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ABSTRACT

Recent successes in heat and moisture recovery from ventilation exhaust air from

buildings using energy wheels have caused extensive interest in the HVAC design

community. A new method of heat and moisture recovery using desiccant particles to

transfer heat and moisture in an energy recovery system is explored in this thesis. The

research of this thesis is the first step of this investigation. The objective is to study

temperature and moisture variations during transient flow of humid air passing through a

silica gel particle bed.

A one-dimensional theoretical/numerical model was developed to simulate the process of

heat transfer and moisture adsorption when an initially dry granular silica gel bed is

subject to a sudden air flow passing through it at selected temperature and humidity.

Eleven governing equations, with initial and boundary conditions were established to

describe this complicated problem. The equations reflect the effect of moisture diffusion

inside each particle. This diffusion coefficient was found to be very much smaller than

the diffusion coefficient for water vapour in air. Theoretical equations were discretized

by using the control volume method and coded to simulate the problem. Before the

application of the code, some parameters of the silica gel particles, such as permeability,

porosity, specific surface area and isothermal moisture adsorption capacity, were

measured or calculated.

An experimental test facility was set up to measure the temperature, humidity and

moisture content in a silica gel particle bed. The initially dry silica gel particles were
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subject to a sudden air flow passing through them at selected inlet temperature and

relative humidities. In total, six experiments were completed for two sizes of silica gel

particles.

The numerical results were compared with the experimental data of measured outlet

temperature, humidity ratio and moisture accumulation in the silica gel bed.

Comparisons were made for three conditions of inlet air humidity and two sizes of silica

gel particles. A sensitivity study of the numerical model was completed.

From the numerical and experimental studies, it was concluded that silica gel particles

have very high moisture adsorption capacity. As well, a large amount of heat is released

during the moisture adsorption process. This heat release is most evident during the first

1.5 hours of a 10-hour test period. It was also found that, at higher inlet relative

humidities and with smaller particle sizes, silica gel particles adsorb more moisture. The

values of uncertainty for the bed properties such as specific surface area (S), density of

silica gel particles ( Per)' specific heat of silica gel particles ( C per) and moisture-silica gel

heat effect (Q) strongly affect the simulation results.
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CHAPTERl

INTRODUCTION

In this chapter an introduction is given to energy recovery devices and characteristics of

silica gel particles as a high efficiency desiccant for transferring moisture. A literature

review is presented focusing on the previous work that has been done on energy recovery

devices and silica gel particles. Based on these findings and the need to know more

about the combined transient heat and mass transfer effects in beds of silica gel particles,
the objectives of this research work are stated and the general research method and

procedure are described.

1.1 ENERGY RECOVERY SYSTEMS

1.1.1 BACKGROUND INFORMAnON

Ventilation air, or that air brought into a building from outside, is required to replace the

air exhausted from a building occupied by people. Energy conservation, particularly

energy recovery from building exhaust air has raised intensive design interests since the

rise and fluctuations of energy costs for building heating and cooling. Environmental

concerns for energy converted for electrical power and heating add to this interest.

Energy used for heating and cooling ventilation air often accounts for 20% to 40% of the

total heating, ventilating and air-conditioning (HVAC) energy in commercial buildings
when ASHRAE Standard 62-1989 is used to determine ventilation rates for each indoor

air space. Air-to-air energy exchange (i.e., both heat and moisture exchange) between

the exhaust and ventilation supply air often provides the best opportunity to reduce

HVAC energy used in buildings.

Several types of air-to-air heat or energy recovery devices have been used for decades,

such as regenerative wheel, heat pipe, run-around, thermo siphon, and direct contact heat

exchangers. They are discussed below.
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a. The working principle for regenerative wheels and heat pipes is illustrated in Figure
1.1 (ASHRAE Standard, 84-1991). The outdoor supply air (Xl) passes through the

energy exchanger, exchanges energy with the building exhaust air (X3) and is sent to the

building by supply air outlet (X2). The building exhaust air comes in from X3,

exchanges energy with supply air (Xl), and then is exhausted to outside of the building

by exhaust air outlet (X4). The inlet air streams (Xl, X3) and the outlet air streams (X2,

X4) are joined together side-by-side using an indirect coupling.

SUPPLY AIR INLET SUPPLY AIR OUTLET

EXHAUST AIR OUTLET EXHAUST AIR INLET

Figure 1.1 Schematic Diagram for the Working Principle of a Typical Air-to-Air

Regenerative Wheel and Heat Pipe (ASHRAE Standard, 84-1991)

The evaluation of effectiveness of air-to-air energy recovery devices at steady state

conditions is as follows (ASHRAE Standard, 84-1991):

(1.1)

where

e sensible, latent, or total energy effectiveness

X dry-bulb temperature for sensible, humidity ratio for latent, enthalpy for total

energy, respectively, at the numbered locations indicated in Figure 1.1
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m, mass flow rate in the supply air stream

me: mass flow rate in the exhaust air stream

mmin: minimum value of m, and me

Among these types of energy recovery devices, the energy wheel is now one of the most

widely used. Its schematic diagram is presented in Figure 1.2. Due to rotation, the

energy wheel can exchange heat and moisture by its desiccant coated surfaces of the

wheel matrix. When the outdoor weather is warm and humid, warm moist air passes

through the wheel on the supply side, transferring heat and moisture to the matrix. This

heat and moisture is then transferred from the matrix to the air on the exhaust side as the

wheel rotates. In this manner, the heat and moisture in the wheel is exchanged between

the two air streams.

