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ABSTRACT

In this thesis, a new experimental test facility that permits the continuous measurement

of transient heat and moisture transfer in porous media is applied to study the vapor

boundary layer in cellulose insulation. The experimental facility can easily be applied to

study other materials. In the experiment, the relative humidity, temperature and moisture

accumulation are measured continuously within a bed of cellulose insulation with a fully

developed flow of air at a controlled temperature and humidity provided above the bed.

These experimental results are used to verify a mathematical model that calculates the

transient heat and moisture transfer in the cellulose insulation bed. There is good

agreement between the measured and simulated results.

Sensitivity studies are performed to investigate the effect of material and other

properties used in the numerical simulation on the simulated results. The properties that

are considered are the adsorption isotherm, effective thermal conductivity, external

convective heat and moisture transfer coefficients, heat of adsorption and effective

diffusion coefficient. The results from the sensitivity studies show that the sorption

isotherm is the most sensitive property in the numerical simulation of the vapour

boundary layer, while the heat of phase change is the most sensitive property in the

numerical simulation of the thermal boundary layer. The results from the sensitivity

studies also help verify the mathematical/numerical model.



A major contribution of this thesis is the development of an expression for moisture

diffusivity that is analogous to thermal 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 using the analytical

expressions for heat transfer from the literature. 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.
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CHAPTER 1

INTRODUCTION

Many parts of the world experience large changes in temperature and relative humidity

from season to season. But human comfort demands a fairly constant temperature and

relative humidity In homes and work places throughout the year

(ASHRAE Standard 55, 1992). In order to provide thermal comfort without excessive

energy use, heat loss to the outdoors in cold weather and heat gain from outdoors in hot

weather should be reduced. Some materials are more effective thermal insulators than

others; the best insulating material for buildings will be one that keeps the most thermal

sensible energy in during cold weather and the most thermal energy out during hot

weather. There are numerous applications of thermal insulation in building and other

industries. For example, solar energy collectors must contain insulation to prevent the

collected heat from flowing back into the atmosphere. Hot water tanks and pipes also

need insulation so that the water they contain does not lose too much heat.

Most common building insulation materials are porous in nature and many of them are

hygroscopic and thus adsorb a significant amount of moisture. The flow of moisture

through these materials has a large effect on a Heating Ventilating and Air Conditioning

(HVAC) system as well as the durability of the building. Over
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the past decade considerable research has been carried out on the effect of moisture

transfer and storage in building materials as it affects energy consumption, building

durability and indoor air quality (IAQ).

Cellulose insulation is an important insulation material that is made almost entirely of

re-cycled materials (e.g. newspapers and other paper products). Because of its porous

structure (porosity of 0.95), cellulose insulation provides a high resistance to conduction

heat transfer. The moisture capacity and resistance to diffusion moisture transfer are

other important parameters because, in addition to temperature, human comfort depends

on the indoor air relative humidity. The moisture content of the building envelope is also

very important and has a large effect on IAQ. Many studies have shown that high

moisture contents in the indoor air and building materials increase the risk of "sick

building syndrome" (Sundell, 1996). In most of the studies, there is no quantitative link

between the two, but the studies show that as the indoor relative humidity increases

above a certain level, IAQ becomes more unacceptable (Toftum and Fanger, 1999).

Research has shown that hygroscopic building materials (materials that adsorb a

significant amount of moisture) can moderate indoor humidity condition (Plathner et al.,

1999 and Simonson et al., 2002), therefore moisture transfer in hygroscopic materials

has an effect on the whole HVAC system. Simonson et al. (2002) discovered that

moisture transfer between indoor air and hygroscopic structure significantly reduces the

peak indoor humidity, which can lead to an increase in the perceived air quality of the

indoor air by the occupants. However, the depth of moisture penetration has not been

analyzed in detail and this moisture penetration depth is important to quantify the
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amount of hygroscopic material that is needed to improve indoor humidity, comfort and

air quality conditions.

The indoor relative humidity required for comfort should be one of the key parameters

considered when designing a HVAC system. However, it is often difficult to design and

operate a cooling a coil that will meet the latent load of many buildings, most especially

in the summer when the outdoor air is warm and humid. The amount of moisture

generated in the building and the amount brought in from outdoors through infiltration

or ventilation air determines the latent load, which has to be met in order to have

comfortable indoor conditions. By moderating the moisture /latent loads, hygroscopic

materials have the potential to reduce energy consumption.

Moisture transport in a porous medium can be due to molecular vapor diffusion which is

driven by a vapor density gradient, capillary flow which is driven by a pressure gradient

or surface tension or surface transport effects, gravity flow, convective transport which

is due to fluid flow, evaporation and condensation, etc. At any point in time or space,

one or more modes of moisture transport may be present. Furthermore, in most practical

systems, heat and moisture transfer occur simultaneously and hence the transport

equations are coupled. The heat released during the phase change of water (i.e.

adsorption/desorption, condensation/evaporation, and freezing/melting) is the strongest

coupling and acts as heat source/sink in the energy equation. Adsorption/desorption of

moisture on the particles of the porous medium is similar to condensation/evaporation

effect, but this phenomenon occurs when the relative humidity is less than 100%.
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Heat and mass transfer in porous media has generally been a subject of intensive

investigation because of its importance and diverse applications in areas such as

geothermal engineering, building insulations, grain storage, heat exchangers, soil

hydrology, energy conservation, drying technology, petroleum industry, and nuclear

waste disposal. Combined heat and mass transfer with phase change in a porous medium

is a process that occurs frequently in nature and as well in many engineering

applications.

Heat and moisture transfer in porous media is a complex field of study because of the

diverse and irregular shape and pattern of the porous medium. In order to model heat

and mass transfer in a porous medium correctly, it is pertinent to predict the material and

other variable properties as accurately as possible. Many of these properties change as

the dependent variables in the medium change and this makes the modeling of these

properties very challenging. There are several models that are used to predict the

changes in material properties and in some cases experimental methods are used to

calculate some of the variable properties. This has made it very difficult to provide a

general theory, which covers all porous media. In some complex situations the phase

change is accompanied by chemical reactions, which could make the analysis more even

complicated.

As mentioned, cellulose insulation is an important hygroscopic insulation material;

therefore, simultaneous heat and moisture transfer by means of diffusion in a cellulose

insulation bed will be the focus of this research. This research is a combination of

experimental and numerical work. The heat and moisture transport equations are

coupled by the adsorption/desorption process in the medium, which is accompanied by
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heat of phase change, and the changes in the material properties are adequately reflected

in the numerical simulation.

1.1 Literature Review

Building materials are subjected to simultaneous temperature and moisture gradients and

it is very important to know the thermal and moisture performance of building materials

under these varying conditions. The performance of building materials under varying

climatic conditions will determine the suitability of an insulating material for a given

application. Therefore it is not surprising that past researchers have investigated heat and

moisture transfer in building materials and other porous media. Many attempts have

been made to develop very accurate mathematical models for simultaneous heat and

mass transfer that can be used in calculating the heating and cooling loads of buildings.

Some of the limitations to the previous work are the inability to develop a model that

will work for every porous medium and the inability to validate some numerical models

experimentally.

1.1.1 Heat and Moisture Transfer in Building Insulation Materials

Simonson (1993) investigated the thermal performance and moisture accumulation in

fiberglass insulation subject to transient boundary conditions. He developed a one

dimensional, transient, heat and moisture model for the medium using the local volume

averaging approach. This method will be applied in this research. His model was

verified with an experiment. He also verified a mathematical model for the averaged

properties of the medium, which changes as the moisture content in the material

changes. Simonson (1993) found that the transient response of the insulation is slower as

5



the air humidity increases. He discovered the effects of neglecting thermal hysteresis in

modeling transient heat and moisture transfer in fiberglass insulation to be significant

when the insulation is being wetted or dried at temperatures above and below freezing.

The limitation to his experiment was that the moisture accumulated in the material was

obtained periodically by weighing the test specimen and the relative humidity

distribution in the insulation was not measured. These limitations are overcome in this

thesis by measuring the moisture accumulation in the insulation continuously using

gravimetric load sensors and by measuring the relative humidity of the air stream.

Capacitance type humidity sensors embedded in the insulation bed also measure the

relative humidity distribution in the insulation.

David and Benner (1986) investigated thermally induced hygroscopic mass transfer in a

fibrous medium. They measured directly the temperature and humidity in a slab of

fiberglass subjected to temperature and moisture gradient. They found that the

concentration gradient, as opposed to the thermal gradient, was the major driving force

for both the liquid and vapor phases. They even discovered that the concentration

contribution was about 98% of the total liquid flux and about 80% of the vapor flux.

Simultaneous heat and mass transfer with phase change in porous insulation was

numerically examined by Vafai and Whitaker (1986) and De Vries (1987). Vafai and

Whitaker modeled two-dimensional, transient vapor and liquid phase flow in a porous

slab. They applied the local volume averaging technique (which is applied in this thesis)

to obtain the averaged heat and moisture transport equations for the medium. Their

model included diffusion, gravity, capillary effect, and phase change. Vafai and

Whitaker (1986) found that apart from the diffusion term in the energy equation, the heat
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transfer in the medium is only affected by the phase change. The gravity and capillary

forces in the energy and moisture transport equations have no significant contribution.

They also found that the variations in the total density and the mass averaged heat

capacity do not alter the results significantly. Vafai and Whitaker (1986) discovered that

increasing the Lewis number decreases the liquid content and decreasing the Lewis

number increases the liquid content at a given time and position.

Vafai and Sarkar (1986) and Wijeysundera and Hawlader (1992) numerically studied

condensation effects in a fiberglass insulation slab. Vafai and Sarkar investigated the

interaction between condensation rate, temperature, liquid content, and vapor density.

They found that condensation and the resulting augmentation of heat transfer is a

difficult numerical problem at large Peclet numbers (Pe> 1).

Cunningham (1990) made a comparison of an analytical! numerical model of moisture

transfer in four flat roofs against experimental results. Huang et al. (1979) examined the

heat and moisture transfer in concrete slabs. Kerestecioglu et al. (1990) analyzed heat

and moisture transfer in buildings using an approach called "effective penetration depth"

theory which was meant to be a simplified method of analyzing moisture transport in

buildings that would be easy to incorporate into existing building energy computer

codes. This approach has to be used very cautiously and with good judgment. As noted

by Kerestecioglu et al. (1990), it should only be used when there is an experiment to

back it up.

Gaur and Bansal (2002) examined the effect of moisture transfer across building

components on room temperature. The focus of their study was to examine how the

7



combined heat and moisture transfer affects the temperature and humidity of the indoor

air. They analyzed the periodic variation of inside temperature of a room over a day

period, by considering the simultaneous heat and moisture transfer across the building

elements. Gaur and Bansal (2002) discovered that the humidity present in the ambient

air affects the room temperature and in the hygroscopic region it can alter the room

temperature by 2-3°C depending upon the direction of temperature and moisture

gradients.

Straube (2001) studied the influence of low-permeance vapor barriers on roof and wall

performance. He examined the role of vapor barriers on hygrothermal performance of

the building with the aid of simple diffusion calculations that were supported by

measurements. Straube (2001) found that the influence of vapor barriers on the moisture

performance of wall and roof systems is a function of the exterior climate, interior

climate, solar absorptance, rainwater absorption, and the vapor and thermal resistance of

all the layers in the building.

Vafai and Tien (1989) numerically investigated the effects of phase change in porous

materials. The mathematical model used in their study depicts two-dimensional,

transient heat and moisture transport in a porous slab. They found that the humidity load

has a direct effect on the vapor transport and condensation process. Increasing the

humidity level enhanced the vapor transport, condensation rate, liquid content as well as

the energy transfer. They also found that liquid accumulation was heavily concentrated

in the regions that are adjacent to the hot and humid environment compared to the

remainder of the porous insulation. They observed a wave like propagation phenomenon
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for all the important variables such as the temperature, liquid content, vapor density, and

condensation rate.

1.1.2 Energy Simulation with Moisture Transfer

Liesen (1994) developed a mathematical model for calculating the energy required for a

building by developing response factors for combined heat and moisture transfer

(response factors are infinite series that relate a current variable to past values of other

variables, at discrete time intervals). Liesen (1991) incorporated these response factors

into a commercial code IBLAST (Anon, 1991). The mathematical model used in his

study involved one-dimensional, transient heat and moisture transport equations coupled

by adsorption/desorption in the building material. The whole building was analyzed as a

composite of different materials subjected to varying boundary conditions. His work was

to provide an improvement to the existing software, which calculates energy for

buildings based on sensible energy requirements (with no consideration to moisture

transport). His model was capable of analyzing the entire building with moisture effects.

The limitations to his work were the assumptions of constant material and

thermodynamic properties even as the moisture content changes. He also did not verify

his model with an experiment. The limitations to his research will be addressed in this

thesis with the experiment to verify the mathematical model and also with the inclusion

of changes in material properties with moisture content in the numerical simulation.

Mendes et al. (2003a) investigated the effect of moisture on sensible and latent

conduction loads using a heat and mass transfer model with variable material properties,

under varying boundary conditions. This model was incorporated into the building
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energy simulation program DOE- 2.1 E. Mendes et al. (2003a) discovered that models

that ignore moisture may overestimate conduction peak loads by up to 210% and

underestimate the yearly integrated heat flux by up to 59% which could lead to

oversizing of the HVAC equipment (especially in dry climates) and underestimating the

energy consumption (primarily in humid climates). Mendes et al. (1999b) also

developed UMIDUS, a PC program that predicts moisture and temperature profiles

within multi-layer walls and low-slope roofs for any time step. The model incorporates

both diffusion and capillary effects in the moisture transfer.

Mendes et al. (2002c) developed a mathematical method for solving highly coupled

equations of heat and mass transfer in porous media. The model used in their study

involved one-dimensional heat and moisture transport equations coupled by phase

change. They presented an unconditionally stable numerical method by linearizing the

vapor exchange at the boundaries in terms of temperature and moisture content when

considering the energy balance at the surface of a building. This is meant to be an

improvement over the traditional mathematical method in which numerical stability is

only ensured for small time steps depending on the magnitude of the phase change

(source term). Their approach was found to avoid numerical oscillations since it keeps

the discrete equations for heat and moisture transfer strongly coupled, preventing the

occurrence of physically unrealistic behavior when the time step is increased. This

produces an unconditionally stable numerical method, which is suitable for use in

building energy simulation programs. However there was no experimental verification

of their model, even though they linearized and simplified the moisture transfer

phenomenon.
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1.1.3 Heat and Mass Transfer in Other Porous Media

Researchers have investigated heat and mass transfer in many different porous media for

over a hundred years, but this section will review some literatures on clothing materials

and biological tissues.

