mass and pressure drop. These
data are measured with sensors throughout the TMT facil-
ity and recorded using 16-bit and 12-bit analogue to digital
acquisition cards. To ensure high precision, the 16-bit card
is used to record the temperature from the T-type thermo-
couples and the moisture accumulation from the gravimet-
ric load sensors. The 12-bit card is used record the relative
humidity from the humidity sensors, temperature from the
RTD sensors and pressure difference from the pressure dif-
ferential gauge. All the sensors used in the TMT facility
(i.e., relative humidity sensors, gravimetric load sensors
and thermocouples) are calibrated with known standards
before and after the tests. All the sensors used in the exper-
iments show good agreement between the pre-test and
post-test calibrations and the total uncertainties (root
sum square of bias and precision uncertainties) are summa-
rized in Table 1. The calibration of each sensor and the
of spruce plywood: (a) side view, (b) top view at a depth of 9 mm and (c)



Table 1
Uncertainties in the different sensors used in the experiment

Sensor name used in the text Location Description Total uncertainty

Temperature ±0.1 �C

Humidity sensor A Used in air stream Largest sensor with a perforated cylinder shield
(61 mm long � 12.6 mm in diameter)

±1.1%

Humidity sensor C Used in the
cellulose bed

Smaller sensor with a small cubic shield (20 mm � 9.8 mm � 4.8 mm)
to reduce influence in the bed. The shield is needed to protect the
sensor from contact with the cellulose fibers

±1.2%

Humidity sensor P Used in the
plywood bed

Smallest sensor (9.4 mm � 4.2 mm � 2 mm) with no shield required
because it is placed in the grooves between the plywood boards

±1.3%

Mass accumulation With load sensor ±2 g (±2%)
With RH sensor ±15%

Mass flow rate ±6%
Reynolds number ±8%

Fig. 4. Side view (a) and top view at a depth of 150 mm (b) of the
temperature and humidity sensor arrangement within the cellulose
insulation bed.
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location of the sensors in the TMT are presented in the fol-
lowing sections.

3.1. Temperature measurements and calibration

The temperature of air entering and leaving the test sec-
tion is measured with RTD sensors that are part of the
humidity/temperature transmitter (sensor A). All other
temperatures are measured using T-type thermocouples.
The temperature sensors are calibrated using a temperature
simulator that has a bias uncertainty of 0.1 �C as a transfer
standard. The calibration is performed over a large temper-
ature range (�40 �C to 40 �C) and the average difference
between the readings from the sensors and the simulator
is less than 0.1 �C. For the temperature range studied in
this paper (20–30 �C), the differences are less than
0.05 �C. The bias uncertainty of the temperature sensors
are therefore ±0.1 �C.

For the temperature distribution measurements within
the spruce plywood, six thermocouples are arranged
between the individual pieces of spruce plywood as shown
in Fig. 3. The sensors are positioned in small grooves
(2 mm wide by 0.5 mm deep) machined in each pieces of
plywood and the sensor leads are in grooves (6 mm wide
by 0.5 mm deep) (Fig. 3c). These grooves allow the ply-
wood boards to maintain contact when the bed of plywood
is compressed with the plastic screws. Five thermocouples
are placed at a depth of 9 mm, equally spaced horizontally
in the flow direction (100 mm apart) and across the flow
direction (70 mm apart) as shown in Fig. 3. A single ther-
mocouple is placed at a depth of 18 mm. These sensors
measure the 3-D temperature field within the spruce ply-
wood and will be used in Section 4 to verify that the tem-
perature field is essentially 1-D.

