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Abstract

In this paper, an experimental test facility that permits continuous measurements of transient heat and moisture

transfer in porous media is applied to study the vapor boundary layer in cellulose insulation. The experiment measures

the relative humidity, temperature and moisture accumulation within the cellulose specimen with a fully developed flow

of air at a controlled temperature and humidity provided above the surface. These experimental results are used to ver-

ify a mathematical model, which is used to develop an expression for moisture diffusivity (am) that is analogous to ther-

mal diffusivity, and takes into consideration moisture storage. The moisture diffusivity is used to calculate the vapor

density in the boundary layer and the size of vapor boundary layer in cellulose insulation. It is found that the moisture

storage effect has a very significant effect on the vapor boundary layer and cannot be ignored. For cellulose insulation,

the size of the vapor boundary layer may be over predicted by a factor of ten when moisture storage is neglected.

� 2005 Published by Elsevier Ltd.
1. Introduction

Most common building insulation materials are por-

ous in nature and many of them are hygroscopic, and

thus absorb a significant amount of moisture. The flow

of moisture through these materials has a large effect

on the heating ventilating and air conditioning (HVAC)

system as well as the durability of the building. Over the

past decade, a lot of research has been carried out on the

effect of moisture transfer and storage in building mate-

rials as it affects energy conservation.

Many parts of the world experience large changes in

temperature and relative humidity from season to sea-
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son. But human comfort demands a certain range of

temperature and relative humidity in homes and work

places throughout the year. An ideal insulation material

should be able to minimize the fluctuations in indoor air

temperature and relative humidity thereby keeping the

sensible and latent loads that need to be met by the

HVAC system as small as possible.

Cellulose insulation is an important insulation mate-

rial that is made almost entirely of re-cycled materials

(e.g. newspapers and other paper products). It has a

porosity of about 0.95 and provides a high resistance

to conduction heat transfer (K � 0.04 W/(m K) [1–3].

The moisture capacity and resistance are other impor-

tant parameters because, in addition to temperature,

human comfort depends on the indoor relative humid-

ity. The moisture content of the building envelope is also

very important and has a large effect on the indoor air
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Nomenclature

C multiplication constant for the investigation

of changes in the sorption isotherm

Cp specific heat capacity at constant pressure [J/

(kg K)]

Cm moisture storage coefficient defined in Eq.

(33)

DA binary diffusion coefficient for water vapor

in air [m2/s]

Deff effective vapor diffusion coefficient [m2/s]

Dh hydraulic diameter [m]

ha convective heat transfer coefficient [W/

(m2 K)]

hfg latent heat of vaporization/sorption [J/kg]

hm convective mass transfer coefficient [m/s]

K thermal conductivity [W/(m K)]

Keff effective thermal conductivity [W/(m K)]

L overall depth of specimen [m]

_m rate of phase change [kg/(m3 s)]

_ma mass flow rate of air [kg/s]

Nu Nusselt number

P pressure [Pa]

R specific gas constant [J/(kg K)]

Re Reynolds number of air flow over the spec-

imen

RH relative humidity [%]

t time [s]

T temperature [�C]
u mass of moisture adsorbed per kg of dry

cellulose [kg/kg]

W humidity ratio [kg/kg]

x distance from the top of insulation specimen

[m]

Greek symbols

a thermal diffusivity [m2/s]

am moisture diffusivity [m2/s]

am,eff effective moisture diffusivity [m2/s] (Eq. (32))

dm vapor boundary layer thickness [m]

Dm mass of moisture accumulated in the cellu-

lose insulation specimen (g)

e volume fraction

/ relative humidity in fraction

q density [kg/m3]

s tortuosity

Subscripts

a air

f fluid

g gas

i initial

‘ adsorbed phase

m dry cellulose insulation

s solid

v vapor

vsat saturated vapor property

1 ambient property
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quality. Several studies have shown that high moisture

contents in indoor air and building materials increase

the risk of ‘‘sick building syndrome’’ [4]. Recent studies

show that as the indoor relative humidity increases, the

indoor air quality becomes more unacceptable [5].

Research has shown that hygroscopic building mate-

rials can moderate indoor humidity conditions [6–8].