Jintu et al. (2000) developed a numerical model to calculate heat and moisture transfer

with sorption and condensation in porous clothing assemblies. The model used in their

numerical study involved one-dimensional heat and moisture transfer equations that

includes radiation heat transfer, adsorption/desorption of water by the porous clothing as

well as changes in properties with moisture content change in the media. Although there

was no experiment to validate their numerical work, the results from their numerical

simulation show that condensation in clothing can be reduced by increasing the water

vapor resistance of the inner fabric, reducing the water vapor resistance of the outer

fabric and changing the porosity distribution of the clothing assembly. Qingyong et al.

(2003) studied the effects of pore size distribution and fiber diameter on coupled heat

and liquid moisture transfer in porous textiles. Their study was a combination of

experimental and numerical work, and it was shown that the heat transfer process lS

influenced by the pore size distribution and fiber diameter of the porous textiles.

Khaled et al. (2003) investigated the role of porous media in the modeling of mass flow

and heat transfer in biological tissues. The mathematical model used in their study

included mass diffusion and convection flow in porous media. The convective flow term

included different convective flow models such as the Darcy and the Brinkman models.

The local volume averaging technique was applied to obtain the transport equations of
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the medium and the temperature of the different phases in the medium were assumed to

be in thermal equilibrium. Khaled et al. (2003) successfully utilized these models in

analyzing heat and mass transfer in biological tissues and systems. They found that

while these models were good in certain medical applications, there was the need for

advanced transport models when analyzing biological tissues.

1.1.4 Hygroscopic Material properties

To simulate accurately the heat and moisture transfer in a porous medium, the heat of

adsorption/desorption must be known as accurately as possible. The heats of

adsorption/desorption are not constant; rather, they depend on the mass adsorbed in a

unit of dry material and its absolute temperature. Tao et al. (1992) developed a relatively

simple method of measuring the heat of adsorption that is more suitable for highly

porous insulation materials and still yields a reasonable accuracy. They developed

empirical correlations for the average heat of adsorption as a function of water content

for fiberglass insulation boards with density between 50 - 70 kg/m3 and an average

fiber size on the order of 10;..on. They found that the heat of adsorption for water vapor

adsorbed on the fiberglass is greater than or equal to heat of vaporization at the same

temperature. At a low adsorbed mass, the heat of adsorption can be as much as three

times larger than the heat of vaporization. The results from Tao et al. (1992) will be

applied in this thesis to obtain the heat of phase change.

Richards et al. (1992) measured the sorption isotherm for various building materials

such as sugar pine, southern pine, exterior- grade plywood, wafer board siding,

particleboard, fiberboard and plain gypsum board. The measurements were made by
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placing small samples in pint-size jars above saturated salt solutions that gave various

humidities. The jars were kept at a constant temperature and the mass of the samples

were monitored until the sample was in equilibrium with the air in the jar. A similar

method will be used to obtain the sorption isotherm curve in this research.

Lastly, one of the main focuses of this research is to develop a moisture property that

will be used with heat transfer solution from the literature to calculate the size of vapor

the boundary layer and the vapor density in the vapor boundary layer for a porous

insulation material. Many efforts have been made to analytically estimate the vapor

boundary layer in a porous material, but most of these previous efforts aimed at

calculating the vapor boundary layer did not include the moisture storage. This research

however will attempt to solve this problem by including moisture storage when

calculating the vapor boundary layer thickness and the vapor density in the boundary

layer.

1.2 Research Objectives

As seen from the literature review, numerous researchers have worked on heat and mass

transfer in porous media both experimentally and numerically over the last century, but

there are still many areas that require further research. The research in this thesis is

therefore focused on further advancing the research on heat and moisture transfer in a

porous and hygroscopic insulating material. The overall objectives of this research can

be summarized into three main tasks.
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1. To set up a new experiment that measures the thermal and vapor boundary layer

In a cellulose insulation bed, which is subject to different temperature and relative

humidity at the boundary. The new experiment measures continuously the moisture

accumulation, and the temperature and relative humidity distribution in the cellulose

insulation bed. Other experiments are to measure the sorption isotherm curve and the

effective thermal conductivity of the cellulose insulation specimen. These measured

properties will be used in the numerical simulations. The description of these

experiments, the experimental uncertainties and the calibration of the instruments are

presented in chapter 2.

2. Develop a one-dimensional mathematical/numerical model that calculates

transient heat and moisture transfer in a cellulose insulation bed and verify the model

with measured data. The mathematical model and the underlining assumptions are

presented in chapter 3, while the measured and simulated results are presented in

chapter 4.

3. Use the verified mathematical model to develop an expression for moisture

diffusivity (alii) that takes into consideration the moisture storage (i.e. analogous to

thermal diffusivity), which will be used with standard analytical solutions to calculate

the size of the vapor boundary layer and the vapor density in the boundary layer for the

cellulose insulation bed. The moisture diffusivity will also be verified with experimental

and simulated results. These results are presented in chapter 5.
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CHAPTER 2

EXPERIMENTAL FACILITY AND INSTRUMENTATION

The purpose of the experiment is to measure continuously the moisture accumulation,

temperature and relative humidity distributions in a cellulose insulation bed. These

measurements will quantify the conditions in the thermal and moisture boundary layers

and demonstrate the growth of the boundary layers with time. This new experimental

set-up is designed in such a way that different insulation materials can be investigated.

These experimental results will be used In chapter 4 to verify the

mathematical/numerical model of transient heat and moisture transfer in cellulose

insulation that is presented in chapter 3. The moisture accumulation, temperature, and

relative humidity measurements are determined for different boundary conditions. These

boundary conditions are controlled with good precision, and can be changed with time.

This chapter focuses on the experimental procedures, the instruments used and their

calibration, and the uncertainties in the measurements.

2.1 Apparatus and Procedure

A schematic of the test section is shown in Figure 2.1 and a picture of the test section is

shown in Figure 2.2. The apparatus is designed to create a well-controlled transient, one

dimensional heat and moisture boundary layer within a porous medium. A sample of
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cellulose insulation is packed with density of 50 kg/m
' inside a

760 mm x 280 mm x 300 mm container made of Lexan as shown in Figure 2.3. The

impermeable Lexan container ensures the one-dimensional moisture transport, while the

insulation around the container ensures the one-dimensional heat transfer. Other

materials may require different sized containers depending on the thermal and moisture

properties such as density, porosity, thermal conductivity, and water vapor permeability.

An array of T-type thermocouples and capacitance type humidity sensors are arranged in

the material to measure the temperature and relative humidity distribution as shown in

Figures 2.1 and 2.3.

Thermocouple

Humi�ty .:._ensors .�_��ming
air

Cellulose insulation

RH sensor

--- Insulation

Heat exchanger plate

Figure 2.1. Schematic of the experimental test section showing the cellulose insulation
bed free floating on load sensors with temperature and RH sensors embedded in the
material.
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Figure 2.2. Picture showing the test section, part of the flow channel and the sensors

connected to the data acquisition system.

Figure 2.3. Picture of cellulose insulation packed at 50 kg/rrr' in a Lexan container with

temperature and relative humidity sensors embedded in the bed.
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All the tests presented in this thesis are completed with the same insulation bed. The

Lexan container and the insulation are not removed between tests. Since cellulose

insulation has a high porosity and can have a large range of densities (typically 30 kg/rrr'

to 80 kg/rrr'), special care is needed to ensure a uniform density of 50 kg/rrr' in the

container. To accomplish this, the cellulose insulation specimen, which was

commercially purchased and packaged at a density of 30 kg/nr' is first crushed into tiny

pieces to eliminate any pieces of cellulose insulation that might be stuck together and

cause multi-dimensional heat and water vapor diffusion. To facilitate a uniform packing

density throughout the insulation bed, the depth of the bed is divided into 10 layers, each

layer 30 mm thick, and each layer is measured and packed to 50 kg/rrr' separately.

Finally, the whole bed is pressed together to eliminate any air gaps between adjacent

layers and the average density of the bed is confirmed.

The packing of the cellulose insulation bed at a higher density of 50 kg/rrr' (compared to

the commercial density of 30 kg/rrr') helps prevent the problem of the cellulose

insulation bed sagging under its own weight. The cellulose insulation bed is checked

physically after each test to ensure that this problem (of sagging) does not occur during

the tests.

In the transient moisture transfer facility (Figure 2.2), a fully developed airflow at

desired temperature and relative humidity is passed over the top of the specimen with

the aid of a variable speed vacuum pump. The supply air is taken from an environmental

chamber that has heating and cooling coils for the control of air temperature. A steam
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humidity generator (with a variable flow rate and external humidity sensor for RH

control) is connected to the environmental chamber for the control of the air relative

humidity. The temperature and relative humidity of the air in the environmental

chamber are controlled within ± 0.1 °e and ± 1.5% RH respectively.

The results for the temperature and relative humidity of the air in the environmental

chamber during six different tests are shown in Figures 2.4 and 2.5. Each test is 8 hours

long with a period of 2 to 3 days between test, but the data in Figures 2.4 and 2.5 are

shown continuously. The readings are taken every five minutes and the results shown

are for a period of two days. For the period shown, the mean temperature of the air is

21.25°e and the standard deviation of the whole data set is 0.02°e while 95% of the

temperature readings are within ± 0.11 "C of the mean. For the relative humidity

readings, the mean relative humidity is 70.3% RH and the standard deviation of the

relative humidity readings for the period is 0.6% RH while 95% of the relative humidity

readings are within ± 1.4% RH of the mean. These results show excellent control of the

relative humidity and temperature of the air in the environmental chamber.

The temperature and relative humidity of the supply air are measured at the inlet and

outlet of the test section as shown in Figure 2.1 for two purposes. One purpose is to

measure the moisture accumulated within the cellulose bed and the other purpose is to

check if there are any air leakages in the supply duct. A significant change between the

measured air temperature and relative humidity in the environmental chamber and the

inlet to the test section will indicate the presence of air leaks in the tlow channel. For all
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the measurements taken, the maximum change in the measured air relative humidity and

temperature between the inlet to the test section and the environmental chamber are

1% RH and 0.1 -c respectively.
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Figure 2.4. Temperature of air in the environmental chamber (shown for a period of 2

days) for six different tests.
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Figure 2.5. Relative humidity of air in the environmental chamber (shown for a period
of 2 days) for six different tests.

The speed of the air is chosen such that the airflow is laminar above the insulation and

the process of transport through the material is pure diffusion. The pure diffusion

process is obtained by making sure there is no airflow through the insulation specimen,

so as to prevent convection heat and moisture transfer. A 38 mm tapered orifice plate is

embedded in the supply line of the test section to measure the flow rate of air. All

sensors are calibrated before and after the test, and are also connected to a data

acquisition system that takes continuous measurements.

The data acquisition system consists of a CPU with two data acquisition cards. One card

is a 16-bit (PCI 6052E) card, which has a higher resolution and is used for measuring

the temperature from the T-type thermocouples and the moisture accumulation from the

gravimetric load sensors. The other card has a lower resolution and is a l2-bit
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(PCl6024E) card. It is used to measure the relative humidity and pressure difference.

All the T-type thermocouples (64) and the gravimetric load sensors are connected to the

16-bit card through a SCXI 1000 chassis.

The first step in the test procedure is to allow the cellulose insulation to attain the

temperature and relative humidity of the room (typically 21°C and 10% RH), which are

the initial conditions of the test. It typically takes 2-3 days for the cellulose insulation

bed to attain this initial condition after each test. The initial temperature and relative

humidity of the insulation bed are measured to ensure they are spatially uniform (i.e.,

vary by less than ± 0.1 "C and ± 0.2%RH) before the start of each test. After the initial

conditions are achieved, air at the same or different temperature, but different relative

humidity is passed over the cellulose insulation and the relative humidity, temperature

and moisture accumulated in the cellulose bed are measured continuously.

All the tests presented in this thesis can be sub-divided in four categories. The first set of

tests is an isothermal test where humid air (70% and 85% RH) at the same temperature

as the initial temperature of the insulation bed is passed over the bed. The second is a

test with temperature gradient. In this test, air at 70% relative humidity and a

temperature of 38°C is passed over the insulation bed. The third test is performed using

air at different airflow rates for the isothermal test conditions with the air relative

humidity at 70%. The fourth test is to investigate the drying and wetting process in the

cellulose insulation bed. Two environmental chambers are used in this test. One is

70% RH and 21°C, while the other is at 15% RH and 21°C. Air is drawn from the humid

environmental chamber and passed over the cellulose specimen, and these conditions are
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maintained for two days. After this period, the airtlow is taken from the dry

environmental chamber for another 2 days. From this test, it is possible to compare the

wetting and the drying process in the cellulose bed and investigate the importance of

hysteresis.

2.2 Calibration of Instruments

All the instruments used in the test (i.e. relative humidity sensors, gravimetric load

sensors, thermocouples and pressure gauge) are all calibrated against known standards

before and after the tests. All the sensors used in the experiment show good agreement

between the pre-test and post-test calibrations.

2.2.1 Relative Humidity Sensors

The relative humidity sensors used in the tests are capacitance type. They relate the

electrical capacitance of the sensor material, which changes with air relative humidity,

to the relative humidity of the surrounding air. The humidity sensors used in this

research are manufactured by two different manufacturers. The relative humidity within

the cellulose insulation bed is measured with four sensors manufactured by TDK, while

the relative humidity of the air entering and leaving the test section is measured using

two sensors manufactured by Vaisala.

A chilled mirror with a bias of ± 0.5% RH is the transfer standard for calibrating both

types of humidity sensors. All the humidity sensors are calibrated in air, and the sensors

manufactured by TDK are also calibrated in cellulose insulation to check if the

insulation affects the sensors output. The humidity sensors are calibrated in air starting
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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 sensor

readings. The difference between the corrected relative humidity of the sensors and the

relative humidity measured by the chilled mirror is presented in Figure 2.6. The

maximum difference between corrected sensor RH and chilled mirror RH is 1% RH, and

the average difference is 0.5% RH. The final bias of each humidity sensor is therefore

the root-sum square of the calibration bias between the transfer standard and the

corrected relative humidity and the bias of the transfer standard. This implies that the

average bias of the relative humidity sensors is ± 0.8% RH.
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Figure 2.6. Calibration results for relative humidity sensors in air, showing the

difference beteween the chilled mirror and the corrected sensor readings at different
calibration points.
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A second calibration test is performed in air to check the repeatability of the sensors.

Figure 2.7 shows the difference obtained between two sets of readings. The maximum

± 0.6% RH. This indicates that the precision uncertainty of the humidity sensors is

difference between two sets of readings is 0.8% RH, with 95% of the data within

about ± 0.6% RH. The total uncertainty of the humidity sensors is therefore ± 1% RH

(root-sum square of the bias and the precision). The results of the pre-test and post-test

calibrations of the humidity sensors are similar to the results presented in Figure 2.7.