Supply Side Metal Matrix

Exhaust Side

Rotate

Figure 1.2 Schematic Diagram of An Energy Wheel

b. Run-around, thermo siphon, and direct contact heat or energy exchanger use a carrier

(normally liquid) coupling scheme that allows the exhaust and supply heat or energy

exchangers to be separated by distances of a few to more than 100 metres. A schematic

layout for this type of heat or energy recovery system is shown in Figure 1.3 (Besant and

Johnson, 1995).
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Exhaust air flow

liquid inside

Heat transfer

from air to liquid

Supply coil

Heat transfer from

liquid to air

Supply air flow

Figure 1.3 Schematic Layout of Run-Around, Thermo siphon, and Direct Contact

System

1.1.2 LITERATURE REVIEW

a. Sensible heat exchangers

Heat recovery devices were first used in 1950s (Harper and Rohsenow, 1953 and Shah,

1981). During their successful application, the subject of heat transfer in rotary heat

exchangers was studied. Lambertson (1958) numerically solved for the temperature

variations of matrix and air streams in a heat wheel. Based on Lambertson's model,

Bahnke and Howard (1964) further considered the effect of axial conduction in the

matrix. A method of solving the carryover problem of the air and the pressure leakage

issue in a rotary heat exchanger was developed by Harper (1957). In 1964, London

et al. studied the transient response of sensible rotary heat exchangers. Shah (1981),

Kays and London (1984) summarized the previous research for analyzing the sensible

heat transfer in rotary heat exchangers.
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b. Early research on coupled heat and mass transfer (analogy between heat and mass

transfer method)

The calculation for coupled heat and mass transfer is much more complicated than a

simple sensible heat transfer, especially before computer and numerical techniques were

widely used. Several studies focused on the analogy between heat and mass transfer.

The research of Maclaine-cross and Banks (1972) is one of them. Their research

involves transforming the coupled partial differential equations into a few sets of

equations where each set describes only one of the characteristic potentials for heat and

mass transfer and is of the same form as the equation for heat transfer alone. Using this

method of heat and mass transfer analogy, Banks (1972), and Close and Banks (1972)
solved the problem of heat and mass transfer in fluid flow through a porous medium.

c. Desiccant Dehumidifiers

Desiccant dehumidifiers are designed to transfer moisture. After humid air is dried in a

dehumidifier, the desiccant is regenerated at a high temperature by using external heat

sources. Zheng and Worek (1993) developed a numerical model to solve the heat and

mass transfer in adiabatic rotary dehumidifiers. Zheng et al . (1993) studied the effect of

wheel speed, type and amount of desiccant on the adiabatic desiccant dehumidifiers using
this numerical modeland found that the wheel speed should be less than 1 rpm for good

performance. Charoensupaya and Worek (1988) did research on an open-cycle adiabatic

desiccant cooling system, and found that maximizing the amount of moisture removed

from the air doesn't optimize the dehumidifier - air conditioning system thermal

coefficient of performance which is the ratio of the cooling provided to the user to the

energy added by the external sources. Vanden Bulk et al. (1988) analyzed solid

desiccant dehumidifiers and concluded that parameters which optimize second law

efficiency also guarantee nearly optimal first law performance.

The studies mentioned above established the theoretical foundation of using desiccant

dehumidifiers to predict the performance of air conditioning systems. Based on these
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theories, Nimmo et al . (1993), and Rengarajan and Nimmo (1993) studied the

advantages of using a desiccant wheel as a dehumidifier in a conventional air

conditioning system. By comparing desiccant enhanced air conditioner (DEAC) to other

air conditioning options, they found that the DEAC had the best performance (good

energy efficiency, low capital cost etc.) for warm and humid climates.

d. Energy Wheels

Energy wheels are usually made of metal matrix with desiccant coating on the metal

surface. Their working principle is quite similar to that of desiccant dehumidifiers. The

only difference is the operating condition: there is no need for the energy wheel to use

external heat sources to regenerate the desiccant. Energy (sensible and latent energy) or

moisture can be exchanged between inlet and outlet air streams when a wheel turns at

about 100 times faster than dehumidifier wheels.

Several studies of heat and mass transfer of energy wheels have been performed.

Holmberg (1979) developed a model solving coupled governing equations for energy

wheels, but his model didn't consider the heat and moisture storage of the air in the wheel

and the specifications of heat and moisture variation at the entrance region of the wheel.

Stiesch et al . (1995) analyzed energy wheels using the desiccant drying numerical

model of Maclaine-cross (1974). Their results match the manufacturer's performance
data at a certain operating condition. Simonson (1998) developed a numerical model

which was validated against an extensive data set for heat and moisture transfer in energy

wheels with only wheel and desiccant property data and inlet flow properties needed as

input.