Simonson et al. [7,8] discovered that moisture transfer

between indoor air and hygroscopic structures signifi-

cantly reduces the peak indoor humidity, which can lead

to an improvement in the quality of the indoor air as

perceived by the occupants. However, the depth of mois-

ture penetration has not been analyzed in detail and this

affects the moisture buffering capacity, which is impor-

tant to quantify the amount of hygroscopic material that

is needed to improve indoor humidity, comfort and air

quality conditions [9]. Mendes et al. [10] investigated

the effects of moisture on sensible and latent conduction

loads by incorporating a heat and mass transfer model

into the building energy simulation program DOE-

2.1E. Mendes et al. [10] discovered that models that
ignore moisture may overestimate conduction peak

loads by up to 210% and underestimate the yearly inte-

grated heat flux by up to 59% which could lead to over

sizing of HVAC equipment (especially in dry climates)

and underestimating the energy consumption (primarily

in humid climates).

From a design point of view it would be very desir-

able to have a simpler expression to predict the size of

the vapor boundary layer and the vapor density and

moisture content within a porous medium. This would

allow HVAC designers to include moisture storage in

their design. It would also allow the drying industry to

estimate the drying time for different materials more

accurately. Transient heat transfer design charts (e.g.

Heisler Charts), which take into account the thermal

storage capacity, exist and allow for the calculation of

temperatures in the boundary layer and the size of the

thermal boundary [2]. However the convectional way

of trying to estimate similar variables in the vapor

boundary layer does not include the moisture storage

effect. This paper is aimed at developing a new para-
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meter (moisture diffusivity, am), which takes into ac-

count the moisture storage, to calculate the vapor den-

sity in the boundary layer and the size of vapor

boundary layer in a hygroscopic material like cellulose

insulation.

The experimental work is focused on measuring the

moisture accumulation, temperature and relative humid-

ity distribution in a specimen of cellulose insulation sub-

ject to a step change in the temperature and relative

humidity at the upper boundary. These results are used

to validate a numerical model that calculates the heat

and moisture transfer in the medium. The analytical

model is used to develop an expression for moisture dif-

fusivity (am), and am is used with an analytical solution

to calculate the vapor density and vapor boundary layer

thickness in the cellulose insulation specimen.
2. Experiment

The purpose of the experiment is to measure conti-

nuously the moisture accumulation, temperature and

relative humidity distribution in a cellulose insulation

specimen. These measurements will quantify the condi-

tions in the thermal and moisture boundary layers and

demonstrate the growth of the boundary layers with

time.

A schematic of the apparatus is shown in Fig. 1. The

apparatus is designed to create a well-controlled tran-

sient, one-dimensional heat and moisture boundary lay-

ers within a porous medium. In this paper, a sample of

cellulose insulation is packed with a density of 50 kg/

m3 inside a 760 mm · 280 mm · 300 mm container made

of Lexan. Other materials can be investigated with

appropriate sized containers. An array of T-type ther-

mocouples and capacitance type humidity sensors are

arranged in the material to get the temperature and rel-

ative humidity distribution in the material as shown in

Fig. 1. The humidity sensors were calibrated using a
Fig. 1. Schematic of the experimental test section showing the cellulo

and RH sensors embedded in the material.
chilled mirror as a transfer standard and have a post

calibration bias uncertainty of ±1% RH while the ther-

mocouple wires were calibrated with a temperature sim-

ulator and have a post calibration bias uncertainty of

±0.1 �C.
The moisture accumulation is measured via two

means; first with load sensors, which support the con-

tainer holding the cellulose specimen and the second

with humidity sensors in the air stream above the insu-

lation. The container is resting on four load sensors in

such a way that any change in mass during the experi-

ment is the mass of moisture adsorbed or desorbed from

the insulation. The load sensors were calibrated with cal-

ibration weights and have a bias uncertainty of ±2 g,

which corresponds to ±2% at the end of an 8-h test.

The second method of measuring the transient change

in moisture content is to integrate with time the differ-

ence between the humidity ratio of the air entering and

leaving the test section:

Dm ¼
Z t

0

_maðW inlet � W outletÞdt. ð1Þ

The latter method has a higher uncertainty, mainly due

to the uncertainty in the relative humidity measurement,

but provides a useful comparison.

The test facility includes a variable speed vacuum

pump, which provides a fully developed airflow at the

desired temperature and relative humidity over the top

of the specimen. The temperature and relative humidity

of the supply air is controlled within ±0.1 �C and ±2%

RH respectively. The air speed is chosen such that the

flow is laminar and the process of transport through

the material is pure diffusion i.e., there is no airflow

through the insulation specimen so as to prevent convec-

tion or any other mode of transport. Temperature sen-

sors located through out the medium verified this. A

38 mm tapered orifice plate is embedded in the supply

line to measure the flow rate of the air. The air temper-

ature and pressure difference across the orifice plate are
se insulation bed free floating on load sensors with temperature
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measured; thereby making it possible to calculate the

mass flow rate of the air according to ISO 5176-1 [11].