Theses results, however, are not presented.
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Figure 2.7. The difference between two sets of reading for the calibration of the relative

humidity sensors in air.
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The humidity sensors manufactured by TDK are calibrated in cellulose insulation at

30%, 50%, 70% and 90% RH. These results are compared to the calibration performed

using air. The differences between the values for the calibration in air and cellulose

insulation are shown in Figure 2.8. The maximum 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. This means that the humidity sensors can be used to measure

the relative humidity in a cellulose insulation bed, even though the relative humidity

sensors were originally designed for measuring the relative humidity in air.
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Figure 2.8. The difference between the readings of humidity sensors manufactured by
TDK in air and cellulose insulation at different calibration points.
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2.2.2 Gravimetric Load Sensors

The gravimetric load sensors used in the experiment are the compression type. The load

(cellulose insulation bed) is placed on cantilever beam, which extend from each of the

four load sensors. The load sensors measure the change in weight added by the

deflection (from the center line) of the strain gauges inside the load sensors. The four

gravimetric load sensors have a total capacity of 8 kg at full scale. The weight of the

Lexan container and the dry cellulose insulation at 50 kg/m
' is 7.5 kg.

The load sensors are calibrated in-situ, with the Lexan container full of dry cellulose

resting on the load sensors. Calibration weights in the range of I g to 500 g (the

maximum moisture accumulation measured in the tests in chapter 4 is less than 200 g)

with a bias uncertainty of ± 0.1 g are used to calibrate 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. The 95% uncertainty bound for the data is also ± 2 g. Since the

precision uncertainty and the transfer standard bias are negligible, the total uncertainty

in the output of the load sensors is ± 2 g.

2.2.3 Thermocouples

For the purpose of this experiment, measurement of temperature difference is more

important than absolute temperature. Therefore, type T thermocouples will provide

adequate accuracy when the data acquisition is calibrated and the thermocouple wires

are from the same roll. The thermocouple readings from the data acquisition system are
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calibrated using a temperature simulator as a transfer standard. The thermocouple wires

used in the experiment are from the same roll, therefore the differences in the wire is

minimized, which decreases the uncertainty in the temperature differences. The

temperature simulator has a bias of 0.1 "C. This calibration is over a temperature range of

-40°C to 40°C.and the average difference between the readings from the data acquisition

system and the temperature simulator is less than 0.1 -c. The bias of the thermocouples

is therefore ± 0.1 °C.

2.3 Description of all Measurements

All of the various measurements undertaken in this research are described in this

section. The location of the sensors in the experiment as well as the uncertainty in the

parameters calculated from the sensor readings are also presented. The measured

variables are the temperature, relative humidity, moisture accumulation, and pressure

difference. The calculated parameters are airflow rate and moisture accumulation

(moisture accumulation is both a measured variable obtained from the load sensors and

a calculated variable calculated from the airflow rate and relative humidity). The

measured material properties are also described in this section.

2.3.1 Temperature Measurement

Type-T thermocouples with a temperature difference accuracy of ± 0.1 () C are used to

measure temperature. The required measurements are the temperature of air entering and

leaving the test section, the temperature distribution within the cellulose insulation bed,

and the temperature of the air at the orifice plate.
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Twenty six type-T thermocouples are arranged in the cellulose insulation bed as shown

in Figures 2.9 and 2.10. The thermocouples are placed at vertical increments of 30 mm.

Five thermocouples are placed at a depth of 150 mm and 300 mm with their position

across the flow direction shown in Figure 2.10. Two thermocouples are placed at all

other depths as shown in Figure 2.9.
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Figure 2.9. Side view of the thermocouple arrangement for measuring the temperature
within the cellulose insulation bed.
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Figure 2.10. Top view of the thermocouple arrangement for measuring the temperature
within the cellulose insulation bed.
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The purpose of measuring the two-dimensional temperature field within the cellulose

insulation is to determine if there is airflow through the cellulose insulation bed and to

verify the one-dimensional thermal field. These measurements are very important

because any evidence of airflow through the cellulose bed implies that the heat and

vapor transport within the bed is no longer pure diffusion. The results of five

thermocouples at a depth of 150 mm in the cellulose insulation bed, taken after six hours

of testing are shown in Figure 2.11. The initial conditions for this test is II % RH and

21°C and the airflow above the insulation is at 70% RH and 21°C.The results are shown

for two different airflow rates giving Re = 1900 and Re = 5000 (in the channel above the

insulation). For Re = 1900, the maximum difference between thermocouple readings is

O.I°C, while the maximum difference is 1.5°C for Re = 5000, suggesting there is airflow

through the material at the higher airflow rate. The results for other airflow rates used in

this research (Re = 1600 and Re = 2100) are the same as those for Re = 1900 and shown

in Figure 2.11. For all the test results except when Re = 5000, the maximum difference

between temperature readings along and across the flow direction at any depth in the

material is 0.2°C. This shows that there is negligible airflow through the material and

that the transport process is pure diffusion of heat and water vapor.

Four thermocouples 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 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.
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The temperature readings are captured at an interval of one minute by the data

acquisition system. The results presented in this thesis, however, are a moving average

over an interval of nine minutes. The averaging reduces the random tluctuations of the

instruments.
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Figure 2.11. Temperature measurement along tlow direction at a depth of 150 mm

in the insulation bed after 6 hours of testing.

2.3.2 Relative Humidity Measurement

The relative humidity is measured at four locations in the cellulose insulation bed. These

locations are 0.06m, 0.12m, 0.18m and 0.24m 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. The relative humidity measurements are taken at one location

because the impermeable container ensures one-dimensional moisture transfer provided
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there is no airflow through the insulation, which is confirmed with the array of

thermocouples in the insulation bed.

The relative humidity readings are also recorded at an interval of one minute, but the

presented results are a moving average over an interval of nine minutes.

2.3.3 Airflow Rate Measurement

The measurement of the airflow rate serves several purposes. It is required together with

the readings from the humidity sensors in the air stream for the calculation of the

moisture accumulation in the cellulose insulation bed. The airflow rate measurement is

also required to determine the Reynolds number of the airflow above the insulation,

which is needed to select the right correlation for the convective heat and mass transfer

coefficients at the top surface of the insulation bed. The airflow rate is measured

according to ISO 5176-1 (1991). A 38 mm tapered orifice plate is inserted in the air

supply pipe that is 100 mm in diameter to create a pressure difference across the airflow,

which is measured with a pressure differential gauge. The air conditions upstream of the

orifice will be referred to as point I. The equation for the mass flow is,

(2.1 )

d
wherej3=

D
(2.2)
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D is the diameter of the supply duct, d is the diameter across the orifice plate and Cd is

the discharge coefficient. For this experiment (the Re of the airflow in the 100mm duct

is 4000),,8 = 0.38 and C, is 0.608 (ISO 5167-1, 1991). The coefficient AI is the

expansibility factor and the value for this experiment is 0.993 (ISO 5176-1, 1991). The

mass flow is 0.0044 kg/rrr' when Re = 1900 (used for most of the tests) and has an

uncertainty of ± 4%.

2.3.4. Moisture Accumulation Measurement

The moisture accumulated within the cellulose insulation bed is measured using two

independent methods. It is obtained directly from the output of using gravimetric load

sensors and indirectly from the mass flow rate of air and the relative humidity of the air

entering and leaving the test section. The flange of the Lexan container is free floating

on four gravimetric load sensors in such a way that any change in mass during the

experiment is the mass of moisture adsorbed or desorbed in the cellulose bed. As

mentioned earlier, the uncertainty in the measurement of moisture accumulation via the

load sensors is ± 2 g.

The indirect method of measuring the transient change in moisture content is by

integrating with time the difference between the humidity ratio of the air entering and

leaving the test section:

!1m(t) = 1 n;" (Williel - WOllliel )dt . (2.3)
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where 11m 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, Willl"l and WOIfII"1

are the humidity ratios of the air entering and leaving the test section respectively.

The humidity ratio (W) of the air is given by,

W =

0.62198 rjJPI'.,·(/1
r.; - P11'\'(I{

(2.4)

Where Pvsal and Pallll are saturation vapor and atmospheric pressures respectively and rjJ

is the relative humidity in fraction.

The moisture accumulation measurement using the relative humidity sensors has a

higher uncertainty, compared to the measurement using the load sensors, but provides a

useful comparison. The uncertainty in moisture accumulation is given by,

(2.5)

The uncertainty in the measurement of moisture accumulation using the relative

humidity sensors is typically 15%. This high uncertainty is mainly due to the uncertainty

in the humidity ratio, which in turn is mainly due to the uncertainty in the humidity

sensors. The uncertainty in the humidity ratio constitutes about 75% of the total

uncertainty in the moisture accumulation measured with the relative humidity sensors.
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2.3.5. Material Property Measurement

Although the measured material properties are not part of the main experiment, these

measurements will be required in the numerical simulation in chapter 3. The measured

properties described in this section are the isotherm sorption curve and the effective

thermal conductivity of the cellulose insulation bed.

2.3.5.1. Sorption Isotherm

The sorption isotherm describes the ability of a hygroscopic material to absorb or

release water vapor from or into the air until a state of equilibrium is reached. The

equilibrium established during the wetting process is called adsorption, while the

equilibrium established during drying is called desorption. The moisture content of the

material is the mass of water divided by the dry mass of the specimen. The relationship

between the moisture content and the relative humidity in the material at a specific

temperature is called the sorption isotherm curve.

The sorption curve is necessary to calculate the moisture content of the medium at

different relative humidities, which will be used in the numerical model. The experiment

to generate the sorption isotherm was performed according to ISO 12571 (1996) using

salt solutions to generate the relative humidity (ASTM E 104,1985). This experiment is

measured in adsorption. A sample of cellulose insulation specimen is packed at a density

of 50 kg/rrr' in a small-perforated cup as shown in Figure 2.12, and the sample is dried

using a vacuum pump. The dried sample is covered with saran wrap after drying to

make sure that the cellulose sample does not pick up moisture between drying and
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weighing. The dried sample is weighed and placed in the air above the salt solution in a

jar as shown in Figure 2.12. The jar has a thin layer (1-2cm) of salt solution that creates

a known relative humidity. The sample is first placed in a jar with a relative humidity of

11.5% until equilibrium is reached. The mass is weighed, and the specimen is placed in

a jar with an air relative humidity of 22.5%. This process is repeated with increments of

about 10% RH up to 97% RH.

The moisture content (u) at a given relative humidity is calculated as,

m-Indry
u=--- (2.6)

where m is the final mass of the cellulose insulation specimen after equilibrium is

attained between the insulation and the air in the jar at a particular relative humidity and

mdry is the mass of the dry cellulose insulation specimen.

The sorption isotherm curve for cellulose insulation measured at 50 kg/rrr' is shown in

Figure 2.12. This Figure also contains measured results from ASHRAE at 30 kg/nr' and

a curve fit of measured data at 80kg/m3 from the Technical Research Center of Finland

(VTT). These results are used to confirm the measured data at 50kg/m:l.
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Figure 2.12 Sorption isotherm curve for cellulose insulation at different densities.

2.3.5.2 Effective Thermal Conductivity

The effective thermal conductivity of cellulose insulation is measured using a heat flow

meter shown schematically in Figure 2.13. The bottom of the heat exchanger plate

consists of 15 thermo-electric coolers (can be used as heaters also) as shown in

Figure 2.14, which give a uniform heat flux. Each aluminum plate has 20 thermocouples

on each side, and is covered with a highly conductive thermal paste to provide a uniform

temperature on each surface and to eliminate air gaps. At steady state, the heat flux is

constant, and is given by,

Q = S I1T (2.7)

37



where Q is the heat flux [W1m2], S is the thermal conductance of the material

[W/(m2·K)] and !:!.T is the temperature difference across two surfaces l()C].

Aluminium
Plate

Heat Exchanger Plate

Figure 2.13. Schematic of the arrangement for measuring the thermal conductivity of
cellulose insulation.

--------------------------���

Figure 2.14. Top view of the heat exchanger with the thermo- electric elements for

cooling or heating the surface.

At steady state, the heat flux across the polyethylene plastic plate is the same as the heat

flux across the bed of dry cellulose insulation packed at 50 kg/m ', Since the
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conductance of the polyethylene plastic plate is known by a previous calibration, the

conductance (and hence the effective conductivity) of the cellulose insulation bed is

easily found when the heat flux across the entire assembly is at steady state.

The effective thermal conductivity of cellulose insulation is given by,

(2.8)

The thermal conductivity is measured for a temperature range of 2°C to 32°C. The

average thermal conductivity over this temperature range is 0.041 Wf(m· K) and the

maximum difference between the effective thermal conductivity at different

temperatures is 2%. The uncertainty in the measurement of the thermal conductivity

using the arrangement shown above is 18%. The measured effective thermal

conductivity using this method is compared to the measured values using a recently

purchased heat flow meter apparatus. The heat flow meter apparatus measures thermal

conductivity according to ASTM standard CS 18 (2003) with a total uncertainty of 2%.

The thermal conductivity of cellulose insulation using the flow meter apparatus is

0.040 Wf(m·K). The measured effective thermal conductivities agreed well the

manufacturer's data (0.039-0.041 Wf(m·K).
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CHAPTER 3

THEORETICAL MODEL AND NUMERICAL SOLUTION METHOD

The equations for the theoretical model stated in this chapter are for one-dimensional

diffusion of heat and water vapor in a bed of cellulose insulation subject to a convective

boundary condition at the top surface. This represents the transport processes that occur

in the experiment (chapter 2). The theoretical model, once verified with an experiment,

is an excellent tool for simulating many variables in the cellulose insulation bed and also

for undertaking various studies, which might be difficult or even impossible to do

experimentally.

This chapter reviews the theory and assumptions made in obtaining the theoretical

model for calculating heat and moisture transfer in a porous material. The governing

equations and the boundary conditions are also presented as well as the material

properties and the equations to calculate the changes in these material properties due to

moisture adsorption/desorption. Finally, the numerical solution method to the theoretical

model is discussed in this chapter.
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3.1 Local Volume Averaging Theory

Most porous materials like cellulose insulation are made of solid particles surrounded by

voids (or pores), which are filled with fluid. Cellulose insulation is a porous material

that is made of irregularly shaped particles; hence, it is extremely difficult 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 is very difficult to define. The local volume averaging

technique, which averages the transport equation and the properties of the solid and fluid

phase over a small volume called the representative elementary volume, avoids the

problem of analytically defining the boundary between the phases (Kaviany, 1991).