An important assumption used by all these authors is that the desiccant acts as a surface

element on the wheel matrix and time delays due to water vapour internal diffusion inside

the porous desiccant particles are insignificant. This assumption will be investigated in

this study.
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e. Effectiveness Correlations for Energy Wheels

Effectiveness is the best method to design and evaluate heat and moisture exchangers.

Kays and London (1984), Shah (1981), and Coppage and London (1953) studied and

developed the E - NTU method for sensible recuperative and sensible rotary heat

exchangers. Stiesch et at. (1995) and Klein et at. (1990) analyzed the effectiveness of

energy wheels, but they simply assumed that the sensible and latent effectivenesses are

equal which was proved incorrect for many operating conditions by Simonson (1998).
The effectiveness of energy wheels is a function of the operating temperature and

humidity, as well as the inlet gas velocity and wheel speed. Simonson (1998) developed
correlations for the sensible, latent and total energy effectivenesses of energy wheels

using his validated numerical model and studying the ranges of variation in each variable

for an uncertainty of less than 2.5% in the results.

In his thesis, Simonson (1998) also pointed out that, the latent heat effectiveness is hard

to increase due to the limitation of energy wheel structure. To further improve the latent

heat effectiveness, new methods for energy recovery systems may have to be developed.
That is the objective of this thesis: trying to use desiccant particles with high moisture

transfer performance to transfer heat and moisture in an energy recovery system.

1. 2 DESICCANTS AND SILICA GEL

1.2.1 TYPES OF DESICCANTS

According to ASHRAE Fundamental (1997, 21.1 � 21.6) and Ruthven (1984), there are

generally two types of desiccants. The first are liquid absorbents, which are liquid at

normal temperature and pressure, have especially high water-holding capacities, but may

be hard to control. The second are solid adsorbents, which are like rigid sponges, having
a very large internal surface area per unit of mass. Since the desiccant particles are
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expected to be used in a moving environment, such as regenerative wheel, solid

adsorbents were chosen in this study.

In industry, there are six main types of solid adsorbents:

1. Silica gels, are amorphous solid structures formed by condensing soluble silicates

from solutions of water or other solvents. They have relatively low cost and simple
structure with an average specific pore volume 0.82 cm3/g.

2. Zeolites, are aluminosilicate minerals with a very open crystalline lattice that allows

molecules, such as water vapor, to be held inside the crystal. Zeolites occur in nature.

3. Synthetic zeolites (molecular sieves), are crystalline aluminosilicates manufactured in

a thermal process, having much more uniform structure than naturally occurring zeolites,

and an average specific pore volume 0.25 cnr'zg,

4. Activated aluminas, are oxides and hydrides of aluminum that are also manufactured in

thermal processes with an average specific pore volume 0.37 cm3/g. Their surface is

more strongly polar than silica gel and has both acidic and basic character, reflecting the

amphoteric nature of the metal.

5. Carbon, often has a greater affinity for the nonpolar molecules typical of organic

solvents, therefore it is most frequently used for adsorption of gases other than water

vapor. Carbon has an average specific pore volume 0.95 cm3/g.

6. Synthetic Polymers, are long molecules twisted together, such as PSSASS. Each of

the many sodium ions in the long molecules has the potential to bind several water

molecules.

Typical sorption isotherm curves of above desiccants are shown in Figure 1.4 along with

some liquid desiccants such as Lithium Chloride and Triethyiene Glycol.
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Figure 1.4 Sorption Isotherms of Various Desiccants at 295.15 K (ASHRAE, 1997)

Among these solid desiccants, the silica gel matches the requirements of our HVAC

applications best. Its adsorption capacity is relatively high and it increases smoothly
from 30% to 90% relative humidity, which is the normal range of operation that a rotary

energy recovery system is applied. Besides these, it also has other advantages, such as

(GeeJay Chemicals Ltd., 2003):

a. It will adsorb up to one third of its own weight in water vapour, making silica gel the

preferred choice where weight or efficiency are important factors.

b. It has an almost indefinite shelf life if stored in airtight conditions.
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c. It can be regenerated and reused if required. Gently heating silica gel will drive off the

adsorbed moisture and leave it ready for reuse.

d. It is a very inert material, it will not normally attack or corrode other materials and

with the exception of strong alkalis and hydrofluoric acid is itself resistant to attack.

e. It is non-toxic and non-flammable.

f. It is most frequently and conveniently used packed in a breathable sachet or bag. These

are available in a wide range of sizes suitable for use with a wide range of applications.

Therefore, silica gel was chosen for this research.

1.2.2 CHARACRISTICS OF SILICA GEL

Silica gel is made of silicon dioxide (Si02), which is synthetically produced in the form

of hard irregular granules, and is crystalline in appearance as shown in Figure 1.5. A

micro porous structure of internal interlocking cavities gives a high internal surface area

(up to 800 m2/g, or 108 � 109 m21 nr'), which gives silica gel extremely high moisture

adsorption capacity.