For cellulose insulation, 26 thermocouples are arranged
in the cellulose insulation bed as shown in Fig. 4. The ther-
mocouples are placed at vertical increments of 30 mm. Five
thermocouples are placed at a depth of 150 mm and
300 mm and are equally spaced horizontally as shown in
Fig. 4b. Two thermocouples are placed at all other depths
as shown in Fig. 4a.
3.2. Relative humidity measurement and calibration

The relative humidity is measured for air entering and
leaving the test section (Fig. 1a) as well as within the hygro-
scopic material to be tested (Figs. 3 and 4). Different sensors
are used in the different positions and materials and these are
chosen to minimize uncertainty, while reducing sensor size
in the porous material. The relative humidity of air entering
and leaving the test section is measured with the same instru-
ment used to measure the inlet and outlet air temperature.
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Fig. 5. The difference between the corrected sensor reading and chilled
mirror reading for the calibration of the relative humidity sensors in air for
(a) cellulose, (b) plywood and (c) the difference between the readings of
humidity sensors in air and cellulose insulation at different calibration
points.
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The sensor is labelled sensor A because it measures the
humidity in the air stream. For the measurements of relative
humidity within the spruce plywood, small capacitance type
humidity sensors made by Honeywell (labelled sensor P for
plywood) are embedded between the layers of the spruce
plywood. The humidity sensors are at the same location as
the thermocouples. For the case of the cellulose insulation
bed, four sensors manufactured by TDK (labelled sensor
C for cellulose) are used to measure the relative humidity
within the bed. They are placed at the same locations as
the thermocouples. These locations are 0.06 m, 0.12 m,
0.18 m and 0.24 m from the top surface. There is only one
measurement of the relative humidity at each location,
and these measurements are at the centre of the bed.
Descriptions of all the sensors used in the experiments along
with their uncertainties are summarized in Table 1.

The humidity sensors relate the electrical capacitance of
the sensor material, which changes with air relative humid-
ity, to the relative humidity of the surrounding air. As these
are very sensitive to contamination and drift over time they
must be calibrated very rigorously. A chilled mirror with a
bias uncertainty of ±0.5% RH is the transfer standard for
calibrating all the humidity sensors. The humidity sensors
are calibrated in air starting at a relative humidity of
10% with an increment of 10% RH up to 90% RH. With
these measurements, a calibration equation is developed
for each sensor to correct the RH readings and the differ-
ence between the corrected sensor readings and the chilled
mirror reading are presented in Fig. 5a and b. The maxi-
mum difference between corrected sensor RH and chilled
mirror RH is ±0.8% for sensor A (air) and ±1% RH for
sensors P (plywood) and C (cellulose). Including the
±0.5% RH bias of the chilled mirror sensor, the total bias
uncertainties in the sensors are ±0.9% for sensor A and
±1.1% for sensors C and P. A second calibration test is per-
formed in air to check the repeatability of the sensors.
These data show that the precision uncertainty of the sen-
sor is ±0.6% for sensors A and C, and ±0.7% for sensor P,
giving a total uncertainty (root-sum square of the bias and
the precision) of ±1.1% RH, ±1.2% RH and ±1.3% RH
for the sensors used in the air stream (sensor A), cellulose
bed (sensor C) and the plywood bed (sensor P) (Table 1).

The humidity sensors used in the cellulose bed may be
affected by being packed in the bed of cellulose insulation.
To investigate this, these sensors are packed in cellulose
and recalibrated at 30%, 50%, 70% and 90% RH. The dif-
ferences between the RH readings during the calibration in
air and cellulose insulation are shown in Fig. 5c. The max-
imum difference between the calibration in air and cellulose
insulation is 0.8% RH, with 95% of the data within ±0.5%
RH. These differences are comparable to the precision
uncertainty of the sensors, and slightly less than the bias
uncertainty, which means that the humidity sensors can
be used to accurately measure the relative humidity when
packed in the bed of cellulose insulation. No additional
uncertainty is needed to account for the fact that sensor
C is packed within the cellulose bed.
3.3. Moisture accumulation measurement and calibration

The main sensors used to measure the change in mass of
the material being tested due to adsorption and desorption
of moisture are compression type, gravimetric load sensors.
The plastic container in the test section is free floating on
four gravimetric load sensors and thus any change in mass
during the experiment is the mass of moisture adsorbed
into or desorbed from the porous bed. The load sensors
are calibrated in situ by placing the plastic container with
the porous material inside the test section and adding
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calibration masses. Calibration masses in the range of
1–500 g with a bias uncertainty of ±0.1 g are used to cali-
brate the load sensors. The calibration shows that the load
sensors have a very high sensitivity and respond to changes
in mass as small as 1 g. The maximum difference between
the calibration weights and the load sensor readings is 2 g
which equates to about ±2% at the end of a test. To
increase confidence in the experimental data, the change
in moisture content is determined using the temperature
and humidity sensors in the air stream at the entrance
and exit of the test section and the measured mass flow rate
of air above the porous material (Section 3.4). Integrating
with time the difference between the humidity ratio of the
air entering and leaving the test section and multiplying
by the mass flow rate gives