The local volume averaging technique will be applied to the conservation of mass and

energy equations in order to obtain the governing equations, which describe the

diffusion process in the cellulose insulation bed. By averaging the properties and the

equations over a representative elementary volume (i.e. the smallest volume that

represents the local average properties such that increasing the size of this volume does

not change the average properties), it is possible to obtain the physics of the heat and

mass transfer within the insulation on a macroscopic level.

Figure 3.1 shows an elementary volume of cellulose insulation consisting of irregularly

shaped cellulose fibres surrounded by fluid. The length across the elementary volume is

.e , while L is the length across the whole cellulose insulation bed, which is a.3m in this

thesis. The diameter of each cellulose particle is d. The average diameter of the cellulose
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particle used in this experiment is 0.75-15 urn (NIOSH, 2001). For the local volume

averaging to be applied successfully, the length scales must satisfy this relationship:

d<R «L. (3.1)

Local volume averaging of the energy equation also requires that the medium should be

in local thermal equilibrium. That means the temperature scale must satisfy;

(3.2)

This implies that the temperature difference between the solid and fluid phase is much

smaller compared to the temperature difference across the elementary volume. Both

criteria for temperature and length scales are satisfied in the problem investigated in this

thesis and therefore the local volume averaging technique can be applied.

d

L

1

Solid
Particle

Elementary volume

Figure 3.1. An elementary volume taken from cellulose insulation bed, showing the

irregularly shaped solid particles surrounded by fluid and the characteristic length scales
and the coordinate system for the governing equations.
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The local volume average for any quantity tp is defined as,

(3.3)

where () is the local volume average of the dependent variable and V is the volume of

the representative elementary volume. Another important averaging quantity of interest

is the intrinsic phase average of any dependent variable over phase k defined as,

(3.4)

where k represents any of the phases.

Equation (3.3) and (3.4) imply that the phase averaged property is related to the intrinsic

phase averaged property by the volume fraction of phase k given by;

(3.5)

where &k is the volume fraction of phase k and is given by,

(3.6)

In order to apply local volume averaging to the energy and vapour diffusion equations, it

is important to obtain the volume averaging of the gradient of a variable. This is given

by,

(Vtp) = V(tp ) + � ftp nkjdA,
Akj

(3.7)

where Akj is the interface area between phases k and j and nkj is the unit normal vector

on the interface. Application of equation (3.7) to the transport equations requires the

definition of double averaging. From the length constraint defined in equation (3.1), the

double averaging is given by,
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«\}'» = (\}' >. (3.8)

The definitions given above are applied to the transport equations to get the averaged

heat and mass transfer equations for the medium. The derivation of the governing

equations for the heat and mass transport in a porous medium (which involves a

significant amount of mathematical manipulations and approximations) can be found in

Whitaker (1977).

3.2 Assumptions and Governing Equations

Apart from the assumptions made in developing the local volume averaged equations,

the following assumptions are made to obtain the heat and mass transfer equations in the

cellulose insulation bed, which represent the experimental conditions.

1. Heat and moisture transfer through the cellulose insulation is one-dimensional.

2. The only transport processes within the cellulose insulation are heat and water vapor

diffusion with phase change.

3. Air and water vapor in the gaseous state behave as ideal gases.

4. The three phases (solid, liquid and gases) are in thermal and moisture equilibrium.

5. The only heat source in the medium is the heat of phase change due to

adsorption/desorption of water vapor on the cellulose fibers; hence there is no chemical

reaction.

6. The porous medium properties for cellulose insulation are homogeneous and

isotropic.
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7. The solid phase of the cellulose insulation medium 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 elementary volume.

The continuity for the adsorbed liquid phase is,

aCe
+ � = 0

at PI'
(3.9)

The gas diffusion of water vapor is,

(3.10)

The energy transport equation is,

aT· a ( aT)pCp- + mhad = - kef!-at ax' ax (3.11 )

The rate of phase change is,

au

m=--atPIII, (3.12)

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

content at any relative humidity is obtained from the sorption isotherm curve shown in

Figure 2.12. A curve fit to obtain a continuous relationship, which will be used in the

numerical model is shown in Figure 3.2. Figure 3.2 also shows a ± 10% change in the

curve fit for the sorption isotherm, which is representative of the maximum error
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between the measured data and curve fit. These changes will be used in the to

investigate the sensitivity of the vapor density calculated by the numerical model to a

10% change in the sorption isotherm in section 4.5.1.

The equation for the curve fit, which is used in the model to obtain the moisture content

is,

(3.13)

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,j = -3.522 and ¢ is the relative humidity as a fraction.

Equation (3.13) fits the measured data with R2 = 0.997.
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Figure 3.2. Sorption isotherm for cellulose insulation showing the measured data, the
curve fit and 10% changes in the curve fit used in sensitivity study.

The closure equations in the model are as follows.

The volume constraint is,

The thermodynamic relationships are,

¢=�
Pvsat

P" = p�R"T

, and
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(3.19)

The properties of dry cellulose insulation are shown in Table 3.1. The changes in these

properties due to moisture adsorption are given by the following equations:

(3.20)

(3.21 )

(3.22)

(3.23)

The material properties at dry conditions calculated from equations (3.20) to (3.23) are

checked to ensure that they correspond to the measured properties at dry conditions in

the cellulose insulation bed (Table 3.1). The properties of individual phases used in the

numerical model are given in Appendix A.
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Table 3.1. Properties of the dry cellulose insulation bed used in the experiment and
numerical simulation.

Property Value for Dry Cellulose Insulation

Density (p) 50 [kg/mJ]

Effective thermal conductivity (ken) 0.041 [W/(m'k)]

Effective vapor diffusion coefficient (Den) 1.3x 1 0-) [nl/s]

Heat of adsorption (had) 2.75xIOl) [J/kg] (TaoetaI.1992)

Porosity (c ..J 0.947

Specific heat capacity (Cp) 1400 [J/(kg'K)]

Tortuosity (r) 1.9

3.3 Boundary and Initial Conditions

The boundary conditions for the problem are:

convection at x = 0

(3.24)

adiabatic at x = L

OTI _ 0
ax x=L

(3.25)
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convection at x = 0

and (3.26)

impermeable at x = L

OPI'I = 0
ox x=!,

(3.27)

Where:

h =
k{/Nu ,and{/

D"

(3.28)

h =
hll

11/

CPli Pa
(3.29)

For laminar airflow (Re = 1900) through the rectangular duct above the insulation, the

Nusselt number is 4.86 ( Incropera and Dewitt, 200 1). The resulting convective heat and

moisture transfer coefficients are 3.4 W/(m2·K) and 0.0028 m/s.

The initial conditions are the average temperature and relative humidity throughout the

insulation specimen as measured by the sensors embedded in the cellulose insulation.

The initial moisture content is obtained from the sorption curve.
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3.4 Numerical Solution

The coupled partial differential equations are discretized usmg the finite difference

method with second order accuracy for the spatial nodes and the implicit scheme for the

time derivative. The central scheme is used for the spatial derivate of the central nodes,

while the backward or forward scheme is used for the nodes at the boundary. An under

relaxed, Guass-Seidel iteration 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,p",cl"Cg) is less than 10-6• The discretized equations and the computer

program to solve the equations are presented in appendix B.

After initializing all variables and properties, the liquid volume fraction is first

calculated from the adsorbed continuity equation (3.9). The temperature and vapor

density are then calculated from the energy and vapor transport equations (3.11)

and (3.10) respectively. The gas volume fraction is calculated from the volume

constraint equation (3.14) and the new phase change rate is calculated using equation

(3.12). The material and thermodynamic properties are then updated from the current

dependent variables and the process is repeated until the convergence criteria are

satisfied.

The numerical solution gives values for the dependent variables at discrete points in the

solution domain, and this solution should be very close to the continuous solution of the

partial differential equations. The choice of the grid size and time step should be such

that the solution of the numerical solution is very close to the solution of the partial
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differential equations and this solution should not be dependent of the size of the grid

and/or the time step.

For the numerical results in this thesis, a mesh size of 1 mm (i.e. a total of 300 grid

points) and a time step of lOs are used in the simulation. Sensitivity studies are 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 0.0 I mm with a time step

of 1 s are used in the numerical sensitivity studies. The results presented are for initial

conditions of 11 % RH and 21°C, while the boundary conditions are 70% RH and 21°C.

The maximum difference between simulated relative humidity and temperature for a

mesh size of 0.1 mm and time step of 1 s, and a 1 mm mesh and lOs time step (used for

the numerical simulations in this thesis) are 0.08%RH and 0.06°C respectively, whereas

the run time increased by over 150%. These results are not presented graphically.

Figures 3.3 and 3.4 show the numerical results for the simulated relative humidity and

temperature distribution in the cellulose insulation bed using a grid size of 0.01 mm and

a time step of 1 s compared to a 1 mm mesh size and lOs time step as used throughout

the rest of this thesis. The maximum difference between the simulated relative humidity

and temperature for these two cases are 0.15% RH and 0.1 -c respectively, but the run

time increased by over 500%. These results show that the numerical results presented in

this thesis are stable and increasing the number of nodes above 300 (mesh size of 1 mm)

and decreasing the time step below lOs has a very small effect on the numerical results.
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Figure 3.3. Comparison of the simulated relative humidity distribution in the cellulose
insulation bed using a grid size of lrnm and time step of 10 s to a grid size of O.Olmm
and time step of 1 s.
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Figure 3.4. Comparison of the simulated temperature distribution in the cellulose
insulation bed using a grid size of l mm and time step of 10 s to a grid size of O.Olmm
and time step of 1 s.
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CHAPTER 4

EXPERIMENTAL AND NUMERICAL RESULTS

In this chapter, the experimental results (measured relative humidity, temperature and

moisture accumulation within the cellulose insulation bed) are presented along with the

numerical results. The experimental data will be used to verify the numerical results.

Experimentally determined boundary conditions are used in the numerical simulation to

obtain a direct comparison between the experimental and numerical results. Other

simulated variables that are not measured, such as the adsorbed liquid volume fraction

are presented because they help understand the heat and moisture transfer process in the

cellulose insulation bed. Sensitivity studies are also performed on the numerical model

to further prove the reliability of the numerical model as well as to examine the effect of

changing certain parameters in the numerical simulation.

The initial conditions for all the experiments are the laboratory temperature and relative

humidity (typically 21°C and 11-15% RH), the only conditions that change from test to

test are the top boundary conditions and the airflow rate. These experiments are divided

into the following four sub-sections:

1. isothermal tests,

2. non-isothermal test,

3. wetting and drying test, and

4. tests with different air flow rates.
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4.1 Isothermal Tests

In these tests, the initial temperature of the cellulose insulation bed and the temperature

of the air passing over the top of the insulation are the same. Two sets of experiments

are performed under the isothermal test conditions. The first set of tests is at 70% RH

(condition of air passing over the cellulose insulation bed) while the other is at 85% RH,

but the temperature of the air is the same at 21°C for both set of tests. The simulated

results for these tests and the comparison with experimental data are presented in

sections 4.1.1 and 4.1.2.

4.1.1 Air Conditions at 70% RH and 21°C

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 to check for the repeatability of the

measurements. The differences in the initial conditions 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.

Figure 4.1 shows the measured relative humidity for the repeated tests in the cellulose

insulation bed for an 8-hour period. The measured relative humidities presented in

Figure 4.1 are the moving averaged results of the measured data (recorded every minute

by the data acquisition system) over a nine-minute period. These results are at a depth of

60 rom, 120 rom and 180 rom in the cellulose insulation bed. The three tests are labeled
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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 measured 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. The fluctuations in the

relative humidity of the supply air shown in Figure 2.5 can also be a contributing factor

to the differences in measured relative humidity.
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Figure 4.1. Measured relative humidity in the cellulose insulation bed for the

repeatability tests with isothermal test conditions.

Figure 4.2 shows the measured temperature 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
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is 0.3°C and the average difference at a depth of 60 mm is 0.2°C. These differences are

due to the differences in the initial temperatures of the cellulose insulation bed and the

fluctuations of the temperature of the supply air. These results again show excellent

repeatability of the experiments.
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Figure 4.2. Measured temperatures in the cellulose insulation bed for the repeatability
tests with isothermal test conditions.

The measured and simulated relative humidity in the cellulose insulation bed presented

in Figure 4.3 is for an 8-hour test period. The results presented for the measured relative

humidity are the average of three tests (presented in Figure 4.1). These results are for

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
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humidity in the medium are within 0.4% RH and 0.2% RH respectively. This agreement

is excellent and well within the 1 % RH uncertainty of the relative humidity sensors.
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Figure 4.3. Experimental and simulated results of relative humidity within the cellulose

specimen for the isothermal test.

The measured and simulated temperatures clearly show the thermal boundary layer in

Figure 4.4. The maximum difference between experimental data and numerical

simulation is O.SoC and the average difference 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 5°C at 60 mm within the first two hours due to the heat of

adsorption. After two hours, the temperature of the insulation at x = 60 mm begins to

decrease slightly due to the diffusion of heat deeper into the insulation and convection

heat transfer to the air above the insulation. The thermal boundary layer grows faster

than the vapor boundary layer as can be seen by comparing Figures 4.3 and 4.4. The
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thermal boundary layer penetrates beyond 240 mm after 2 hours, while the water vapor

boundary layer requires the full 8-hour test to reach a depth of 240 mm.
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Figure 4.4. Experimental and simulated results of temperatures within the cellulose

specimen for the isothermal test.

Figure 4.5 presents a comparison of the moisture accumulation 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 moisture accumulation decreases with time and is consistent with

boundary layer growth theory. The moisture accumulation measured using the load

sensors shows a better agreement with the simulated results than the data measured with

the relative humidity sensors. The maximum difference between the measured and

simulated moisture accumulation is 3 g for the load sensors and 6 g for the relative

humidity sensors. Even though the differences between the simulated data and the

measured data using the relative humidity sensors are higher than the difference between
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the simulated and measured data from the load sensors, the results are well within the

uncertainty bounds as shown in Figure 4.5.
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Figure 4.5. Experimental and simulated results of moisture accumulation within the
cellulose specimen for the isothermal test. The error bars represent the 95% uncertainty
bounds for the measured data.

The experimental and numerical moisture content in the cellulose insulation bed for the

isothermal test condition are shown in Figure 4.6. The moisture content is obtained by

substituting the measured and simulated relative humidity in equation (3.13). The plot of

the moisture content shows the same trend as the plot of relative humidity. Figure 4.7

shows the simulated liquid volume fraction (or volume fraction of the adsorbed water)

in the cellulose insulation during this test. The liquid volume fraction at a depth of

30 mm in the insulation after 8 hours of test is 0.00095, which is 0.1 % of the combined

vapor and liquid volume. This low volume fraction confirms that liquid movement is

negligible for these test conditions.