Figure 1.5 Silica Gel Particles
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When the water vapour pressure at or near any pore region of a particle is lower than the

surrounding water vapour pressure, water molecules in the air diffuse to the surface and

adhere to the surface of the silica gel particles. An equilibrium state is reached when no

more adsorption occurs. The higher the humidity of the environment, the greater the

amount of the water adsorbed by the silica gel. The reverse desorption process occurs

when the environmental humidity is lower than the silica gel surface activation humidity
and the pressure of water vapour on the surface of silica gel particles is bigger than that

of the surrounding water vapour. Then silica gel particles lose water adhered on their

surfaces to the adjacent air until an equilibrium state is again reached and no more

desorption occurs. Figure 1.6 schematically depicts these adsorption and desorption

processes on the external surface of a silica gel particle where the water vapour molecules

adhered to the silica gel surface are all aligned in the preferred polar orientation of the

water molecules.

.
, .

•

•
• •
••
.. _Silica Gel

Particles

•

• •
••
.. •.

Desorption Adsorption

Figure 1.6 Mechanism of Desiccant Function

While silica gel particles adsorb water vapour into its internal pores, there is no chemical

reaction, no by-products or side effects. Even when saturated with water vapour, silica

gel still has the appearance of a dry product, its shape is unchanged.

The adsorption and desorption characteristics of different silica gel samples may vary

because of different manufacturing procedures and the design of the systems that present
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the material to the airstreams (ASHRAE 1997, 21.5). There are also influences of

temperature (the higher ambient temperature, the lower equilibrium moisture content of

silica gel) and hysteresis (the lower the previous relative humidity of silica gel particles

have, the lower the equilibrium moisture content they can reach) (Raymond H.

Lafontaine, 1984). In most HVAC applications, the temperature and hysteresis
sensitivities are small.

1.3 OBJECTIVES

Using silica gel particles as the primary medium for transferring both moisture and heat

for HVAC applications is an option that has not received much attention in the literature.

It is the purpose of this research to investigate this option experimentally and

theoretically. The application could be in an energy wheel or a run-around energy

recovery system.

The general objective of this thesis is to determine the properties of silica gel particles,

predict their heat and moisture exchange processes and compare those results with

measured data. The detailed objective is to investigate the heat and moisture variation

inside a bed of initially dry silica gel particles subject to a sudden step change in humid

air flowing through the bed. Since the process is very complicated at the air-silica gel

interface, it is simplified to a one-dimensional mathematical/physical process. The

research steps required to meet this objective are:

a). Develop a theoretical/numerical model to simulate a one-dimensional transient heat

and moisture transfer process within a initially dry silica gel particle bed which is subject
to a sudden step change in a humid air flow through the bed.

b). Determine the properties of the silica gel bed necessary for the heat and mass

transfer calculation. The properties include: average particle size, specific surface area
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and thermal isotherm of silica gel particles and the permeability, porosity of the particle
bed.

c). For an experimental test facility with a bed of silica gel particles, measure the

temperature distribution inside the particle bed and measure the inlet and outlet

humidities of the air entering and leaving the bed.

d). Specify the uncertainty in the experimental data and validate the numerical model by

comparing the numerical results with the corresponding experimental data.

1.4 OVERVIEW OF THIS THESIS

Background information about energy recovery system and characteristics of silica gel

particles have been introduced in Chapter 1, including the previous research work done

on the energy recovery systems and silica gel particles. Based on these, the objectives of

this research work are pointed out. Chapter 2, 3 and 4 detail the steps to reach this

objective.

A theoretical/numerical model is developed in Chapter 2 to simulate a one-dimensional

transient heat and moisture transfer process within an initially dry silica gel particle bed

subject to a sudden humid air flowing through. This numerical model is developed from

physical principles and the effect of several simplifying assumptions on the predicted

performance of silica gel particles and air. The model consists of continuity, momentum,

gas energy, liquid and solid energy, mass diffusion equations and volumetric constraint,

thermodynamic relations; as well as initial conditions, inlet and outlet boundary

conditions. The coupled, nonlinear, partial differential equations are formulated using
the control volume method with an implicit time discretization and solved by the Gauss

Seidel method. Properties of the silica gel bed used in this model are discussed in this

chapter.
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An experimental system was set up to measure the temperature and humidity variations

of the initially dry silica gel particle bed subject to a sudden humid air flow. The

experimental apparatus and experimental procedure are described in Chapter 3.

Measurements of temperature, relative humidity, air flow and mass of water

accumulation are reported and analyzed for uncertainty in this chapter.

Comparisons of the numerical result with experimental data are presented in Chapter 4.

Temporal and spatial profiles for temperature, relative humidity of air, and moisture

content of silica gel particles are presented. A sensitivity study is done on the numerical

model by varying some selected key parameters separately.

The conclusions of this thesis are presented and future works are suggested to improve
the theoretical/numerical model and experimental system in Chapter 5.