The mass flow rate is needed to calculate the moisture

accumulation using Eq. (1) and the Reynolds number

of the airflow. The uncertainty of the mass flow rate is

±4%.

All the sensors were calibrated before and after the

test and there was good agreement between the pre-

and post-test calibration. The variations between the

pre and post-test calibrations were within the accuracy

of the instruments themselves. All the sensors are con-

nected to a data acquisition system that takes continu-

ous measurements in real time.

The test procedure is to allow the cellulose insulation

to come to equilibrium with the air in the laboratory

(typically 21 �C and 10% RH), which is the initial

condition of the test. For the isothermal test, air at tem-

perature of 21 �C and relative humidity of 70% is

passed over the cellulose insulation, while for the non-

isothermal test, air at temperature of 38 �C and relative

humidity of 70% is passed over the cellulose insulation.

The isothermal test runs for 8 h and the test is performed

three times. The maximum variation in temperature and

relative humidity between the three sets of tests are

±0.2 �C and ±1%RH respectively indicating excellent

repeatability. Only the average results of the three tests

will be presented in this paper. The non-isothermal test

runs for 6 h and the results shown are for a single test.

The impermeable Lexan container ensures the one-

dimensional moisture transport, while the insulation

around the Lexan container ensures the one-dimensional

heat transfer. Many type T-thermocouples are placed in

the insulation along and across the flow direction. At

any depth in the material, the maximum temperature

difference along and across the flow direction is 0.2 �C.
This shows that the heat transfer is one-dimensional

and there is no airflow through the material.
3. Theoretical model

Cellulose insulation is a porous material that is made

of irregularly shaped particles; hence it is extremely dif-

ficult to analytically define the boundary between each

particle and the surrounding fluid. As a result, it is

impractical to solve the transport equation continuously

for the solid and fluid phase separately because the

boundary cannot be defined. The local volume averag-

ing technique, which averages the transport equations

and the properties of the solid and fluid phase over a

small volume called the representative elementary vol-

ume, avoids the problem of analytically defining the

boundary between the phases [12]. This technique will

be applied in this paper.

Local volume averaging of the energy equation

requires that the medium be in local thermal equilib-
rium. This implies that the point-by-point difference be-

tween the temperature of the solid and fluid phase is

much smaller compared to the temperature difference

across the elementary volume. The medium should also

satisfy a length scale such that the particle diameter is

very small compared to the length across the elementary

volume, while the length across the elementary volume is

also very small compared to the overall depth of the

material. These criteria are satisfied for the problem

investigated in this paper [13].

The following assumptions are made in the develop-

ment of the model: (1) heat and moisture transfer

through the cellulose insulation are one-dimensional;

(2) the transport processes within the cellulose insulation

are only heat and water vapor diffusion; (3) air and

water vapor in the gaseous state behave as ideal gases;

(4) the three phases (solid, liquid and gases) are in ther-

mal and moisture equilibrium; (5) the only heat source

in the medium is the heat of phase change due to adsorp-

tion/desorption of water vapor on cellulose particles,

hence there is no chemical reaction; (6) the porous med-

ium properties for cellulose insulation are homogeneous

and isotropic; (7) the heat of adsorption is assumed con-

stant; and (8) the solid phase of cellulose insulation med-

ium is assumed to be paper only, i.e. there is no binding

agent.

The resulting conservation equations for mass and

energy are the averaged transport equations over the ele-

mentary volume.

The continuity for the adsorbed phase is,

oe‘
ot

þ _m
q‘

¼ 0. ð2Þ

The gas diffusion of water vapor is,

oðegqvÞ
ot

� _m ¼ o

ox
Deff

oqv

ox

� �
. ð3Þ

The energy transport equation is,

qCp
oT
ot

þ _mhfg ¼
o

ox
Keff

oT
ox

� �
. ð4Þ

The rate of phase change is,

_m ¼ � ou
ot

qm; ð5Þ

where u is the moisture content (kg/kg) of the insulation.