60



0.0140

-Sim 0 Exp
0.0120

0.0100

i 0.0080
-

0)
�

:; 0.0060

0.0040 x=180mm

x=240mm0.0020

0.0000

0 1 2 3 4 5 6 7 8 9

t (h)

Figure 4.6. Experimental and simulated results of moisture content within the cellulose
specimen for the isothermal test.
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Figure 4.7. Simulated results of the volume fraction of the adsorbed phase within the
cellulose specimen for the isothermal test.
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4.1.2 Air Conditions at 85% RH and 21°C

In this test, the cellulose insulation bed is at initial conditions of 13% RH and 21°C and

the air passing over the top surface of the insulation bed is at 85% RH and 21°C. The

Reynolds number for the airflow is 1900. The vapor density of the air passing over the

top surface for this test is 0.0156 kg/nr', while that of the test with air conditions at

70% RH and 21°C is 0.0128 kg/nr'. This represents a 22% increase in vapor density

over the isothermal test with air condition at 70%RH; hence, an increase in vapour

penetration is expected for this test compared to the isothermal test with air conditions at

70% RH and 21°C.

Figure 4.8 shows the measured and simulated relative humidity in the medium for a test

period of 8 hours. The difference between the initial relative humidity in the medium

and the relative humidity at 60 mm after 8 hours is 20% RH, this is an increase of

14% RH compared to (the same difference between the initial relative humidity in the

medium and the relative humidity at 60 mm after 8 hours) the isothermal test with air

conditions at 70% RH and 21°C. This increase in relative humidity for the isothermal

test with air conditions at 85% RH and 21°C is in good agreement with the expected

results. The maximum and average differences between the experimental data and

numerical simulation are 0.8% RH and 0.3% RH respectively, showing excellent

agreement between the experimental and numerical results.
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Figure 4.8. Experimental and simulated results of relative humidity within the cellulose

specimen for the isothermal test with a higher air relative humidity.

The measured and simulated temperatures in the medium are shown in Figure 4.9 for the

isothermal test with higher air relative humidity. The thermal boundary layer grows

faster than the vapour boundary as shown in Figures 4.8 and 4.9. The temperature in the

medium at 60 mm after 2 hours of test rose by 6°C, which is an increase of 1°C

compared to the increase in temperature at the same time and location for the isothermal

test with air at 70% RH. This increase in temperature is due to the increase in moisture

adsorbed and thus an increase in heat released for the test with air conditions at 85% RH

and 21°C. The maximum and average differences between the measured and simulated

temperatures are O.4°C and 0.2°C respectively.
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Figure 4.9. Experimental and simulated results of temperature within the cellulose
specimen for the isothermal test with a higher air relative humidity.

Figure 4.10 shows the measured moisture accumulation using the load cells and the

relative humidity sensors as well as the simulated results. As in the isothermal test with

70% RH air, the rate of moisture increase decreases with time. However, the moisture

accumulated in the medium after the 8-hour test is 32% higher than in the isothermal

test with air conditions at 70% RH as presented in Figure 4.10. Although the vapor

density of the supply air for this test is 22% higher than the vapor density of the supply

air for the isothermal test at 70% RH, the moisture accumulated in this test is 32%

higher than the moisture accumulated for the isothermal test with air at 70% RH. This

higher increase in moisture accumulation at 85% RH is due to the higher temperature

within the medium compared to the isothermal test at 70% RH.
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The maximum difference between the simulated moisture accumulation and the

measured value using the load sensors and the relative humidity sensors are 2 g and 8 g

respectively.
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Figure 4.10. Experimental and simulated results of moisture accumulation within the
cellulose specimen for the isothermal test with a higher air relative humidity. The error

bars represent the 95% uncertainty bounds for the measured data.

The simulated liquid volume fraction for this isothermal test condition with air at

85% RH is shown in Figure 4.11. These results show an increase in adsorbed liquid

compared to the isothermal test with air at 70% RH. This also explains why the moisture

accumulation is higher for this test compared to the isothermal test with air at 70% RH.

For example, after 8 hours and at a depth of 30 mm in the medium, the adsorbed liquid

volume fraction is 0.13% of the total liquid and vapor volume fraction, which represents
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an increase of 21 % in adsorbed liquid volume compared to the isothermal test with air

condition at 70% RH.
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Figure 4.11. Simulated results of the volume fraction of the adsorbed phase within the
cellulose specimen for the isothermal test with a higher air relative humidity.

4.2 Non-Isothermal test

This is the test in which the cellulose insulation bed is at initial conditions of 13% RH

and 21°C and the air (Re = 1900) passing over the top of the insulation is at 70% RH

and 38°C. The results shown for this test are for 6 hours. The measured results are for a

single test. For the numerical results, the adiabatic condition at x = L is not applied here,

rather the measured temperature at x = L is used as a boundary condition in the

numerical model.
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The measured and simulated relative humidity for the non-isothermal test are shown in

Figure 4.12. There is a very significant increase in the relative humidity in the medium

compared with the isothermal tests, which is caused by the increase in vapour density

gradient between the material and the air for the non-isothermal test. The difference

between the initial relative humidity in the medium and the relative humidity at 60 mm

after 6 hours is 26% RH, this is an increase of 50% and 80% in RH compared to the

same difference in relative humidity at the same location and time for the isothermal

tests with air conditions at 85% RH and 70% RH respectively. The maximum and

average differences between the experimental data and numerical simulation are

0.5% RH and 0.2% RH respectively. These excellent agreements between the measured

and simulated data further verify that the numerical results are reliable.
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Figure 4.12. Experimental and simulated results of relative humidity within the cellulose

specimen for the non-isothermal test.
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Figure 4.13 shows the measured and simulated temperatures in the cellulose insulation

medium during the non-isothermal test. The measured temperatures presented in

Figure 4.13 are the average of two thermocouple readings for each location. As in the

isothermal test, the moisture boundary layer grows significantly slower than the thermal

boundary layer. After 6 hours, the temperature distribution is nearly linear with depth,

indicating that the 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 simulated and measured temperatures in the thermal boundary layer show similar

agreement as in the isothermal test where the maximum and average differences

between experimental data and numerical simulation are O.5°C and O.2°C respectively.
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Figure 4.13. Experimental and simulated results of temperatures within the cellulose
specimen for the non-isothermal test.
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The measured moisture accumulation using the load cell and the relative humidity

sensors for the non-isothermal test as well as the simulated values are shown in

Figure 4.14. The total moisture accumulation after 6 hours for the isothermal tests with

air conditions at 85% RH and 70% RH are 93 g and 123 g respectively, while the total

moisture accumulation for the non- isothermal test is 173 g showing an increase of 41 %

and 86% respectively. Measurement of the moisture accumulation using the load sensors

and relative humidity sensors show maximum differences of 4 g and 7 g respectively

compared to the simulated data.
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Figure 4.14. Experimental and simulated results of moisture accumulation within the
cellulose specimen for the non-isothermal test. The error bars represent the 95%
uncertainty bounds for the measured data
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The simulated liquid volume fraction for the non-isothermal test condition is shown in

x=30mm

Figure 4.15. The adsorbed liquid volume is 0.13% of the total fluid volume after 6 hrs

and at a depth 30 mm in the insulation bed. There is an increase in the adsorbed liquid in

this test compared to the isothermal tests. For example, after 6 hours and a depth of

30 mm in the cellulose insulation bed, the adsorbed liquid volume fraction for the non-

isothermal test increased by 16% and 39% over the isothermal tests with air conditions

at 85% RH and 70% RH respectively at same time and location.
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Figure 4.15. �imulated results ?f the volume fraction of the adsorbed hase within the
cellulose specimen for the non-Isothermal test. P
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4.3 Wetting and Drying Test.

For this test, the initial conditions in the cellulose insulation bed are 15% RH and 21°C.

Air at 70% RH and 21°C is passed over the top surface of the insulation for two days.

After this period the conditions of the air passing over the top surface is reverted to the

initial conditions of 15% RH and 21°C for another two days. The Reynolds number for

the airflow is 1900. The four days test represents a 2-day wetting and another 2-day

drying tests with the initial conditions becoming the top boundary conditions for the

drying test. The simulation of the wetting and drying process is done using the

adsorption curve described in equation 3.13. The purpose of this test and the simulation

results is to investigate whether the wetting and drying process follows the adsorption

curve or if there is a significant evidence of hysteresis in the adsorption and desorption

process.

The measured and simulated relative humidities in the cellulose insulation bed for the

wetting and drying test are shown in Figure 4.16. The measured relative humidity shows

a very good agreement with the simulated values for the wetting process. The maximum

difference between the measured and simulated values for the wetting process is

0.8% RH. However, for the upper portion of the cellulose insulation bed (which is more

active portion for the vapour penetration) most of the measured values show a poor

agreement with the simulated values for most of the first day during the drying process

and after that there is a better agreement. For example, the relative humidity

measurement at 60 mm for the first 14 hours in the drying process shows an average

difference of 3.5% RH from the simulated value, whereas the average difference for the
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remaining 34 hours is 0.6% RH. The reason for this poor agreement is not investigated

in this study, but tends to show a possibility of hysteresis and indicates an area for future

work.
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Figure 4.16. Measured and simulated relative humidity in the cellulose insulation bed
for the wetting and drying test.

Figure 4.17 shows the measured and simulated temperatures in the cellulose insulation

medium for the wetting and drying test. Unlike the relative humidity measurements,

there is good agreement between the measured and simulated temperature for the whole

wetting and drying process. The maximum and average differences between the

measured and simulated temperature in the medium are O.s°C and 0.2°C for the entire

wetting and drying tests. The temperature in the medium at the end of the drying process

is lower than the initial temperature in the medium at the start of the wetting process.

For example, the average measured and simulated temperatures in the cellulose
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insulation bed at the end of the drying process are 19.7°C and 19.6°C respectively at a

depth of 180 mm in the cellulose insulation bed, which are lower than the initial

temperature at the start of the wetting process (21°C). This phenomenon also requires

further investigation.
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Figure 4.17. Measured and simulated temperature in the cellulose insulation bed for the

wetting and drying test.

4.4 Tests with Different Airflow Rates

Four different airflow rates are used in these tests, corresponding to Reynolds numbers

of 1600, 1900, 2100 and 5000. For these tests, the cellulose insulation is at initial

conditions of 12% RH and 21°C. Air at 70% RH and 21°C is passed over the top surface

of the insulation bed. Since the Reynolds number used throughout the previous

experiments is 1900, the purpose of this experiment is to investigate the effect of

different airflow rates on the temperature and relative humidity field and consequently

convection heat and mass transfer coefficients. Also of interest, is to investigate if there
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is airflow through the cellulose insulation medium at higher airflow rates and what

effect this will have on the temperature and relative humidity field within the insulation

bed.

To directly compare the results at different airflow rates, the measured relative humidity

and temperature at x = 60 mm from the top of the bed are presented in Figures 4.18

and 4.l9. The maximum difference between measured relative humidity at Re = 1600,

1900 and 2100 is 0.4% RH. This is within the total uncertainty of the humidity sensors

(± 1 % RH) and the expected repeatability of the experiment (± 0.4% RH). However, the

average difference between the measured relative humidity at Re = 1900 and Re = 5000

is 4% RH. This difference is larger than the uncertainty of the humidity sensors and the

expected repeatability of the experiment. The results from the measured relative

humidity confirm the expected results, because when Re = 1600, 1900 and 2100, it is

expected that the convective heat and mass transfer coefficients at the top surface

remains the same since the flow is laminar. The different results at Re = 5000 could be

due to the change in convective heat and mass transfer at the surface and/or due to

airflow through the insulation. Similarly, the measured temperatures at Re = 5000 are

significantly different than the values at Re = 1600, 1900 and 2100 as shown in

Figure 4.19. The two thermocouples at x = 60 mm from the top of the bed (section

2.3.1) indicate temperatures that are 2°C different when Re = 5000. This is quite

different from the maximum difference of 0.2°C for other airflow rates. These results

suggest that there is airflow through the cellulose insulation medium when Re = 5000.
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The results presented in Figure 4.19 for Re = 5000 are the average of two thermocouple

readings.

The temperature and relative humidity in the medium did not show any significant

change when the airflow is still in the laminar region (i.e. for Re = 1600, 1900 and

2100). However, the significant increase in temperature and relative humidity in the

cellulose insulation bed at Re = 5000 requires further studies. More experiments are

required to test at more airflow rates in order to establish at what airflow rate the

transition to turbulent flow begins. More numerical work is also required to accurately

model the temperature and relative humidity field at this higher flow rate when the

airflow is no longer laminar.
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Figure 4.18. Measured relative humidity in the cellulose insulation bed at x = 60 mm for
the isothermal tests with different airflow rates.

75



31 �---- ,

29

27

fi 23-

I- .to Re=5000 • Re=2100
21

o Re=1900 t::.. Re=1600

19

17

15T-----�----�----�----�----�----�----._--�
o 1 5 63 4

t (h)

2 7 8

Figure 4.19. Measured temperature in the cellulose insulation bed at x = 60 mm for the
isothermal tests with different airflow rates.

4.5 Sensitivity Studies

Sensitivity studies help to verify that the model gives realistic results and help quantify

how the numerical results are influenced by the uncertainties in material properties. The

sensitivity of the numerical results to changes in the adsorption isotherm, effective

thermal conductivity, convective heat and moisture transfer coefficients, heat of

adsorption and effective diffusion coefficient are presented in this section. All the

sensitivity studies are for the isothermal test conditions with air at 70% RH and 21°C.

The results of the sensitivity studies are concentrated on the locations in the cellulose

insulation medium where the numerical results were verified with experimental data,

these locations are 60 mm, 120 mm, 180 mm and 240 mm.
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4.5.1 Adsorption Isotherm

The adsorption isotherm used in the numerical simulation is a curve fit of eight

experimental data points and the equation for this curve fit was given in equation (3.13).

All the experimental data points fall within ± 10% of the curve fit as shown in

Figure 3.2. The effect of changing the sorption curve by 10% on the simulated relative

humidity and temperature fields are shown in Figures 4.20 and 4.21 respectively.