Appendix A to I have contents as follows: A) properties of parameters introducing the

values of parameters used in the numerical code analysis; B) discretization of numerical

equations showing the detailed procedure of discretization; C) Sieve analysis of silica

gel particles; D) permeability and porosity of silica gel particles; E) specific surface area

of silica gel particles; F) adsorption isotherm study of silica gel particles; G) calibration

of experimental system; H) experimental data exhibiting the detailed data obtained from

the experiments; I) comparisons of numerical simulations with experimental data not

presented in Chapter 4.
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CHAPTER 2

THEORETICAL AND NUMERICAL MODELING

In this chapter, a one-dimensional theoretical/numerical model is developed to simulate

the process of heat transfer and moisture adsorption when air at certain temperature and

humidity passes through an initially dry granular silica gel bed. The model is used to

study the characteristics (temperature, humidity or moisture content change) of air flow

through a silica gel particle bed. Such a model may be adapted to predict the behaviour

of the silica gel particle when they are used in a bed and rotated as a regenerative energy

wheel.

A physical geometry of the numerical simulation model is provided. To simplify the

problem and make the problem solvable, ten assumptions are made before eleven

governing equations are established to describe this complicated problem. Initial and

boundary conditions are set. The discretizations of governing equations are obtained and

a program is written to simulate the problem.

2.1 PHYSICAL GEOMETRY OF MODEL

A schematic drawing showing the physical geometry of the one-dimensional numerical

model is provided in Figure 2.1.

Silica gel particles are contained in a rectangular bed (O.17mxO.17mxO.OSm) shown in

Figure 2.1. Initially the silica gel particles are totally dry. At the time zero, a forced

continuous air flow with constant mass flow rate, temperature and humidity enters from

the top and passes out the bottom of the bed. The phenomena occurring within the bed

was assumed to be transient with respect to heat and mass transfer and one-dimensional,

i.e., the vertical side walls were treated as adiabatic and impermeable, and the air flow

was steady and only in the x direction.
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Silica gel particle bed.

x
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Silica gel particles
modeled as a porous media

1 One-dimentionalAir Flow

Outlet

Figure 2.1 Illustration of The Physical Geometry of The Numerical Model

2.2 ASSUMPTIONS

Prior to formulating the governing equations, a list of assumptions IS presented to

simplify the formulation:

1. The airflow passing through the silica gel bed is one-dimensional and steady. The

vertical sides surrounding the insulation sample are adiabatic and impermeable,
humid air enters the inlet and discharges at the outlet.

2. The transport processes within the silica gel bed are one-dimensional and

transient convection, and diffusion of heat and water vapour. (Radiation in the

silica gel bed is assumed negligible.)

16



3. Inside the pore spaces of the silica gel bed, the gas phase is treated as an ideal gas

mixture and the gas phase has one unique temperature at any point; the solid

silica gel particles and adsorbed liquid water phase are assumed to be a local

thermodynamic equilibrium state that is not necessarily in equilibrium with the

gaseous phase state at the same point in the bed.

4. It is assumed that the adsorbed water is immobile, (i.e. there is no liquid drainage
and solid dissolution happening in the silica gel bed). There are no chemical

reactions taking place within the porous silica gel bed.

5. The internal surface area available for adsorption inside each silica gel particle
inside the bed increases with time as the water vapour slowly diffuses into each

particle at a rate that is much slower than the rate of water vapour diffusion

through air.

6. It is further assumed that the porous medium properties are homogenous and

isotropic except for the effective thermal conductivity and latent heat terms which

are assumed to be dependent on moisture content and, therefore, maybe non

homogeneous at any time.

7. In the simulation, Cpy,Cpa,j.1,v,ky,ka,UD,Pa,pp,ca and Dvare assumed to be

constant.

8. There is no particle displacement (shifting) in the bed during the test period,
therefore the height of the silica gel particle bed remains constant.

9. The initial condition of the silica gel particles is considered to be totally dry.

10. The local total gaseous pressure inside the pore space is assumed equal to the

standard atmosphere pressure at any time.
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2.3 PROBLEM FORMULATION

2.3.1 The specific surface area S

Assumption S above implies two important diffusion processes for humid air flowing

through a silica gel bed - one is diffusion through air where the diffusion coefficient is

well known, i.e. D = 2.SE-S m2/s; the other is diffusion of water vapour inside each

particle where the diffusion coefficient, D;, is much smaller and is unknown. This large

difference in water vapour diffusion rates allows a quasi-equilibrium condition for the

adsorbed water at any time, and to assume that the external surface area and a small

fraction of the total internal surface area of each particle are available for adsorption in

the early stages of the humid air flow through the bed. After a very long period of time

the entire internal surface area would be exposed to water vapour adsorption. To

account for this time growth in available internal surface area at any point in the bed, the

diffusion process inside one spherical particle is considered.

If we consider a particle of radius, ro, subject to an internal water vapour diffusion

process within the particle and the internal diffusion process rate is controlled by an

internal diffusion coefficient, Dj' which is assumed to be constant, then the partial

differential equation governing this vapour diffusion of internal particle is (White, 1984):

(2.1)

For a step change in the external vapour density, Pvo, from the initial condition, Pvi' the

solution of equation (2.1) can be shown to be:

(2.2)
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where C =
4(sin(fJj) - fJi(sinfJi»

I

2fJi - sin(2fJ;)
(2.3)

and the eigenvalues, fJi' are found from the roots of the equation:

(2.4)

In this equation, the mass transfer Biot number, Bim, is the ratio of the resistance of

internal diffusion to external convective mass transfer resistance and h is the convective
mo

mass transfer coefficient at r = ro' This analytical solution is restricted to the case of

the vapour density or partial pressure external to the particle undergoing a single step

change at time t = o.