DmðtÞ ¼
Z t

0

_maðW inlet � W outletÞdt; ð1Þ

where Dm is the moisture accumulated in the bed (positive
for moisture accumulation and negative for moisture
removal), _ma is the mass flow rate of the air, Winlet and
Woutlet are the humidity ratios of the air entering and leav-
ing the test section, respectively,

W ¼ 0:62198/P vsat

P atm � /P vsat

; ð2Þ

where Pvsat and Patm are the saturation vapour and atmo-
spheric pressures, respectively, and / is the relative humid-
ity in fraction. The moisture accumulation measurement
using the relative humidity sensors has a higher uncertainty
(typically ±15%), compared to the measurement using the
load sensors (±2%), but provides a useful comparison. The
uncertainty in the humidity ratio difference across the test
section is the reason for high uncertainty in Dm. For exam-
ple, a 1.1% uncertainty in the measured RH for a typical 8–
10% RH difference between the inlet and outlet, results in
an uncertainty in Dm of ±10% to ±14%. The uncertainty
in the measurement of moisture accumulation using the rel-
ative humidity sensors is typically ±15%.

3.4. Airflow rate and convection transfer coefficient

measurements

The airflow rate through the test section is required to
calculate the moisture accumulation in the porous bed
(Eq. (1)) as well as to quantify the convective heat and mass
transfer coefficients above the porous bed. The airflow rate
is measured according to ISO 5176-1 [27] with a tapered
orifice plate of specific diameter (30 mm and 38 mm during
the measurement of spruce plywood and cellulose insula-
tion, respectively) embedded in a circular air duct down-
stream of the test section (Fig. 1). The pressure difference
across the orifice plate (DP) is measured with a calibrated
pressure differential gauge (uncertainty of ±15 Pa) and
the mass flow rate is calculated using Eq. (3) where the
air properties are determined upstream of the orifice. The
equation for the mass flow is
_ma ¼
Cdffiffiffiffiffiffiffiffiffiffiffiffiffi

1� b4
q k

p
4

d2
ffiffiffiffiffiffiffiffiffiffiffiffi
2DPq

p
; ð3Þ

where

b ¼ d
D
; ð4Þ

D is the diameter of the supply duct, d is the diameter
across the orifice plate, k [27] is the expansibility factor
and Cd is the discharge coefficient. The uncertainty in the
mass flow rate is ±6%. The facility is able to generate a
range of mass flow rates corresponding to different Re

numbers for the airflow in the rectangular duct above the
porous bed. The Re is based on the hydraulic diameter
(38.4 mm) of the duct and has an uncertainty of ±8%.

A separate test was conducted to determine the convec-
tive mass transfer coefficients for these Re numbers [28]. In
this test, a tray of water is placed in the TMT facility and
air is passed over the free surface of water. As the air with
controlled Re number passes over the test section, water
evaporates into the air and the mass of water in the tray
decreases, which is recorded by the load sensors. The tem-
perature and relative humidity of the air entering and leav-
ing the test section are measured to determine the vapour
density of the airflowing above the water. The temperature
of the water is also measured to determine the water
vapour density at the surface of the water. From the mass
readings and vapour densities, the convective mass transfer
coefficient is determined. The measured convective mass
transfer coefficient is then used to determine the Sherwood
number as a function of the Re and Rayleigh numbers. The
Rayleigh numbers for the test conditions in this paper (part
I and part II [26]) vary over a typical range of 5000–20,000,
with higher numbers tending to occur for the turbulent
flow tests. These correspond to tests in the lower range of
Rayleigh numbers tested in [28] (i.e., 7000 for laminar flow
and 20,000 for turbulent flow). Using these constant Ray-
leigh numbers, the Sherwood number based on the hydrau-
lic diameter of the test section (38.4 mm) can be determined
as a function of Re [28]. The resulting correlations for lam-
inar and turbulent flow are, respectively,