The value of the moisture content at any relative humid-

ity is obtained from the sorption isotherm curve. The

experiment to generate the sorption isotherm was per-

formed according to ISO 12571 [14] using salt solutions

to generate the relative humidity [15]. The adsorption

isotherm curve is shown in Fig. 2, which consists of eight

experimental points and a curve fit to obtain a continu-

ous relationship that will be used in the numerical

model. Fig. 2 also shows a ±10% change in the curve

fit for the sorption isotherm, which is representative of
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Fig. 2. Sorption isotherm for cellulose insulation showing the

measured data, the curve fit and 10% changes in curve fit used

in the sensitivity study.
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the uncertainty in the measured data and curve fit. These

changes will be used in the study to check the sensitivity

of moisture content on the vapor density in the numer-

ical model. The equation for the curve fit, which is used

in the model to obtain the moisture content is,

u ¼ aþ b/þ c/2 þ d/3 þ e/4

3.0þ f/þ g/2 þ i/3 þ j/4

� �
C; ð6Þ

where a = �0.00007549, b = 0.03947, c = 0.5952, d =

�1.168, e = 0.5338, f = 6.555, g = 23.145, i = 17.109,

and j = �3.522 and / is the relative humidity as a frac-

tion. Eq. (6) fits the measured data with R2 = 0.997.

The closure equations in the model are as follows.

The volume constraint is,

es þ e‘ þ eg ¼ 1. ð7Þ

The thermodynamic relationships are,

/ ¼ pv
P vsat

; ð8Þ

P v ¼ qvRvT ; ð9Þ

P g ¼ P a þ P v; ð10Þ

P a ¼ qaRaT ð11Þ

and

qg ¼ qa þ qv. ð12Þ

The changes in material properties due to moisture

adsorption are given by the following equations,

Deff ¼
egDA

s
; ð13Þ
q ¼ esqs þ e‘q‘ þ egqg; ð14Þ

Cp ¼
esðqCpÞs þ e‘ðqCpÞ‘ þ egððqCpÞa þ ðqCpÞvÞ

q
ð15Þ

and

Keff ¼ esKs þ e‘K‘ þ
egðqaKa þ qvKvÞ

qa þ qv

. ð16Þ

The boundary conditions for the problem are:

convection @ x = 0

haðT jx¼0 � T1Þ ¼ Keff

oT
ox

����
x¼0

; ð17Þ

adiabatic @ x = L

oT
ox

����
x¼L

¼ 0; ð18Þ

convection @ x = 0

hmðqvjx¼0 � qv;1Þ ¼ Deff

oqv

ox

����
x¼0

ð19Þ

and impermeable @ x = L

oqv

ox

����
x¼L

¼ 0; ð20Þ

where

ha ¼
kaNu
Dh

ð21Þ

and

hm ¼ ha
qaCpa

. ð22Þ

The Reynolds number for the airflow above the spec-

imen is 1900, giving a Nusselt number of 4.86 [2]. The

resulting convective heat and moisture transfer coeffi-

cients are 3.4 W/(m2 K) and 0.0028 m/s.

The initial conditions are constant temperature and

relative humidity throughout the insulation specimen,

and the initial moisture content is obtained from the

sorption curve. The properties of dry cellulose insulation

bed used in the experiment and numerical simulation

are; q = 50 [kg/m3], Keff = 0.041 [W/(m K)], Deff = 1.3 ·
10�5 [m2/s] [3], s = 1.9, hfg = 2.75 · 106 [J/kg] [16], �g =
0.947, and Cp = 1400 [J/(kg K)].

3.1. Numerical solution

The coupled partial differential equations are discret-

ized using the finite difference method with second order

accuracy for the spatial nodes and the implicit scheme

for the time derivative. The central scheme was used

for the spatial derivate of the central nodes while the

backward or forward scheme is used for the nodes at

the boundary. The under relaxed, Gauss-Seidel iteration



Fig. 3. Experimental and simulated results of relative humidity

within the cellulose specimen for the isothermal test.
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method is used to provide a stable solution. The solution

is considered to have converged, when for any time step,

the change in any dependent property (T,qv, e‘, eg) is less
than 10�6.

After initializing all variables and properties, the

liquid volume fraction is first calculated from the

adsorbed continuity Eq. (2). The temperature and vapor

density are then calculated from the energy and vapor

transport Eqs. (4) and (3) respectively. The gas volume

fraction is calculated from the volume constraint Eq.