t·D
After time, t' = -2-' > 0.2, then the ratio of total mass of water vapour accumulated

ro

inside the spherical particle at any time, t , relative to the maximum gain at t ---7 00 will be:

f(Pv-Pv;)dV
=

Vo =_1 f(1-B)dV
mo (PVi - Pvo )Vo Vo Vo

m
(2.5)

(2.6)

where 0< fJi(Bil1,) < 3.14

1.0 < C1 (Bim) < 2.0and

When Bjm > 100, fJI = 3.14, C1 = 2.0, then equation (2.6) becomes:
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m
- = 1 + 0.6085exp(-t 10.1014)
mo

(2.7)

Furthermore, if we assume that this mass accumulation of water vapour by surface

adsorption is directly proportional to the area of surface covered by one mono-layer of

water molecules, then the apparent surface area per unit volume available for adsorption
will grow with time as implied by (2.6) or (2.7), such that the specific surface area at

each point in the bed will be given by:

(2.8)

where, S a is the initial specific surface area, (m2/m3)
S I is the specific surface area at t -+ 00, (m2/m3)
to is the time constant for the specific surface area, (s)

As implied by this theoretical estimate of specific surface area, S a and S 1 depend on the

particle size "«. As ra increases, these constants are expected to increase perhaps directly

proportional to ro' As well, the time constant to will increase but not in a linear

relationship with ro' Thus, for a range of particle sizes one would need some type of

volume average value within a particle bed.

The above equations for diffusion of water vapour inside a porous desiccant particle
assumed a constant boundary condition for vapour density with a sudden step increase at

time t = O. The situation inside a particle bed external to the particles will be quite
different as the water vapour moves by forced convection and by diffusion through the air

surrounding the particles in the bed. In this case, each particle experiences a varying

boundary condition when considering the internal diffusion inside the particle. This

boundary condition for the particle is coupled to the general problem of the bed

convection-diffusion. When the time variable boundary condition is known, the analyst

can use Duhammel's theorem to solve this problem explicitly. In general, these solutions
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have the same form as the step change boundary condition presented above. However,

the constants, S 0 and S 1, presented would become time and space dependent. In the

following analysis we have chosen to simplify this complex problem by using constant

values for So and S 1 throughout the space when comparing simulation results with

measured data and investigate the likely variation in these parameters through a

sensitivity analysis.

2.3.2 Calculation of the adsorption rate of water vapour rv

The adsorption rate of water vapour r, is a key variable used in the aqueous phase

continuity, the liquid and solid energy and the water vapour diffusion equations. The

calculation of r, is complicated and is described separately here using the formulation of

Peng et al . (2001) where the flux is directly proportional to the specific surface area and

the difference between the vapour pressure in the gaseous phase and the vapour pressure

at the surface of the particles at each point.

(2.9)

(2.10)

kg is the internal mass transfer coefficient in the silica gel particle pore spaces,

(kg/(m2'Pa's)); S; is the volume specific surface area of silica gel particles, (m2/m\ ¢

is the relative humidity of the gas at certain point (e.g. point A) in the sample bed; pv.\(7�)
is the partial pressure of the water vapour in a saturated mixture at the gas temperature at

point A (Pa); ¢w is the relative humidity on the aqueous solution/air interface at point A;

Pvs(1'u) is the partial pressure of the water vapour in a saturated mixture at the solid or

liquid temperature at point A (Pa); P, is the partial pressure of water vapour at point A

(Pa). The constant of proportionality in (2.10) is expressed using the correlation:
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Jd ·Gyk =----

g M.P ·Sc213
a a

(2.11)

where: G = _p-,-y_.U_D
y

B
r

(2.12)

r, = 0.048. Re-OJ (2.13)

where:
4'r ·G

Re =
h r :

,

JL
(2.14)

where:
B

r =-Y.
h S'

v

(2.15)

(2.16)

Jd is the Chilton and Colburn mass transfer factor; Gy is the mass velocity, (kg/(m2·s));

M, is the molecular weight of gas, (g/mol); P, is the partial pressure of dry air, (Pa);

and Sc is the Schmidt number. Py is the density of gas, (kg/nr'); UD is the Darcy

velocity of the air flow in the sample bed, (mls); By is the volume fraction of gas in the

sample bed; rh is the hydraulic radius of the porous medium, (m); Re is the Reynolds

number of the air flow in the sample bed; JL is the viscosity of gas, (kg/m-s); D; is the

vapour/air mutual diffusivity, (m2/s).

and ¢w = 0.0878· (100X)3 -1.5397· (100X)2 + 10.931· (100X)

(R2 = 0.9965)

(2.17)

where: x = _B_p_.P_p (2.18)

X is the moisture content or mass ratio of adsorbed water to dry solid silica gel particles,

(%). This expression ¢w = f (X) is generated by curve fitting of the experimental data
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found in Appendix F; ef3 is the volume fraction of water in the sample bed; s
a

is the

volume fraction of solid silica gel; Pf3 is the density of water (kg/rrr'); Pais the density

of silica gel (kg/m').

and C1 2 3

In[Pvs(To-)J=y+C2 +C3 ·Ta +C4 .t; +C5 -T; +C6 ·In(Ta)
a

(2.19)

where: Cl= - 5.80E+03

C2= +1.39E+00

C3= - 4.86E- 02

C4= +4.18E- 05

C5= - 1.45E- 08

C6= +6.55E+00

C 1 to C6 are empirical constants (ASHRAE Fundamentals 6.2, 1997).