Sh ¼ hmDh

Da

¼ 0:42Re0:334; ð5Þ

Sh ¼ hmDh

Da

¼ 0:024Re0:725: ð6Þ

These correlations allow the determination of the convec-
tive mass transfer coefficient and convective heat transfer
coefficient by applying the analogy between heat and mass
transfer (i.e., assuming that the Sherwood number equals
the Nusselt number).
4. Preliminary data

In this section, test data obtained for the TMT facility
are presented to verify the 1-D temperature and humidity
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fields in the porous beds and to quantify the repeatability
of the experiments.

4.1. Verification of 1-D heat and moisture transport

Although the porous beds tested in the TMT facility are
housed in an impermeable container that is surrounded by
thermal insulation, it is important to measure the 3-D
humidity and temperature fields in each bed to quantify
the extent to which the experiment is 1-D heat and mois-
ture transfer by diffusion only. Each of the materials tested
has unique characteristics that could lead to 2-D or 3-D
effects becoming important. Cellulose insulation packed
at a density of 50 kg/m3 has reasonably high air permeabil-
ity [29] and therefore may be susceptible to airflow. To
investigate this effect, the temperature difference (DT)
between each individual thermocouple (Tj) at a certain
depth and the average of the five thermocouples (Tav) at
that depth is presented in Fig. 6a for two different values
of Re (1900 and 5000), where

DT ¼ T j � T av: ð7Þ

To investigate the effect further, the variation of DT at
x = 11, 22, 33, 44 and 55 mm are shown at different times
in Fig. 6b for Re = 1900. The initial conditions for this test
are 11% RH and 21 �C and the airflow above the insulation
is at 70% RH and 21 �C. For Re = 1900, the maximum
value of DT is ±0.15 �C, while the maximum value is
±0.9 �C for Re = 5000, suggesting there is a small airflow
through the material for Re = 5000. This flow of moist
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air results in 2-D temperature and humidity profiles within
the insulation and causes the measured humidity values to
exceed those calculated assuming pure diffusion in the insu-
lation as documented in Part II of this paper [26]. The
results for other airflow rates used in the cellulose test
(Re = 1600 and Re = 2100) are the same as those for
Re = 1900. This shows that there is negligible airflow
through the material and that the transport process is pure
diffusion of heat and water vapour when the airflow above
the cellulose is laminar. Since only four humidity sensors
are available and the airflow will simultaneously transport
heat and water vapour, these tests are not repeated to
determine the lateral distribution of humidity. Four ther-
mocouples are also placed on the lexan container: two on
the inner and two on the outer side of the container to
check for any evidence of heat gain from or heat loss to
the surroundings. The results from these thermocouples
indicate that there is negligible heat transfer between the
cellulose bed and the laboratory air during the experiment.

In case of spruce plywood, no airflow is expected, but
the non-homogeneity of the plywood may cause 3-D tem-
perature and humidity fields within the bed. Five relative
humidity sensors are placed at a depth of 9 mm to verify
the 1-D moisture transfer. The relative humidity readings
taken after 2 days of testing are shown in Fig. 6b. The ini-
tial conditions for this test are 22% RH and 23 �C and the
airflow above the insulation is at 70% RH and 23 �C. The
results are shown for two different airflow rates giving
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relative humidity readings is 0.3% RH, while the maximum
difference is 0.5% RH for Re = 4000. These differences are
less than the uncertainty in the humidity sensors and thus
verify the 1-D moisture transfer created by the imperme-
able lexan container.
4.2. Repeatability

The repeatability of the experiment is determined using
cellulose insulation. The cellulose specimen is initially at
equilibrium with air in the laboratory (21 �C and 11%
RH) before a laminar airflow (Re = 1900) at 21 �C and
70% RH is passed over the insulation. This experiment is
performed three times. The differences in the initial condi-
tions in the cellulose insulation from test to test for these
repeated tests are within ±0.2% RH and ±0.2 �C. These
conditions allows for excellent comparison of the results
for the repeated tests and evaluation of the experimental
repeatability.