(7) and the new phase change rate is calculated using

Eq. (5). The material properties are then updated from

the current dependent variables and the process is

repeated until the convergence criteria are satisfied.

A grid mesh of 1 mm (300 grid points) and a time

step of 10 s were used in the simulation. Sensitivity stud-

ies were carried out on the grid size and time step to

check for stability of the numerical solution. A mesh size

of 0.1 mm with a time step of 1 s and a mesh size of

0.01 mm with a time step of 1 s were used. The maxi-

mum change in relative humidity and temperature are

less than 0.15% RH and 0.1 �C respectively for a mesh

size of 0.01 mm and time step of 1 s, compared to a

1 mm mesh and 10 s time step, but the run time

increased by over 500%. This shows that the solution

is stable and increasing the number of nodes and

decreasing the time step has a small effect on the numer-

ical results.
Fig. 4. Experimental and simulated results of temperature

distribution within the cellulose specimen for isothermal test.
4. Experimental data and numerical validation

Two sets of experiments were performed to measure

the growth of the thermal and moisture boundary layers

and the moisture accumulation within the cellulose insu-

lation. The measured moisture accumulation, tempera-

ture and relative humidity distribution in the cellulose

insulation are also used to validate the numerical simu-

lation. To verify the numerical model, experimentally

determined boundary and initial conditions were used

in the numerical simulation so as to obtain a direct

comparison between the experiment and numerical

simulation.

4.1. Isothermal test

In the first test, the cellulose specimen was initially at

equilibrium with air at 21 �C and 11% relative humidity

before a laminar air flow (Re = 1900) at 21 �C and 70%

relative humidity was passed over the insulation. Fig. 3

shows the measured and simulated relative humidity in

the medium for the 8 h test. The results were taken at

four spatial points, the last point being 240 mm from

the top. There is no significant moisture penetration

below this point during the test time. The maximum

and average differences between experimental data and
numerical simulation for the relative humidity in the

medium are within 0.4%RH and 0.2%RH respectively.

This agreement is excellent and well within the 1% RH

experimental uncertainty.

The measured and simulated temperatures clearly

show the thermal boundary layer in Fig. 4. The maxi-

mum difference between experimental data and numeri-

cal simulation is 0.5 �C while the average variation is

0.2 �C. Even though the material and the air passing

over it are at the same initial temperature of 21 �C, the
temperature in the cellulose bed rose by 6 �C at 60 mm

within the first 2 h, which is due to the heat of phase

change. After 2 h, the temperature of the insulation at

x = 60 mm begins to decrease slightly due to the diffu-

sion of heat into the insulation and convection heat



Fig. 5. Experimental and simulated results of moisture accu-

mulation within the cellulose specimen for the isothermal test.

The error bars represent the 95% uncertainty bounds for the

measured data.

Fig. 6. Experimental and simulated results of relative humidity

within the cellulose specimen for the test with a temperature

gradient.

Fig. 7. Experimental and simulated results of temperature

distribution within the cellulose specimen for the test with a

temperature gradient.
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transfer to the air above the insulation. The thermal

boundary layer grows faster than the vapor boundary

layer as can be seen in Figs. 3 and 4. The thermal bound-

ary layer penetrates beyond 240 mm after 2 h, while the

water vapor boundary layer requires the full 8 h of the

test to reach a depth of 240 mm.

Fig. 5 presents a comparison of the moisture accumu-

lation calculated with the numerical model with that

measured using load sensors and the relative humidity

sensors in the air stream. All moisture accumulation

data follow the same trend with time. The rate of mois-

ture accumulation decreases with time and is consistent

with boundary layer growth theory. The moisture accu-

mulation measured using the load sensors shows a better

agreement with the simulated results than the data mea-

sured with the relative humidity sensors. The maximum

difference between the measured and simulated moisture

accumulation is less than 3 g for the load sensors and 6 g

for the relative humidity sensors. Even though the differ-

ences between the simulated data and the measured data

using the relative humidity sensors are higher than the

difference between the simulated and measured data

from the load sensors, the results are well within the

uncertainty bounds as shown in Fig. 5.

4.2. Test with a temperature gradient

Figs. 6–8 show the result for relative humidity, tem-

perature and moisture accumulation in the cellulose

specimen during a test with a higher air temperature.