2.4 GOVERNING EQUATIONS

The objective of this analysis is to obtain the temperature and moisture content

distributions in the silica gel bed. To theoretically model and numerically simulate this

heat and mass transfer process, the governing equations are listed here (Peng et al.,

2000; Kaviany, 1995):

1. Aqueous phase continuity equation:

The volume change of the water with time in the silica gel bed is equal to the

volume of water adsorbed from the water vapour in the humid air. The

dependent variable in this equation is the volume fraction of adsorbed water, e f3 •
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acp .

--rOp =0
at

V (2.20)

where: (2.21)

r, is the water vapour condensation rate, (kg/(m3.s)); Op is the volume change

of the aqueous solution layer per unit mass of moisture, (nr'zkg).

2. Momentum equation:

There is no momentum variation in this case. The Darcy velocity, UJ)' is

assumed constant during the test duration, and can be calculated from the

experimental data for the mass flow rate of gas. Based on the UJ)' the pressure

gradient is determined at different points in the silica gel bed using the Darcy

equation.

K or
UJ) =--._

f.J ax
(2.22)

where, K is the permeability of silica gel particle bed, (m");
P is the pressure of gas, (Pa);

f.J is the dynamic viscosity of the air in the particle bed, (Pa·s).

3. Gas energy equation:

In this energy equation, the gaseous phase is assumed to be in equilibrium at each

point in the bed, but not in equilibrium with the solid phase. The dependent
variable is the gaseous temperature, Tr, in this equation, while the solid and

adsorbed liquid temperature, Ta, is a coupling variable.
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It is also assumed that the heat released from the water vapour condensation is

adsorbed by the water and silica gel particles first, and then transferred to the gas

by convection.

o(C P C T) o(p U C T) � oT
y y pa y

+
y D pa y

= _U (k e _y) + h S (T - T )
ot ox ox

r, iff
ox oy v a r (2.23)

where: Jh,cpa·Gy (2.24)h =

2/3oy
Pr

where: J, = 0.052 Re-O.3 (2.25)

u :«

p= Pa (2.26)r

ka

and: ky,eff = cy
Paka + Pvkv (2.27)

Pa +Pv

Cpa is the specific heat of dry gas, (J/(kg-K»; hoy is the internal heat convection

coefficient, (W / (m2-K»; Jh is the Chilton and Colburn heat convection factor;

Pr is the Prandtl number of gas; ky,�u' is the effective thermal conductivity of

the gas, (W/(m-K»; ka is the thermal conductivity of the gas, (W/(m'K»; k; is

the thermal conductivity of the water vapour, (W/(m'K»; Pa is the density of

the dry air, (kg/rrr'); p, is the density of the water vapour, (kg/nr').

4. Liquid and solid energy equation:

The liquid and solid energy conservation equation is similar with the gas energy

equation except that a source term rvQ accounts for the heat of phase transition.
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The solid part (silica gel particles) and the liquid part (adsorbed water) are

assumed to be equilibrium, with the same temperature, TO'. In this equation,

TO' is the primary dependent variable while T; is coupled to the liquid and solid

energy equation.

where: Q = Hfg• f(X) (Peng et al , 2001)

(2.28)

(2.29)

= Hfg . (-0.48(1 00X)3 + 1.77(1 00X)2 - 2.11(1 OOX) + 1.71)

(for X:SO.Ol) (2.30)
or

= Hrg (for X>O.OI) (2.31)

and: (2.32)

(2.33)

(2.34)

e
a

is the volume fraction of silica gel in the sample bed; Pa
is the density of

silica gel, (kg/m'); & fJ
is the volume fraction of water in the sample bed; PfJ

is

the density of water, (kg/m'); cpa is the specific heat of silica gel, (Iz(kg-Kj);

C pfJ is the specific heat of water, (J/(kg'K)); Q is moisture-silica gel phase

change heat effect, (J/kg); Hfg is the latent heat of condensation, (J/kg); kO',4T is

the effective thermal conductivity of silica gel, (W/(m'K)); kfJ,(!lI is the effective
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thermal conductivity of water, (W/(m·K)); k
;

is the thermal conductivity of

silica gel, (W/(m·K)); kp is the thermal conductivity of water, (W/(m·K)).

5. Water vapour mass diffusion equation:

In the water vapour diffusion equation, the rate of change of the water vapour

mass per unit control volume with the mass change rate caused by the convection

is balanced by water vapour diffusion and the generation rate (source term). In

this equation, Wv is the dependent variable.

(2.35)

where: (2.36)

Wy is the humidity ratio of gas, i.e. the mass fraction of water vapour to the dry

air, (kg/kg); DY,eff is the effective air / vapour mutual diffusivity, (m2/s); t: is the

tortuosity.