Fig. 7a shows the measured relative humidity for the
repeated tests in the cellulose insulation bed for an 8-h per-
iod. The measured relative humidities presented in Fig. 7a
are the moving averaged results of the measured data
(recorded every minute by the data acquisition system)
over a 9-min period. These results are at a depth of
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Fig. 7. Measured (a) relative humidity and (b) temperatures in the
cellulose insulation bed for the repeatability tests with isothermal test
conditions.
60 mm, 120 mm and 180 mm in the cellulose insulation
bed. The three tests are labelled test 1, test 2 and test 3 in
the order in which they were performed (to distinguish
between the tests). The maximum difference in the mea-
sured relative humidity between the three tests is 0.8%
RH and the average difference at a depth of 60 mm is
0.4% RH. These results show excellent repeatability and
the differences in the measured relative humidity are within
the uncertainty of the humidity sensors. It should be noted
that the fluctuations in the relative humidity of the supply
air can also contribute to these small differences in mea-
sured relative humidity. Fig. 7b shows the measured tem-
perature in the cellulose insulation for the repeated tests.
The results presented are the average of two thermocouple
readings for each location. The maximum difference in the
measured temperatures between the three tests is 0.3 �C
and the average difference at a depth of 60 mm is 0.2 �C.
These differences are in the same order as differences in
the initial temperatures of the cellulose insulation bed
and the fluctuations of the temperature of the supply air,
and demonstrate the excellent repeatability of the
experiments.
5. Material property measurements

Although the measured material properties are not part
of the main experiment, these data are required to complete
the data set for use when benchmarking models. The mea-
sured properties described in this section are the sorption
isotherm, effective thermal conductivity and water vapour
permeability. Other properties of the spruce plywood at
dry condition are dry density (qo) of 445 kg/m3, porosity
(eg) of 70%, heat of adsorption (had) of 2.5 � 106 J/kg and
specific heat capacity ðCpeff

Þ of 1880 J/(kg K). These proper-
ties for dry cellulose insulation are qo = 50 kg/m3, eg =
0.947, had = 3.25 � 106 J/kg and Cpeff

¼ 1400 J=ðkg KÞ.
5.1. Sorption isotherm

The sorption isotherm experiment is performed accord-
ing to ISO 12571 [30] using salt solutions to generate the
relative humidity [31]. The sample specimens are dried
using a vented oven at 50 �C (plywood) or a vacuum pump
(cellulose) until the change in mass between two successive
measurements, with a time interval of at least 24 h, is lower
than 0.1%. After drying, the specimens are wrapped in
plastic, cooled to room temperature and weighed. The
specimens are then placed in the air above saturated salt
solutions in 1-L glass jars [32] until equilibrium is reached.
The mass is weighed, and the specimens are placed in a jar
with a different salt and the process is repeated with incre-
ments of about 10% RH up to 97% RH for the adsorption
process. For the desorption process, the specimens at 97%
RH are placed in jars with a relative humidity of 75% RH
until equilibrium is reached. The masses are weighed and
then placed in a lower relative humidity with decrements
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of about 20% RH up to 11% RH. The moisture content (u)
at a given relative humidity is calculated as

u ¼ m� mo

mo

; ð8Þ

where m is the final mass of a specimen after equilibrium is
attained between the specimen and the air in the jar at a
particular relative humidity and mo is the mass of the dry
specimen.