The initial conditions are nearly the same (21 �C and

13% RH) as in the isothermal test, but the air flowing

above the insulation is at 38 �C and 70% RH. In the
non-isothermal test, there is increase in moisture pene-

tration and accumulation compared to the isothermal

test, which is caused by an increase in the vapor pressure

difference between the material and the air. The moisture

accumulation after 6 h for the isothermal test is 93 g,

while the moisture accumulation for the test with a tem-

perature gradient is 173 g showing an increase of 86%.

As in the isothermal test, the moisture boundary

layer grows significantly slower than the thermal

boundary layer. After 6 h, the temperature distribu-

tion is nearly linear with depth, indicating that the



Fig. 9. Sensitivity study on the effect of changing the adsorp-

tion isotherm defined in Eq. (6) and Fig. 2 by 10% in the

numerical simulation for the isothermal test conditions.

Fig. 8. Experimental and simulated results of moisture accu-

mulation in the cellulose specimen for the test with a temper-

ature gradient.
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temperatures have nearly reached the steady state values

that would exist if the temperature at x = L was fixed at

21 �C. On the other hand, the relative humidity values

are far from a linear profile with depth and thus are still

developing. The maximum and average differences

between the experimental and numerical data for the

relative humidity in the bed are 0.5%RH and 0.2%RH

respectively. The thermal boundary layer growth shows

the same type of agreement as in the isothermal test

where the maximum and average differences between

experimental data and numerical simulation are within

0.5 �C and 0.2 �C respectively. Measurement of the

moisture accumulation using the load sensors and rela-

tive humidity sensors show maximum differences of

±4 g and ±7 g respectively compared to the simulated

data.

4.3. Sensitivity studies

Sensitivity studies also help verify that the model

gives realistic results. The sensitivity of the numerical

results to changes in the adsorption isotherm, thermal

conductivity, convective heat and moisture transfer

coefficients, heat of phase change and binary diffusion

coefficient were determined. Increasing the heat of phase

change, thermal conductivity, and convective heat

coefficient by 10% resulted in an increase in temperature

of less than 1%. Increasing the moisture convective

coefficient by 10% results in an increase in relative

humidity of less than 0.5%.

However, changing the sorption isotherm by 10%, as

shown in Fig. 2, had the greatest impact on the moisture

boundary layer and these results are presented in Fig. 9.

Increasing the adsorption isotherm by 10% (C = 1.1 in
Eq. (6) and Fig. 2) results in a reduction of 4% in relative

humidity, while a reduction of 10% in the adsorption

isotherm (C = 0.9) increases the relative humidity by

4%. These show that the sorption curve is very impor-

tant. The results also make physical sense because an

increase in adsorption isotherm means that more of

the vapor will be adsorbed and there is less to diffuse

through the medium and therefore increasing the sorp-

tion isotherm results in a decrease in the relative humid-

ity. The sensitivity studies further prove that the results

from the numerical model are reliable.

5. Moisture property analogous to thermal diffusivity

for calculating vapor boundary layer properties

Significant research has been done on thermal

boundary layers resulting in analytical and graphical

solutions for transient conduction heat transfer in mate-

rials of common geometries [2]. The energy equation for

which there are known solutions is,

oT
ot

¼ a
o2T
ox2

; ð23Þ

and the solutions depend on the boundary conditions.

The solution for the case with a surface convection

boundary condition for a semi-infinite medium is chosen

because it is similar to the experiment presented in this

paper. This solution is [2],

T � T i

T1 � T i

¼ erfc
x

2
ffiffiffiffi
at

p
� �

� exp
hax
k

þ h2aat

k2

� �� �

� erfc
x

2
ffiffiffiffi
at

p þ ha
ffiffiffiffi
at

p

k

� �� �
. ð24Þ



Table 1

Summary of previous and new approach to the thermal mois-

ture property analogy for solving transient moisture transfer

Thermal

property

Analogous moisture

property (previous)

Analogous moisture

property (new)

ha hm hm
k Deff Deff

a ¼ k
qcp

Deff am;eff ¼ Deff

Cm
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With this solution, the temperature at any point in

the boundary layer or the size of the thermal boundary

layer can be determined from the thermal properties (k,

h and a). In order to apply this solution and other ther-

mal solutions for mass transfer problems, it has been

common to replace the thermal properties with equiva-

lent moisture properties as shown in Table 1.

Table 1 shows that, in the previous method, the dif-

fusion coefficient (Deff) replaces both the thermal con-

ductivity (k) and the thermal diffusivity (a). The size of

the thermal boundary layer depends mostly on thermal

diffusivity, which takes into account thermal storage.