Increasing the sorption curve by 10% results in a maximum reduction of 1.3% RH (at

x = 60 mm and t = Sh) within the cellulose insulation bed, whereas, a 10% reduction in

the sorption curve increases the relative humidity by a maximum of 1.3% RH (at

x = 60 mm and t = Sh). Increasing the sorption curve by 10% increases the temperature

by up to 0.3°C while, a 10% reduction in the sorption curve results in a maximum

reduction of 0.3°C. These results make physical sense because an increase in adsorption

isotherm will mean more moisture accumulation, which will reduce the water vapor

diffusion within the vapor phase and also increase the temperature due to the phase

change. These results also indicate that the sorption curve used in the model is correct

because the agreement between the measured and simulated relative humidity is better

than the fluctuations in Figure 4.20. Also, the difference between measured and

simulated temperature is not accounted for by a 10% change in the sorption curve.
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Figure 4.21. Sensitivity study showing the effect of changing the adsorption isotherm

(defined in equation (3.13) and Figure 3.2) by 10% on the simulated temperature field
for the isothermal test conditions.
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4.5.2 Heat of adsorption

The heat of adsorption used in the numerical simulation is obtained from the literature as

shown in Table 3.1. It is therefore important to investigate the effect of changes in this

value on simulated temperature. Increasing or decreasing the heat of phase change by

10% in the numerical simulation results in a maximum increase or decrease of O.4°C

respectively. The uncertainty in the heat of phase change could be the cause of the

differences between measured and simulated temperatures. These results are presented

in Figure 4.22.
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Figure 4.22. Sensitivity study showing the effect of changing the heat of phase change
by 10% on the simulated temperature field for the isothermal test conditions.
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4.5.3 Effective Vapor Diffusion Coefficient and Thermal Conductivity

The effective vapour diffusion coefficient (Deft) given by equation (3.20) is obtained

from the literature and it is important to investigate how changes in Deff affect the

simulated relative humidity in the cellulose insulation medium. Increasing or decreasing

Deff by 10% results in a maximum increase or decrease of 8% in relative humidity as

shown in Figure 4.23. These results confirm the numerical model because increasing

Deff increases the relative humidity at all depths as expected.

35

30

25

� 20
-

::z:::
0:: 15

10

5

0

0

--Deff • 1.1Deff 0 0.9Deff

x=180mm

7 82 5 63 41

t(h)

9

Figure 4.23. Sensitivity study showing the effect of changing Deff by 10% on the
simulated relative humidity field for the isothermal test conditions.

The model used to predict the effective thermal conductivity as a function of moisture

content is given in equation (3.23). Changing the effective thermal conductivity by 10%

has a small effect on the temperature field as shown in Figure 4.24. A change of 10% in
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keff results in a maximum change of 0.2°C. Figure 4.24 shows that increasing keff tends

to decrease the temperature near the top of the insulation and increase the temperature

deeper within the insulation. Increasing keff decreases the temperature near the top of the

insulation (x = 60 mm) because a higher value ofkeffresults in more ofthe heat released

during adsorption being conducted away. This results in a higher temperature deeper

within the insulation (x = 180 mm), as seen in Figure 4.24. These results indicate that

the model is correctly modelling the coupled heat and moisture transfer.
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Figure 4.24. Sensitivity study showing the effect of changing keff by 10% on the
simulated temperature field for the isothermal test conditions.

4.5.4 Convective Heat and Mass Transfer Coefficients

The convective heat and mass transfer coefficients used in the numerical simulation are

obtained from the literature. A change of 10% in the convective heat and mass transfer

coefficients has the least effect on the simulated thermal and vapour boundary layer in
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the cellulose insulation bed. Increasing or decreasing the convective heat and mass

transfer coefficients by 10% result in a maximum change of 0.1 -c and 0.1 % RH in the

simulated temperature and relative humidity respectively. These results are not

presented in graphical form because the differences are trivial. These results are

important because they indicate that the convection coefficients do not need to be

known as accurately as other properties.

4.6 Summary

The experimental and numerical results presented in this chapter quantify transient heat

and moisture transfer in cellulose insulation during four series of experiments

(isothermal tests, non-isothermal test, wetting and drying test, and tests with different

airflow rates). The experimental data has a high repeatability (4% RH and O.2°C) and is

in close agreement with numerical data. For example, the maximum difference between

the measured and simulated relative humidity (for the isothermal and non isothermal

tests) is 0.6% RH while the average difference is 0.3% RH. These differences are below

the ± 1 % RH uncertainty of the relative humidity sensors. The measured and simulated

temperature and moisture accumulation also show good agreement and typically agree

within ± 0.2°C and ± 8 g. The agreement between the experimental and numerical data

is not as good during the wetting and drying test due to hysteresis effects. The

experimental results show that the results from the numerical model are reliable.

Sensitivity studies are carried out to further verify the numerical model and the material

properties used model. The results from the sensitivity studies confirm the validity of the
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numerical results and show that the numerical results are not significantly affected by

small changes in the material properties.

The sorption isotherm is the most sensitive property in the numerical simulation of the

vapour boundary layer, while the convective mass transfer coefficient has the least

effect. For the numerical simulation of the thermal boundary layer, the heat of phase

change is the most sensitive, while the convective heat transfer coefficient is the least

sensitive.
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CHAPTERS

MOISTURE DIFFUSIVITY

This chapter is focused on developing a moisture property (moisture diffusivity) that is

analogous to thermal diffusivity, which will be used with standard analytical solutions to

calculate the size of the vapor boundary layer and the vapor density in the boundary layer for the

cellulose insulation bed. This moisture diffusivity will be verified with numerical and

experimental results.

Much work has been done on thermal boundary layers resulting in analytical and graphical

solutions for transient heat transfer in materials of common geometries (e.g. Incropera and

Dewitt, 2001). The energy equation for the case of thermal transport only with no source term is,

(5.1)

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

case examined in this thesis. This solution is (Incropera and Dewitt, 2001),

(5.2)
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The size of the thermal boundary layer depends mostly on thermal diffusivity, which takes into

account thermal storage. Wakili et al. (2003) developed a simple method to measure this thermal

diffusivity in an insulation material by measuring the heat flux across the medium. With the

solution presented in equation (5.2), the temperature at any point in the boundary layer or the

size of the thermal boundary layer can be determined if the thermal properties (k, h, and a ) are

known. In order to apply this solution and other thermal solutions for mass transfer problems, it

has been common to replace the thermal properties with equivalent moisture properties as shown

in Table 5.1.

Table 5.1. Summary of the previous and new approach to the thermal - moisture property
analogy for solving transient moisture transfer.

Thermal Property Analogous Moisture Analogous Moisture

Property (Previous) Property (New)

ha hm hm

k DcfT DcfT

k DefT D�Da=-- al//4f =CpCp 1//

Table 5.1 shows that, in the previous method, the diffusion coefficient (Den) replaces both the

thermal conductivity (k) and the thermal diffusivity (a). 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 cellulose

insulation (and other hygroscopic materials) and must be included when solving transient
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moisture transfer. Therefore a new moisture property is needed that is equivalent to thermal

diffusivity and includes moisture storage. This analogous moisture property is moisture

diffusivity (alii)' as shown in Table 5.1, and it will be developed from the governing equations in

the next section.

5.1 Development of Moisture Diffusivity (alii)

The approach here is to write the moisture transfer equation in the same form as the energy

equation for which there are known solutions and thereby develop an expression for moisture

diffusivity that will be analogous to thermal diffusivity. This new expression for alii can then be

used in place of a in the analytical solution for a given set of boundary condition to determine

the vapor density in the boundary layer and the thickness of the boundary layer. Since the heat

transfer solution is for heat transfer only (no source term), the solution obtained with this method

will be for mass transfer only (not coupled with heat transfer).

The water vapor transport equation is,

• a (D ap,. J- m = -

c/"
--

•

ax . .1 ax
(5.3)

This equation can be written in the same form as equation (5.1) if the phase change rate (m) can

be related to the vapor density.

The expression for phase change,

au

m=--atPm' (5.4)
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is transformed through the following relationship,

au
=

au ap"
at ap" at

(5.5)

together with the thermodynamic relationship

(5.6)

to give the phase change rate as a function of the vapor density as follow:

m=
PIIIRI'T au ap"

�'.ml a¢ at
(5.7)

Substituting equation (5.7) into the water vapor transport equation (5.3) yields,

( PIIIR"T au] ap"
= 0 ..

a2 P"
li

K
+ ell ?

•

PI'\"(// a¢ al ax-
(5.8)

The vapor transport equation written in the form of equation (5.1) is:

(5.9)

where effective moisture diffusivity for a porous media (alll.ell) is,

DenT
a =-·-,andlII,eff elll

(5.10)
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(5.11)

The term
au

is the slope of the sorption curve.

a¢

The analytical solution to equation (5.9) for a semi-infinite porous medium with convective

boundary conditions can be obtained from equation (5.2) by

substituting a with all/.er! ' k with D,:!! and h" with hll/ . The solution then becomes:

(5.12)

Equation (5.12) allows the direct calculation of the vapor density in the porous media for the

case of moisture transfer.

5.2 Verification ofall/

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 diffusivity. The case considered is the isothermal test with air at a temperature of

21°C and a relative humidity of 70% flowing over the cellulose insulation specimen, which is

initially at temperature of 21°C and relative humidity of 11%. For these test conditions,

Figure 5.1 presents the vapor boundary layer thickness (6/11)' which is defined as the position in

the porous medium where,
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p".Om -

P",;
= 0.01 .

P",-P"';
(5.13)

Figure 5.1 contains simulated, analytical and experimental data for the boundary layer thickness

as a function of time. As noted previously, the analytical solution is the case of decoupled heat

and mass transfer and therefore, to verify the analytical solution, the numerical model must be

modified to solve decoupled heat and moisture transfer. This is accomplished by setting the heat

of phase change to zero (had = 0).

Figure 5.1 shows very close agreement between the analytical and simulated values of 6/11 for

had = 0 (decoupled heat and moisture transport equations) and also usinga/ll.�/1 as defined in

equation (5.10) (i.e. including moisture storage). On the other hand, 6/11 determined from the

analytical solution using the previous analogous property (i.e. neglecting moisture storage) is

significantly greater than the simulated values. The vapor boundary layer shown in Figure 5.1 is

for a 0.3m thick cellulose insulation bed. The results obtained from the analytical solution show

that if the moisture storage is neglected, the vapor boundary layer is thicker than the cellulose

bed after ten minutes; whereas, the simulation shows that it takes twelve hours for the boundary

layer to penetrate through the insulation. Excluding the moisture storage term overestimates the

vapor boundary layer thickness by 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 moisture boundary layer thickness (6/11) for coupled

heat and moisture transfer (had = 2.75 x 106) obtained from the numerical simulation and

experimental data are also presented in Figure 5.1. With the inclusion of the coupling, the vapor
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boundary layer is twice as thick as when there is no coupling. This increase in t5
m

due to the

coupling of heat and mass transfer is expected because the heat released during the adsorption of

water vapor on the cellulose fibers increases the temperature in the medium thereby increasing

the vapor pressure. The increase in vapor pressure results in a greater vapor penetration as shown

previously in the experimental of chapter 4. It should be noted that the exclusion of the coupling

is not as important as the exclusion of the moisture storage term; however, further work is

necessary to develop an expression to include the coupling of the energy and vapor transport

equations.
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Figure 5.1. Vapor boundary layer thickness in cellulose insulation specimen with and without
moisture storage, and also for coupled (had = 2.75xl06 J/kg) and decoupled (had = 0) heat and
moisture transport equations.
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The moisture diffusivity (am) is further verified by calculating the vapor density in the

boundary layer using equation (5.12) and comparing the results with simulated values. These

results are for decoupled heat and mass transfer (had =0) during the isothermal test conditions and

are presented in Figure 5.2. The maximum difference between the simulated results and the

results using equation (5.l2) is 2%. These differences are mostly due to approximations used

when computing the complementary error function in equation (5.12).

0.007 -r-----------------------�.

• Analytical (equation 5.12)
-Simulation

0.006

0.001

o 1 2 3 4 5 6 7 8 9

t (h)

Figure 5.2. Comparison of the simulated and analytical (using equation (5.12» results of the

vapor density in the boundary layer for an isothermal test condition with had = O.

Figure 5.3 shows the simulated and analytical (using equation (5.l2» results of the vapor density

at a depth 60 mm in the cellulose insulation bed. These results are for the isothermal conditions

with air at 70% RH and 21°C. The simulated result shows the vapor density at a depth of 60 mm

for coupled heat and moisture transport (had = 2.75 x 106) while the analytical results are for

decoupled heat and moisture transport (had = 0). Figure 5.3 shows that the analytical vapor
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density calculated when moisture storage is ignored is about 300% higher than the vapor density

calculated when moisture storage is included. However, the vapor density calculated with the

coupled heat and moisture transport equations is 30% higher than the vapor density calculated

with the decoupled heat and moisture transport equations. These results further prove that

neglecting the moisture storage is more critical than neglecting the coupling of the heat and mass

transfer equations.

0.012 had=O and no moisture storage

0.014 -,---------- �

...

o

� 0.004

'f 0.01

i
; 0.008
'iii
c

� 0.006

OT---,---,r---,-__�--�-�-�--�-�
o 1 2 3 4 5 6 7 8 9

t (h)

Figure 5.3. Results for the vapor density at a depth of 60 mm in the cellulose insulation bed with
and without moisture storage, and also for coupled (had = 2.75xl06 J/kg) and decoupled (had = 0)
heat and moisture transport equations.
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5.3 Sensitivity Studies

According to equations (5.10) and (5.12), the vapor boundary layer thickness at a given time

depends on hm, Deff and em. The purpose of this section is to investigate how sensitive om is to

these parameters (Figure 5.4). Figure 5.4 shows that increasing em by 10% reduces om by 6%

and reducing em by 10% increases om by 6%. An increase in em, increases the moisture storage

capacity or the water vapor adsorbed, thereby reducing the water vapor penetration in the

medium. A 10% change in Deff, changes om by 3%. However a 10% change in hm only results in

1 % change in om and is not presented in Figure 5.4.

The results from the sensitivity studies show that the vapor boundary layer thickness is the most

sensitive to em, (which is very dependent on the slope of the sorption curve). This result confirms

the sensitivity studies in section 4.5, which show that the sorption curve is the most sensitive

property in obtaining the relative humidity (or vapor density) in the boundary layer.
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Figure 5.4. Sensitivity study showin� the effec� of changing em and Deff by 10% in equation(5.12) on the vapor boundary layer thickness for isothermal test conditions.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

The overall objectives of this thesis are to:

1. set up a new experiment that measures the thermal and vapor boundary layers in a

cellulose insulation bed,

2. develop and verify with measured data and sensitivity studies a one-dimensional

mathematical model for heat and moisture transfer in a cellulose insulation bed, and

3. use the mathematical model to develop an expression for moisture diffusivity (al/J

that is analogous to thermal diffusivity, and takes into consideration moisture

storage.

6.1 Summary and Conclusions

In this thesis, a new experimental facility is developed and applied to measure the

thermal and vapor boundary layers in a bed of cellulose insulation packed at 50kg/m3•

The new experiment addresses the limitations of similar experiments, which were done

by previous researchers and published in the literature. Some of these limitations were

the inability to measure the moisture accumulation continuously and the relative

humidity distribution �n an insulation bed. The top surface of the cellulose insulation bed

is subject to convective airflow boundary conditions. The relative humidity and

temperature in the cellulose insulation bed are measured using capacitance type
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humidity sensors and type-T thermocouples respectively, while the moisture

accumulation is measured via gravimetric load sensors and relative humidity sensors.