The sorption and desorption curves for spruce plywood
are shown in Fig. 8a. The results are averages of the three
samples measured. The uncertainty in the mass measure-
ment is ±3 mg and the uncertainty in the moisture content
is ±0.0001 kg/kg, which corresponds to an uncertainty in
moisture content of ±1% at 11% RH and ±0.1% at 97%
RH. The experimental adsorption data are curve fitted with
a continuous polynomial relationship between moisture
content (u) and relative humidity (/) in fraction. The poly-
nomial equation for the curve fit is given as

u ¼ aþ c/þ e/2

1þ b/þ d/2 þ f /3

� �
S; ð9Þ

where a = 1.0147E�04, b = 0.2339, c = 0.06754, d =
�2.3603, e = �0.06574, f = 1.1329. Eq. (9) fits the mea-
sured data with r2 = 0.999 when the sensitivity coefficient
(S) equals 1. Fig. 8a also shows that Eq. (9) fits the desorp-
tion data quite well when S = 1.1. Therefore, a ±10%
change in the curve fit is representative of the maximum er-
ror between the measured data and curve fit, and will be
used in the sensitivity studies in part II [26] of this paper.

The sorption isotherm for cellulose insulation is mea-
sured in adsorption only on a bed packed to a density of
50 kg/m3 (Fig. 8a). The curve fit in Fig. 8a is chosen to
be consistent with the data in Ref. [29] and yet show good
agreement with the experimental data in part II [26] of this
paper because there are no measured data between 45%
and 75% RH. The experimental adsorption data are curve
fitted as

u ¼ aþ b/þ c/2 þ d/3 þ e/4

ð1:0þ f /þ g/2 þ h/3 þ i/4Þj
when / 6 0:60;

¼ k þ l/ðln /Þ þ m/2 þ n=/2 when / > 0:60;

ð10Þ

where a = �0.00007549, b = 0.03947, c = 0.5952, d =
�1.168, e = 0.5338, f = 2.185, g = �7.715, h = 5.703, i =
�1.174, j = 2.8, k = �228.133, l = �425.736, m = 222.504
and n = 6.328. Eq. (10) fits the measured data with r2 =
0.999.

5.2. Effective thermal conductivity

The effective thermal conductivity of porous materials is
measured using a heat flow meter apparatus that measures
according to ASTM standard C518 [33]. Prior to testing,
the sample is conditioned to different RH values (11%,
33%, 53% and 75% RH) using saturated salt solutions
according to ASTM Standard E104 [31] in order to quan-
tify the change in thermal conductivity with equilibrium
RH. The effective thermal conductivity is measured three
times for each humidity condition using a constant temper-
ature drop of 25 �C across the specimen. The plate temper-
atures are of 10 �C and 35 �C, giving an average
temperature of 22.5 �C. It should be noted that the thermal
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conductivity measurements took about 30 min to complete,
while it took about 14 days to condition the samples to
equilibrium, therefore moisture movement during the ther-
mal conductivity test is expected to be minimal.

For measuring the effective thermal conductivity of
spruce plywood, a 9 mm thick piece of spruce plywood
with dimensions of 28 mm by 28 mm is used. Fig. 8b pre-
sents the average keff of the three measurements at each
RH. Effective thermal conductivity increases with RH as
expected. The maximum effective thermal conductivity
over the tested range is 0.091 W/(m K), which is 10%
higher than the dry value of 0.082 W/(m K). The uncer-
tainty in the measured effective thermal conductivity using
the heat flux meter apparatus is ±1% which is about the
same size as the data points in Fig. 8b. The experimental
data are curved fitted with a continuous relationship that
is represented by a polynomial given below:

keff ¼ ðaþ b/þ c/2 þ d/3ÞS; ð11Þ
where a = 0.08185, b = 0.02212, c = �0.02313, d =
0.01291. Eq. (11) fits the measured data very well when
S = 1 as shown in Fig. 8b (r2 = 0.999). Fig. 8b also shows
a ±10% change in the curve fit for the thermal conductiv-
ity, which is representative of the maximum change in keff

from 0% to 75% RH. This ±10% change is not representa-
tive of the uncertainty in keff, but is chosen to be consistent
with the ±10% change used for the other properties inves-
tigated in the sensitivity studies of the part II [26] of this
paper.

To measure the effective thermal conductivity of cellu-
lose insulation, the cellulose fiber insulation is packed to
a density of 50 kg/m3. The experimental data are shown
in Fig. 8b and the data are curve fitted with the following
polynomial:

keff ¼ ðaþ b/þ c/1:5 þ d expð�/ÞÞ; ð12Þ
where a = �0.092482655, b = 0.15480621, c =
�0.066517733 and d = 0.1296168.