Ghazi Wakili et al. [17] developed a simple method to

measure this thermal diffusivity in an insulation material

by measuring the heat flux across the medium. The fact

that the diffusion coefficient is typically used as the

equivalent moisture property for thermal diffusivity

implies that moisture storage is negligible. As shown

previously, moisture storage is very important for cellu-

lose insulation (and other hygroscopic materials) and

must be included when solving transient moisture trans-

fer. Therefore a new moisture property is needed that is

equivalent to thermal diffusivity and includes moisture

storage. This property is moisture diffusivity (am), as

shown in Table 1, and its expression will be developed

from the governing equations in the next section.

5.1. Moisture diffusivity (am)

The approach here is to write the moisture transfer

equation in the same form as the energy equation for

which there are known solutions (Eq. (23)) and thereby

develop an expression for moisture diffusivity that will

be analogous to thermal diffusivity. This new expression

for am can then be used in place of a in the analytical

solution for a given set of boundary condition to deter-

mine the vapor density in the boundary layer or the

thickness of the boundary layer.

The water vapor transport equation is,

oðegqvÞ
ot

� _m ¼ o

ox
Deff

oqv

ox

� �
. ð25Þ

This equation can be written in the same form as

Eq. (23) if the phase change rate ð _mÞ can be related to

the vapor density.
The expression for phase change,

_m ¼ � ou
ot

qm; ð26Þ

is transformed through the following relationships,

ou
ot

¼ ou
oqv

oqv

ot
; ð27Þ

and from thermodynamic relationship

qv ¼
/P vsat

RvT
; ð28Þ

to give the phase change rate as a function of the vapor

density as follow:

_m ¼ � qmRvT
P vsat

ou
o/

oqv

ot
. ð29Þ

Substituting Eq. (29) into the water vapor transport

Eq. (25) yields,

eg þ
qmRvT
P vsat

ou
o/

� �
oqv

ot
¼ Deff

o2qv

oq2
v

. ð30Þ

The vapor transport equation written in form of

Eq. (23) is:

oqv

ot
¼ am;eff

o2qv

oq2
v

; ð31Þ

where effective moisture diffusivity for a porous media

(am,eff) is,

am;eff ¼
Deff

Cm

; ð32Þ

and

Cm ¼ eg þ
qmRvT
P vsat

ou
o/

� �
. ð33Þ

The term ou
o/ is the slope of the sorption curve.

The analytical solution to Eq. (31) for a semi-infinite

porous medium with convective boundary conditions

can be obtained from Eq. (24) by substituting a with

am,eff, k with Deff and ha with hm. The solution then

becomes:

qv � qv;i

q1 � qv;i

¼ erfc
x

2
ffiffiffiffiffiffiffiffiffiffiffiffi
am;eff t

p
� �

� exp
hmx
Deff

þ h2mam;eff t

D2
eff

� �� �

� erfc
x

2
ffiffiffiffiffiffiffiffiffiffiffiffi
am;eff t

p þ hm
ffiffiffiffiffiffiffiffiffiffiffiffi
am;eff t

p

Deff

� �� �
. ð34Þ
5.2. Verification of am

In this section, the measured and simulated vapor

boundary layer thickness and vapor densities within

the boundary layer in cellulose insulation will be used

to verify the expression developed for moisture diffusiv-

ity. The situation considered is the isothermal test where
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air at a temperature of 21 �C and a relative humidity of

70% is passed over the cellulose insulation specimen,

which is initially at temperature of 21 �C and relative

humidity of 11%.

The vapor boundary layer thickness (dm) is defined as

the position in the porous medium where,

qv;dm � qv.i
q1 � qv;i

¼ 0.01. ð35Þ

Fig. 10 shows very close agreement between the ana-

lytical and simulated values of dm for hfg = 0 and am,eff as

defined in Eq. (32) (i.e., including moisture storage). On

the other hand, dm determined from the analytical solu-

tion using the previous analogous property (i.e. neglect-

ing moisture storage) is significantly greater than the

simulated values. The vapor boundary layer shown in

Fig. 10 is for a 0.3m thick cellulose insulation bed.

The results obtained from the analytical solution show

that if the moisture storage were neglected, the vapor

boundary layer would have penetrated out of the cellu-

lose bed after ten minutes; whereas, the simulation indi-

cates that it would take 12 h for the boundary layer to

penetrate through the insulation. Excluding the moisture

storage term overestimates the vapor boundary layer as

much as ten times.