The measurements from the sensors are taken continuously using a data acquisition

system. The data in this thesis are measured for isothermal and non-isothermal tests,

drying and wetting tests and also for a test with different airflow rates at the top

boundary.

The mathematical model in this thesis consists of transport equations that govern one

dimensional, transient, coupled, heat and moisture transfer in cellulose insulation.

Experimentally determined boundary conditions are used in the numerical simulation to

obtain a direct comparison between the experimental and numerical data. The measured

moisture accumulation, relative humidity and temperature are used to verify the

mathematical and numerical models. There is excellent agreement between the

measured and numerical results. For all the measurements, except the wetting and

drying tests, the maximum difference between measured and simulated relative

humidity is 0.8% RH, the maximum difference between measured and simulated

temperature is O.SoC and the maximum difference between measured and simulated

moisture accumulation using load sensors and relative humidity sensors are 4 g and 8 g

respectively.

After a step change in RH at the top boundary, the heat of phase change causes a

significant rise in temperature in the cellulose bed even when the air and cellulose

insulation bed are at the same initial temperature. For the isothermal test conditions,
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temperature measured at a depth of 60 mm from the top surface of the insulation bed

increased by as much as rc within the first two hours of test, which demonstrates the

strong coupling between the heat and moisture transport equations. Tests show that as

the vapor density of the air at the top boundary increases, the vapor penetration also

increases.

An experiment is performed that represents a drying and wetting process in the cellulose

insulation bed. In this test, the medium was initially at a low relative humidity while the

supply air is at high relative humidity, which is the wetting process. After 2 days of test,

the supply air conditions are switched to the initial conditions of the bed for 2 days

(drying process). This process is simulated using the adsorption isotherm curve for both

the drying and wetting process. There is poor agreement between the measured and

simulated results at the commencement of the drying process. This lack of agreement

requires further investigation.

The last experiment is to study the effect of different airflow rates on the temperature

and relative humidity distribution in the cellulose insulation bed for isothermal test

conditions. At a higher flow rate (Re = 5000), there is a very significant increase in

vapor penetration in the cellulose insulation bed compared to other airflow rates (when

Re= 1600, 1900, 2100 and the flow is laminar). The thermal boundary layer also grows

faster when Re = 5000 compare to the laminar flow cases. This increase in vapor

penetration and temperature within the medium may be due to a change in the

convective heat and mass transfer coefficients at the top surface of the medium or due to
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airflow through the insulation bed, or a combination of both effects. This will also be a

subject of future experimental and numerical studies.

Sensitivity studies are carried out on the material properties and other important

parameters used in the numerical simulation. The sensitivity of the numerical results to

changes in the adsorption isotherm, thermal conductivity, convective heat and moisture

transfer coefficients, heat of adsorption and binary diffusion coefficient are determined.

The moisture content is the most sensitive parameter in the numerical simulation of the

vapor boundary layer and the heat of phase change is the most sensitive parameter in the

simulation of the thermal boundary layer. The convective heat and mass transfer

coefficients have the smallest effect on the thermal and vapor boundary layers

respectively.

Once validated, the mathematical model is used to develop a moisture property

(moisture diffusivity) that is analogous to thermal diffusivity and takes into

consideration moisture storage. This moisture property is used with known analytical

solution to calculate the size of the vapor boundary layer and the vapor density in the

boundary layer for decoupled heat and moisture transfer. The results of the analytically

determined vapor boundary layer thickness as well as the vapor densities in the

boundary layer are compared to the simulated results, and these results showed excellent

agreement. The inclusion of moisture storage is very important in calculating the vapor

boundary layer thickness for a porous hygroscopic insulating material and cannot be
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ignored. Neglecting moisture storage over predicts the boundary layer thickness by an

order of magnitude for cellulose insulation.

The analytical solution used in this thesis for calculating the size of the vapor boundary

layer and also the vapor density in the boundary layer is not suitable when the heat and

moisture transport equations are coupled. Comparison of measured, simulated and

analytical data demonstrate that the vapor boundary layer thickness could be twice as

large for coupled heat and moisture than for uncoupled transport. Nevertheless, the

effect of neglecting the coupling of heat and moisture transfer is very small compared to

the effect of neglecting moisture storage (neglecting moisture storage over predicts the

vapor boundary layer thickness by a factor of 10). Therefore, the inclusion of moisture

storage in the calculation of vapor boundary layer for the decoupled heat and moisture

transfer is great step forward in the analytical determination of the vapor boundary layer

for a hygroscopic material. However, further work is necessary to develop an analytical

equation to calculate the size of the vapor boundary layer for coupled heat and moisture

transport.

Sensitivity studies were performed on the properties used in the analytical solution to

calculate the size of the vapor boundary layer. The results from the sensitivity studies

show that Cm, (which is dependent on the slope of the sorption curve) is the most

sensitive parameter in obtaining the vapor boundary layer thickness.
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6.2 Future work

This experimental and numerical study of transient heat and moisture transfer in

cellulose insulation has resulted in the identification of three areas for future work as

listed below.

1. There is a need to developing an analytical equation to calculate the size of the vapor

boundary layer and also the vapor density in the boundary layer for coupled heat and

moisture transport. The moisture diffusivity (alii) developed in thesis was only applied

to known analytical solutions to calculate the size of the vapor boundary layer for

uncoupled heat and moisture transport equations. The heat released by the adsorbed

water increases the vapor boundary layer thickness and this needs to be included.

2. Further experimental and numerical work are required to investigate turbulent

boundary conditions above the insulation. More experiments are required to cover a

wider range of airflow rates than those in this thesis. The numerical work should focus

on using different models for predicting the convective heat and moisture transfer

coefficient for turbulent airflows in the numerical simulation, as well as including

convection transport in the heat and moisture transport equations to account for the

airflow through the insulation as observed in the measurements.

3. More research is needed to rectify the differences observed between the measured and

simulated data during the drying of moisture from cellulose insulation bed. This

difference might be due to hysteresis between the adsorption and desorption process.
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(Measured)

(McQuiston, Parker and Spitler(2000) p.131)

(Measured)

(Based on the permeability)

(Calculated)

(Measured)

APPENDIX A

PROPERTIES USED IN THE NUMERICAL MODEL

This appendix contains the all the properties (material and thermodynamics) used in the

numerical model presented in chapter 3 and validated in chapter 4. These properties are

measured, obtained from the literature or calculated from other properties. All the

properties are taken at 300K unless otherwise stated. The properties and the appropriate

references are given below.

Cellulose Insulation Properties

p = 50 kg/nr'

Cp = 1400 J/(kg.K)

k�[r = 0.041 W/m.K

t = 1.9

e, = 0.053

L = 300mm

Solid (Paper) Properties

CP.,. = 1340 J/(kg·K)

k, = 0.180 W/(m·K)

(Incropera and Dewitt (2001) p.916)

(Incropera and Dewitt (2001) p.916)
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P" == 930Kg / m' (Incropera and Dewitt (2001) p.916)

Gas Properties

cg = 0.947 (Calculated)

Air

CPa == 1007 L'(kg-K)

ka == 26.3£ - 03 W/(m-K)

s, == 287 J/(kg-K)

(Incropera and Dewitt (2001) p.917)

(Incropera and Dewitt (2001) p.917)

(Rogers and Mayhew (1988) p.24)

P« = Calculated

Water Vapor

Cp; == 1872 J/(kg-K)

k, == 0.0196 W/(m'K)

RI' == 462 J/(kg'K)

(Incropera and Dewitt (2001) p. 921)

(Incropera and Dewitt (2001) p.921)

(Calculated based on Universal gas constant)

P: = Calculated

Adsorbed (Water) Properties

p, == 997 kg/nr'

Cp ,
== 4179 L'(kg-K)

k, == 1 .88 W/(m-K)

(Incropera and Dewitt (2001) p.925)

(Incropera and Dewitt (2001) p.925)

(Incropera and Dewi tt (2001) p.925)
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Others

DA = 2.6 X 10-5 m2/s

had = 2.75 X 106 J/kg

h, = 3.43 W/(m2'K)

hm = 0.00284 m/s

(lncropera and Dewitt (200 I) p.927)

(Tao et al. 1992)

(Calculated from the Nusselt number)

(Calculated from the Nusselt number)
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APPENDIXB

DISCRETIZED EQUATIONS AND THE COMPUTER SIMULATION
PROGRAM

The discretized equations of the mathematical model presented in chapter 3 and the

computer simulation program to solve these equations are presented in this appendix.

The computer simulation program is written in FORTRAN 77.

B.I Discretized Equations

The equations of the mathematical model presented in chapter 3 (equations (3.9) to

(3.29)) are discretized using the finite difference method with second order accuracy for

the spatial nodes and the implicit scheme for the time derivative. The central scheme is

used for the spatial derivate of the central nodes, while the backward or forward scheme

is used for the nodes at the boundary. The discretized equations used in the numerical

model and boundary conditions are shown below (note that m refers to the current node

(spatial location) while n refers to the current time step.).

The rate of phase change is,

.

( )_ ( )(U(m,n-l)-U(m,n)Jm m,n - p m,n .

/).f
(B.l)
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The continuity for the adsorbed phase is,

c,(m,n)-c((m,n-1)
+

m(m,n) =0.
!::.t PI'

The gas diffusion of water vapor is,

( )(Cg(m,n)-Cg(m,n-1)J ( )(p,,(m,n)-pvCm,n-1)J' ( )_PI' m,n +cg m,n -m m,n -

!::.t !::.t

( D.ff(m + i,n;,:.u (m -i,n)J( p,.(m + i,n�::,.(m -i,n) J +

D ( )(pl'(m-l,n)-2P,,(m,n)+p,,(m-l,n)Jevcr m.n ?.1 &_

Energy transport equation is given by,

(T(m, n) - T(m, n -l)J
.

Pl'(m,n)c,,(m,n) !::.t
+ m(m,n)h(g =

k.( )(T(m-1,n)-2T(m,n)+T(m-1,n»)ell In,n ?:1.1

,:ix-

The volume constraint is,

cs(m,n) + ct:(m,n) + Cg (m,n) = 1.

The thermodynamic relationships are,

.-1.( )=
p,,(m,n)

'? m,n ,

P,',WI' (m, n)
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p,,(m,n) = PI' (m,n)RI,T(m,n), (B.7)

Pg =p',(m,n)+�/(m,n), (B.8)

P,,(m,n) = p,,(m,n)RaT(m,n), (B.9)

P« = PI,(m,n) + Pa(m,n). (B.I0)

The properties of the medium are,

cg(m,n)Da
Deff= ----.

T
(B.11 )

p(m,n) = cs(m,n)ps(m,n) + c( (m,n)pt(m,n) + cg (m,n)pg (m,n), (B.12)

CAm, n) _

�,. (m, n)p, (m, n)Cp., +C{' (m, n)Pr (m, n)CPr +cg (m, nXPa (m, n)Cn + PI' (m, n)Cp,,), (B .13
p(m,n)

k - ( )k ( )k (Pa(m,n)ka+p,,(m,n)kl'JeJ!
- Cs m, n

.1.
+ C (' m, n r + C

g ,

Pa+PI'
(B.14)

The boundary conditions are,

Convection @ x = 0

(B. 1 5)

Adiabatic @ x = L

4T(M -1,n)-T(M -2,n)-3T(M,n)=0. (B.16)

Where M is the last node @ x = L
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Convection @ x = 0

h ( (0)- )=D .(4P,,(1,n)-p,,(2,n)-3P,,(0,n»).1/1 p, , n p",<» �t' 2L1x
(B.17)

Impermeable @ x = L

4p,,(M -1,n) - p,.(M - 2,n) - 3pl'(M,n) = o. (8.18)

Where M is the last node @ x = L

B.2 Flow Chart of the Computer Program

The flow chart shown below is the logic followed in the computer simulation program to

obtain the numerical solution.

1 1 1



Initialization

Start of a new time step

Assign the value of the previous time

step for the first iteration of the new

time step for the dependent variable

Calculation of new dependent variables using the

appropriate equations and properties and updating
the old value with the new calculated values

No

Time
increment

No

Print result

Figure B.I. Flow chart of the computer program.
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B.3 Computer Simulation Program

The computer simulation program presented below is written in FORTRAN 77. The

program presented in this appendix is the general program used by the author and has

been modified depending on the specific results required. The outputs from the

computer program are not included in this appendix.

COMPUTER SIMULATION PROGRAM FOR A ONE-DIMENSIONAL HEAT
AND MOISTURE TRANSFER IN CELLULOSE INSULATION BY

OLUTIMAYIN STEPHEN (OCTOBER 2003)

DECLAREALL VARIABLES AND CONSTANT

DOUBLE PRECISION PORC, TORC, CPA, DA, KA, RA,EGO, HM, HA, HFG, CPV
DOUBLE PRECISION KV� RV, WD, CPW, KW, KS, CPS, SD, ES, TEMPO,DENVO
DOUBLE PRECISION ELO, PATM, RELAX, TOLT, TOLV, TOLL, TAMB
DOUBLE PRECISION VDAMB, CI,C8, C9, CIO, CII, C12, CI3
DOUBLE PRECISION T(5000,5000), EL(5000,5000), VD(5000,5000),C2
DOUBLE PRECISION UP(5000,5000), PCR(5000,5000), TOLD(5000,5000)
DOUBLE PRECISION VDOLD(5000,5000),PCROLD(5000,5000)
DOUBLE PRECISION SVP(5000,5000), VP(5000,5000), RH(5000,5000)
DOUBLE PRECISION AD(5000,5000), GD(5000,5000), CD(5000,5000)
DOUBLE PRECISION CPC(5000,5000), KG(5000,5000), KEFF(5000,5000)
DOUBLE PRECISION DEFF(5000,5000),CPG(5000,5000),MS(5000,5000)
DOUBLE PRECISION TMAX,A, PA(5000,5000),COMB, FLUX(5000)
DOUBLE PRECISION TMIN, SUMT, TESTI, VDMAX,VDMIN, SUMVD, TEST2
DOUBLE PRECISION CONSP,EGOLD(5000,5000),EG(5000,5000)
REAL DELT, DELX
INTEGER NGRID, NSTEPS, NITE