5.3. Water vapour permeability

The steady-state water vapour permeability is measured
using a modification of the cup method in ASTM Standard
E96/E96M-05 (ASTM 2005) [34]. The cups are placed in a
small chamber, which is equipped with a small fan (pow-
ered by an external motor) to gently mix the air in the
chamber with a velocity of 0.06 m/s. Three cup tests are
performed at average humidities of 26.5% RH, 73.5%
RH and 89% RH created using CaCl2 (0% RH) in the
cup and Mg(NO3)2 (53% RH) in the surrounding air,
KNO3 (94% RH) in the cup and Mg(NO3)2 (53% RH) in
the surrounding air, and KNO3 (94% RH) in the cup and
KCl (84% RH) in the surrounding air, respectively. Prior
to testing, the plywood samples are preconditioned at
23 �C and 53% RH in an environmental chamber for
26.5% and 73.5% RH tests and 23 �C and 84% RH for
the additional cup test. The cups are weighed periodically
to determine the rate of mass transfer through the plywood
using a mass balance with an uncertainty of ±0.1 g.

In case of spruce plywood, five circular-shaped samples
each 9 mm thick and with an average diameter of 146 mm,
are placed in the cups. The edges of the plywood in the cup
are sealed with paraffin wax to avoid leakage between the
cup and the plywood. The uncertainty in the measured
value of the water vapour permeability is ±13%, mainly
due to the uncertainty of the variation of the moisture flow
through the specimen, which varies slightly from day to
day.

The results presented in Fig. 8c show that as the average
humidity condition increases, the water vapour permeabil-
ity increases as expected [29].

The measured data are curve fitted and the relationship
is given as

d ¼ aþ b/
ln /

� �� �0:5

; ð13Þ

where a = �2.3573E�25, b = �8.1601E�24. Fig. 8c also
includes a ±10% change in the curve fit for the vapour per-
meability, which is representative of the uncertainty in the
measured data.

When testing cellulose insulation, the cellulose is packed
to a density of 50 kg/m3 between two wire frames and the
same cups are used as with the plywood. The measured
data are curve fitted (Fig. 8c) with the following relation:

d ¼ 1

aþ b/

� �
; ð14Þ

where a = 1.9435469E10 and b = �1.183156E8. Different
equations are used to correlate vapour permeability as a
function of relative humidity for plywood and cellulose
insulation because, as shown in Fig. 8c, the permeability
of plywood is more sensitive to changes in relative humid-
ity than cellulose insulation. The correlations are chosen to
give the best fit with the measured data.
6. Conclusions

This paper describes an experimental transient moisture
transfer (TMT) facility which permits continuous measure-
ments of temperature, relative humidity and moisture accu-
mulation within hygroscopic porous media following step
changes in the humidity and/or temperature of the air flow-
ing above the media. The instrumentation, calibration and
uncertainties are presented together with preliminary
experimental data that demonstrates the repeatability and
the physical processes (1-D diffusion heat and moisture
transfer) in the experiment for hygroscopic plywood and
cellulose insulation. The measured and correlated property
data (sorption isotherm, water vapor permeability and
effective thermal conductivity) for these materials are also
included to fully document the data set in part II of this
paper [26] and to allow other researcher to use the data
set for model validation. Based on the results in this paper,
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the following conclusions can be made about the test facil-
ity and experimental data.

� The TMT facility creates 1-D and transient temperature
and humidity fields within porous materials and hence
the data can be used to benchmark 1-D numerical mod-
els of transient diffusion heat and moisture transport in
porous materials.
� The total uncertainties (bias plus precision) in the mea-

sured temperature, relative humidity and moisture accu-
mulation data obtained from the TMT facility are
±0.1 �C, ±1% RH and ±2 g, respectively.
� The TMT facility provides repeatable experimental

data. Considering the variation in the boundary condi-
tions for the three repeatability test presented in this
paper, the repeatability is smaller than the total
uncertainty.
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