Since heat and moisture transfer are coupled in the

experiment, but the analytical solution is for decoupled

heat and moisture transfer, the analytical and experi-

mental results cannot be directly compared. However,

the importance of the coupling between heat and mass

transfer can be seen in Fig. 10 because the moisture

boundary layer thickness (dm) for coupled heat and

moisture transfer (hfg 5 0) obtained from numerical
Fig. 10. Vapor boundary layer thickness in cellulose insulation

specimen with and without moisture storage, and also for

coupled (hfg = 2.75 · 106 J/kg) and decoupled (hfg = 0) heat and

moisture transport equations.
simulation and experimental data is also included. With

the inclusion of the coupling, the vapor boundary layer

is twice as thick as when there is no coupling. This

increase in dm due to the coupling of heat and mass

transfer is expected because the heat released during

the adsorption of water vapor on the cellulose particles

increases the temperature in the medium thereby increas-

ing the vapor pressure. As the vapor pressure increases,

the vapor penetration also increases as shown previously

in the experimental results with a temperature gradient.

It should be noted that including the coupling is not as

critical as including the moisture storage term; however,

further work is necessary to develop an expression to

include the coupling of the energy and vapor transport

equations.

The moisture diffusivity (am) is further verified by cal-

culating the vapor density in the boundary layer using

Eq. (34) and comparing the results with simulated val-

ues. These results are for the isothermal test condition

(and hfg = 0) and are presented in Fig. 11. The maximum

difference between the simulated results and the results

using Eq. (34) is 2%. These differences are mostly due

to approximations used when computing the comple-

mentary error function in Eq. (34).

5.3. Sensitivity studies

According to Eqs. (31) and (34), the vapor boundary

layer thickness at a given time depends on hm, Deff and

Cm. The purpose of this section is to investigate how

sensitive dm is to these parameters (Fig. 12). Fig. 12

shows that a 10% increase in Cm reduces dm by 6%

whereas a 10% reduction in Cm increases dm by 6%.

An increase in Cm, increases the moisture storage
Fig. 11. Simulated and analytical results using Eq. (34) of the

vapor density in the boundary layer for an isothermal test

condition with hfg = 0.



Fig. 12. Sensitive study of changes by 10% in Cm and Deff on

the vapor boundary layer thickness for isothermal test

conditions.
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capacity or the water vapor adsorbed, thereby reducing

the water vapor penetration in the medium. A 10%

change in Deff, changes dm by 3%. However a 10%

change in hm only results in 1% change in dm and is

not presented in Fig. 12.

The results from the sensitivity studies show that Cm

(which is very dependent on the slope of the sorption

curve) is the most sensitive parameter in obtaining the

vapor boundary layer thickness. This result confirms

the earlier sensitivity study, which showed that the sorp-

tion curve is the most sensitive property in obtaining the

relative humidity (or vapor density) in the boundary

layer.
6. Conclusions

In this paper, one dimensional and transient, heat

and moisture transfer by means of diffusion in a porous

cellulose insulation bed was investigated numerically

and experimentally. The theoretical model was used to

develop an expression for a moisture property (am) anal-
ogous to thermal diffusivity that includes moisture stor-

age. The moisture diffusivity (am) allows the heat

transfer solutions in the literature to be applied to mois-

ture transfer problems to determine, for example the

vapor density in the boundary layer or the vapor bound-

ary layer thickness. The following conclusion can be

made.

1. A new experimental method to measure continuously

and accurately the moisture accumulation, thermal

and vapor boundary layer growth in porous media
was developed and applied to hygroscopic cellulose

insulation.

2. A new moisture property (moisture diffusivity) anal-

ogous to thermal diffusivity, which takes into account

moisture storage, was developed to calculate the

vapor boundary layer thickness in cellulose

insulation.

3. The heat of phase change causes a significant rise in

temperature in the cellulose bed even when the air

and medium have the same initial temperature.

4. Results from the sensitivity studies show that the

moisture transfer and vapor boundary layer thick-

ness in cellulose insulation are most sensitive to the

sorption curve.

5. The accuracy of the vapor density in the boundary

layer and the vapor boundary layer thickness calcu-

lated from analytical expressions or numerical mod-

els depend on the inclusion of the moisture storage

term. Neglecting moisture storage over predicts the

boundary layer thickness by an order of magnitude

for cellulose insulation.
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