OPEN (UNIT=I, FILE="TEMPFIELD.DAT",STATUS="REPLACE")
OPEN (UNIT=2, FILE="VAPDFIELD.DAT",STATUS="REPLACE")
OPEN (UNIT=3, FILE="BOUNDTEMP.DAT",STATUS="REPLACE")
OPEN (UNIT=4, FILE="BOUNDVAP.DAT",STATUS="REPLACE")
OPEN (UNIT=5, FILE="MOISTURE.DAT",STATUS="REPLACE")
OPEN (UNIT=6, FILE="ANYFIELD.DAT",STATUS="REPLACE")
OPEN (UNIT=7, FILE="HUMIFIELD.DAT",STATUS="REPLACE")
OPEN (UNIT=8, FILE="VOLUMEFRA.DAT",STATUS="REPLACE")
OPEN (UNIT=9, FILE="STOM.DAT",STATUS="REPLACE")
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ASSIGN VALUES TO CONTANTS AND SETINITIAL VALUE

DELT = 60.0 ! TIME STEP ( SECONDS)
NGRID = 61 ! NO OF GRIDS
DELX = 0.005 ! SPATIAL STEP
NSTEPS = 361 ! NO OF TIME STEPS 60
NITE = 5000 ! NO OF ITERATION STEPS

CELLULOSE INSULATION PROPERTIES

PORC = 0.947 ! POROSITY OF CELLOSE
TORC = 1.9 ! TORTUSITY

AIR PROPERTIES

CPA = 1007 ! CP OF AIR
DA = 0.000026 ! DIFFUSIVITY COEFF OF AIR
KA = 0.0263 ! CONDUCTIVITY OF AIR
RA = 287 ! GAS CONSTANT FOR AIR
EGO = 0.969 ! INITIAL GAS VOL
HM = 0.00284 ! DIFF COEFF OF AIR
HA = 3.434 ! HEAT COEFF OF AIR
HFG = 2750000 ! HEAT OF ADSORPTION

VAPOUR PROPERTIES

CPV = 1872 ! CP OF VAPOR
KV = 0.0196 ! COND OF VAPOR
RV = 462 ! GAS CONSTANT OF VAPOR

WATER PROPERTIES

WD = 997 ! DENSITY OF WATER
CPW = 4181 ! CP OF WATER
KW = 0.606 ! COND OF WATER

SOLID PROPERTIES

KS = 0.180 ! COND OF SOLID
CPS = 1340 ! CP OF SOLID
SD = 930 ! DENSITY OF SOLID
ES = 0.053 ! VOL OF SOLID
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INITIAL AND OTHER PROPERTIES

TEMPO = 294 ! INITIAL TEMP
DENVO = 0.00238093 ! INITIAL VAPOR DENSITY
EGO = 0.947 ! INITIAL GAS VOL FRACTION
ELO = 0.0001 ! INITIAL LIQUID VOL FRACTION
PATM = 101325 ! ATM. PRESSURE
RELAXT = 0.05 ! RELAXATION FACTOR FOR TEMP
RELAXV = 0.05 ! RELAXATION FACTOR FOR VAPOR DENSITY
TOLT = 0.0000001 ! TOLERANCE FOR TEMP
TOLV = 0.0001 ! TOLERANCE FOR VAPOR DENS.
TOLL = 0.0000 I ! TOLERANCE FOR LIQUID FRACTION
TAMB = 311 ! AMBIENT TEMPERATURE
VDAMB = 0.03230767 ! AMBIENT VAPOR DENSITY

CONSTANTS FOR EVALUATING SAT VAPOR PRESSURE

C8 = -5800.2206
C9 = 1.3914993
CI0 = -0.048640239
Cll = 0.000041764768
C12 = -0.000000014452093
C13 = 6.5459673

INITIALIZE VALUES FOR TIME t=0 (I=J)

DO 10 J= I,NGRID
T(l,J) = TEMPO ! INITIAL TEMP

EG(l,J) = EGO ! INITIAL GAS FRACTION

EL(l,J) = ELO ! INITIAL LIQUID FRACTION

VD(l,J) = DENVO ! INITIAL VAPOR DENSITY.

CD(l,J) = 50 ! INITIAL DENSITY OF CELLULOSE

UP(l,J) = 0.003890704 ! INITIAL MASS OF VAPOR

PCR(l,J) = 0.0 ! INITIAL PHASE CHANGE RATE

10 CONTINUE

START OF TIME LOOP

DO 20 I = 2,NSTEPS

ASSIGN PREVIOUS TIME STEP TO THE NEW ONE FOR FIRST ITERA TION

DO 30 M = 1,NGRID
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T(I,M) = T(I-I ,M)
VD(I,M) = VD(I-I ,M)
UP(I,M) = UP(I-I,M)
EL(I,M) = EL(I-I ,M)
EG(I,M) = EG(I-I ,M)
PCR(I,M) = PCR(I-I ,M)
CD(I,M) = CD(l-I ,M)

30 CONTINUE

START OF ITERATION LOOP

DO 40 N = I, NITE

START OF POSITIONLOOP

DO 50 J=l,NGRID

SET OLD VALUES TO VARIABLES TO CHECK CONVERGENCE

TOLD(I,J) = T(I,J)
VDOLD(I,J) = VD(I,J)
PCROLD(I,J) = PCR(l,J)
EGOLD(I,J) = EG(I,J)

CALCULATE SAT VAPOUR PRESSURE, VAPOR PRESSURE,RH AND PCR

C 1 =«C I2*T(I,J)**3)+(C 13*DLOG(T(I,J»»
SVP(I,J) = EXP«CS/T(l,J»+C9+(C 1 O*T(I,J»+(C II *T(I,J)* *2)+ C 1)
VP(I,J) = VD(I,J)*RV*T(I,J)
RH(I,J) = VP(I,J)/SVP(I,J)
UP(I,J)=(-0.00007549+(0.03947*RH(I,J»+(0.5952*RH(I,J)**2)+
(-1.16S*RH(I,J)* *3)+(0.533S*RH(I,J)**4»/(l.0+(2.1S5*RH(I,J»+
1 (-7.715*RH(I,J)* *2)+(5.703*RH(I,J)**3)+( -1.1 74*RH(I,J)**4»/2.S
PCR(I,J) = «UP(I-l ,J)-UP(I,J»*CD(I,J»/DELT

CALCULATE LIQUID VOLUME FRACTION

EL(I,J) = EL(l-l ,J)-«PCR(I,J)*DELT)/WD)

CALCULATE GAS FRACTION, DEFF, AND VAPOR DENSITY

EG(I,J) = 1.0 - (ES + EL(I,J»
DEFF(I,J) =«DA*EG(I,J»/TORC)
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IF (J.EQ.l) THEN! FOR TOP BOUNDARY
VD(1,l) = (HM*VDAMB + DEFF(I,l)*(4.0*VD(I,2)-VD(I,3»/(2*DELX»/
(HM+ 1.50*DEFF(I, 1 )/DELX)

ENDIF

IF (J.EQ.NGRID) THEN! FOR BOTTOM SURFACE

VD(I,NGRID) = (4*VD(I,NGRID-l) - VD(I,NGRID-2»/3

ENDIF

IF (J.GT.l .AND. J.LT.NGRID) THEN !INTERNAL NODES

VD(I,J) = (EG(I,J)*VD(I-l ,J)/DELT + PCR(I,J) + (DEFF(I,J+ 1)
DEFF(I,J-l »*(VD(I,J+ l)-VD(I,J-l »/(4.0*DELX**2) + DEFF(I,J)*
(VD(l,J-l )+VD(I,J+ 1 »/DELX**2)/((2.0*EG(I,J)-EG(I-I ,J»/DELT+

2.0*DEFF(I,J)/DELX* *2)

VD(I,J) = VDOLD(I,J) + RELAXV*(VD(I,J)-VDOLD(I,J» ! RELAX THE VALUE

ENDIF

CALCULATE DENSITY,CP,KEFFAND TEMPERATURE

PA(I,J) = PATM-VP(I,J)
AD(I,J) = PA(I,J)/(RA *T(I,J» ! AIR DENSITY

GD(I,J) = AD(I,]) +VD(I,J) ! GAS DENSITY

CD(I,]) = ES*SD+EL(I,J)*WD+EG(I,J)*GD(I,J) ! CELLULOSE DENSITY

CPG(I,J) = (AD(I,J)*CPA + VD(l,J)*CPV)
CPC(I,J) = (ES*SD*CPS+EL(I,J)*WD*CPW+EG(I,J)*CPG(I,J»/CD(I,J)
KG(I,J) = AD(I,J)*KA+VD(I,J)*KV
KEFF(l,J) =(ES*KS + EL(l,J)*KW + ((EG(I,J)*KG(I,J»/GD(l,J»)

IF (J.EQ.l) THEN ! TOP NODE

T(l,l) = (HA*TAMB + KEFF(I,I)*(4.0*T(I,2)-T(I,3»/(2*DELX»/
(HA+ 1.50*KEFF(I,1 )/DELX)

ENDIF

IF (J.EQ.NGRID) THEN !BOTTOM NODE

T(I,NGRID) = (4*T(I,NGRID-l) - T(I,NGRlD-2»/3

ENDIF

IF (J.GT.l .AND. J.LT.NGRID) THEN ! INTERNAL NODES
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20 CONTINUE

COMB= CD(I,J)*CPC(I,J)
T(I,J)= (COMB*T(I-l,J)/DELT - PCR(I,J)*HFG + (KEFF(I,J+l)
KEFF(I,J-l ))*(T(I,J+ 1)-T(I,J-l ))/(4.0*DELX**2) + KEFF(I,J)*
(T(I,J-l)+T(I,J+ 1 ))/DELX**2)/(COMB/DELT + 2.0*KEFF(I,J)/DELX**2)
T(I,J) = TOLD(I,J) + RELAXT*(T(I,J)-TOLD(I,J)) ! RELAX THE VALUE

ENDIF

50 CONTINUE
40 CONTINUE

PRINT *,1

END OFA TIME STEP

TEST FOR CONVERGENCE OF TEMPERA TURE

DO 150 I = 2,NSTEPS

TMAX=O.O
TMIN= 5000000.00
SUMT=O.O

DO 60 M= I,NGRID

SEARCH FOR TMAX

IF(T(I,M) .GT.TMAX) THEN
TMAX= T(I,M)
ELSE
GOTO 70

ENDIF

SEARCH FOR TMIN

70 IF(T(I,M) .LT.TMIN) THEN
TMIN = T(I,M)
ELSE
GOTO 80

ENDIF

80 DIFF =ABS(T(I,M)-TOLD(I,M))
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SUMT = SUMT + DIFF
60 CONTINUE

TESTI = SUMT/(NGRID*(TMAX-TMIN))
IF (TESTI .LT. TOLT) THEN
PRINT *,"CONVERGENCEI ",1

ELSE
PRINT *, "BAD RESULTI",I
ENDIF
150 CONTINUE

TEST FOR CONVERGENCE OF VAPOR DENSITY

DO 160 I = 2,NSTEPS
VDMAX=O.O
VDMIN= 5000000.00
SUMVD=O.O
DO 600 M= I,NGRID

SEARCH FOR VDMAX

IF(VD(I,M) .GT.VDMAX) THEN
VDMAX= VD(I,M)
ELSE
GOTO 170
ENDIF

SEARCH FOR TMIN

170 IF(VD(I,M).LT.VDMIN) THEN
VDMIN = VD(I,M)
ELSE
GOTO 180
ENDIF

180 DIFF =ABS(T(I,M)-TOLD(I,M))
SUMVD = SUMVD + DIFF
600 CONTINUE
TEST2 = SUMVD/(NGRID*(VDMAX-VDMIN))
IF (TEST2 .LT. TOLT) THEN
PRINT * ,"CONVERGENCE2",1
ELSE
PRINT *, "BAD RESULT2",1

ENDIF
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160 CONTINUE

WRITE(8, 1300) I,EL(I,7),EL(I, 13),EL(I,25),EL(I,3 7),EL(I,49), EL(I,NORID)
1300 FORMAT(I3,IX,9(DI5.6,IX»

PRINT *, "TMAX = ",TMAX,"TMIN = ",TMIN
PRINT *, "VDMAX = ",VDMAX,"VDMIN = ",VDMIN

DO 300 1= 11, NSTEPS ,10
WRITE(1,800) I,T(I,7),T(I, 13),T(I,25),T(I,37), T(I,49),T(I,NORID)
800 FORMAT(l3,1X,9(DI5.6,IX»

WRITE(2,900) I,VD(I,7),VD(I, 13),VD(I,25),VD(I,37), VD(I,49),VD(I,NORID)
900 FORMAT(l3, I X,9(D 15.6, I X»

WRITE(6, II 00) I,UP(I,7),UP(I, 13),UP(l,25),UP(l,37), UP(I,49),UP(I,NORID)
1100 FORMAT(l3,IX,9(DI5.6,IX»

WRITE(7, 1200) I,RH(I,7),RH(I, 13),RH(I,25),RH(I,37), RH(I,49),RH(I,NORID)
1200 FORMAT(l3,IX,9(DI5.6,IX»

300 CONTINUE

LOOP TO DETERMINE THE DEPTH OF THE THERMAL BOUNDARY LAYER

DO 220 1 = 2,NSTEPS
DO 230 J= 2, NORID
C

IF(T(I,J).LE.TBL)THEN
WRITE(3,*) I,J,T(I,J)
OOTO 220
ELSE
OOTO 230
ENDIF
C230 CONTINUE
C220 CONTINUE

LOOP TO DETERMINE THE DEPTH OF THE VAPOR BOUNDAR Y LA YER

DO 240 1 = 2,NSTEPS
DO 250 J= 2, NORID

IF(VD(I,J).LE.VBL)THEN
WRITE(4,*) I,J,VD(I,J)
OOTO 240
ELSE
00T0250
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ENDIF
250 CONTINUE
240 CONTINUE

LOOP TO CALCULATE THE MOISTURE CONTENT

DO 310 I = 2, NSTEPS
DO 320 J = I, NGRID

MS(l,J) = 0.6219*(VP(l,J)/PATM)
320 CONTINUE
310 CONTINUE

DO 330 I = 1, NSTEPS ,5
WRITE(5,5000)I,MS(I,7),MS(I, 13),MS(I, 19),MS(I,25),MS(I,31 ),MS(I,37),MS(l,43),
MS(I,49),MS(I,55),MS(I,NGRID)
5000 FORMAT(l3, I X, 1 0(0 15.6, 1 X))
330 CONTINUE

LOOP TO CALCULATE MOISTURE STORAGE

DO 1500 I = 11, NSTEPS, 10

STOM(I) = 0.0
DO 1600 J = 1, NGRID

UM(I,J) = UP(I,J)*CD(I,J)
UA(I,J) = UM(I,J)-UP( 1 ,J)*CD( 1 ,J)
STOM(I) = STOM(I) + UA(I,J)*DELX*AREA

1600 CONTINUE
1500 CONTINUE

DO 3000 I = 11, NSTEPS ,10
WRlTE(9,3500) STOM(I)
3500 FORMAT(D20.6)

3000 CONTINUE

END
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