6. The volumetric constraint on the volume fractions requires that:

(2.37)

7. The accompanying thermodynamic relations used are:

(2.38)

(2.39)
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(2.40)

(2.41)

Py = Po + p; (2.42)

Po is the partial pressure of dry air, (Pa); R; is the gas constant for water vapour,

(JzmolK); Ro is the gas constant for dry air, (J/mol·K).

2.5 INITIAL CONDITIONS

The insulated sample bed was modeled to initially be at a uniform temperature, i.e. the

indoor ambient temperature and the temperatures of the silica gel particles and the gas in

the bed are equal.

(2.43)

(2.44)

(2.45)

Initially, the silica gel sample is assumed to be totally dry. (i.e. the volume fraction of

water vapour in the sample bed is assumed to be zero)

t = 0 : Wv = Wvo = 0 (2.46)

(2.47)
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2.6 BOUNDARY CONDITIONS

1. Inlet boundary conditions:

The gas temperature at the inlet boundary is equal to that of the inlet air. Since the latter

is constant, the gas temperature, at x = 0, stays constant during the entire test period.

It is considered that there are no heat conduction happening for the silica gel particles at

the inlet boundary. That means the temperature gradient of the silica gel particles is zero

at x = O.

The humidity ratio of the inlet air is constant at x = 0 and its value is exactly that of the

coming air.

x=O: T, = Too (2.48)

x=O: aTeY
= 0 (2.49)

ax

x =0: (J)
v

= (J)
vee (2.50)

2. Outlet boundary conditions:

The outlet boundary conditions are slightly more complicated than those of the inlet.

It is assumued that there is no heat conduction happening for the gas and the silica gel

particles at the outlet boundary. That means the temperature gradient of the gas and silica

gel particles along the x direction are zero at x = L.
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It is also considered that there is no mass diffusion happening for the water vapour at the

outlet boundary, i.e. the gradient of the mass diffusion term along the x direction is zero.

.Ajr Flow

x=L: et, (2.51)-=0
ax

'

x=L: aTa =0 (2.52)
ax

'

x e L: awv=O (2.53)
ax

2.7 DISCRETIZATION OF GOVERNING EQUATIONS

.Ajr Flow

Control volume
for the internal.points

.Ajr Flow

Control volumes for

the inlet boundary point
Control volumes for

the outlet boundary point

Figure 2.2 An Illustration of Control Volumes for the Internal and Boundary Grid

Points
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The coupled, nonlinear, partial differential equations above were discretized by using the

finite volume (control volume) method (Patankar,1980[1]), which is physically easy to

understand when it is used to solve fluid problems. The implicit scheme was applied

everywhere and a solution is considered converged when the deviation of any variable

from the last iteration is within a specified limit.

With the control volume method, a numerical grid is used to discretize the solution

domain into a set of finite-sized control volumes. A solution is ultimately found for the

field variable associated with each control volume. The control volumes for the internal

and boundary grid points are defined as shown in the Figure 2.2. The distanoe between

any two control volumes along the x direction are considered a constant, Ax .

The control volume forms of the governing equations were obtained by integrating over

the control volume using the following difference approximations (i-time, j-position).

2.7.1 The discretization of the transient term (a If I at )

(2.54)

2.7.2 The discretization of the convection term ( a(pu If) I ax )

(2.55)

The Peelet Number (Pe) was calculated and utilized to decide schemes to

discretize the convection terms in the gas energy and water vapour diffusion

equations respectively. Pe is the ratio of the strength of convection to diffusion

(Patankar,1980[2]), and is defined by
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Pe ==
F

= _p_,_U_D_·_L
D ['

(2.56)

where: F, the strength of the convection (or flow)
D , the diffusion conductance

L, x-direction distance between two adjacent grid points
F , general diffusion coefficient

For different ranges of Peclet Number (Pe), there are corresponding suitable

schemes used to discrete the convection term to make the best results. Figure 2.3

(Figure 5.8 in (Patankar, 1980)) shows the connections of Peclet Number (Pe) and

different schemes, where Ifp is the value of a transport variable (which could be

mass, velocity or temperature) at point P.

1.2

1.0

0.8

0.6

tpp 0.4

0.2

0.0

-0.2

-10

\

/,
Central difference \

"--'--- ..

Upwind
Exact
(also power law)

Exact
(also power law)

..

�,

.--- ..
/

-5 5 10o

Pe

Figure 2.3 Prediction of p By the Various Schemes Over a Range of Peclet

Numbers (Patankar, 1980)
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a. For the gas energy equation,

(2.57)

Pe = 0.58 is at a point, which could be described by the upwind, central

difference, hybrid or the power-law schemes. By testing in the simulation code,

the central difference scheme was chosen to discretize the convection term of the

gas energy equation since its results were more reasonable and it is easy to use.

b. For the water vapour diffusion equation,

This suggests that a hybrid or upwind scheme is proper to use here. Since the

upwind scheme is more convenient to use, it is applied to discretize the

convection term of the water vapour diffusion equation.

Another point that deserves attention is that no matter which scheme the mam

variable in the convection term uses, its coefficients still represent the values of their

initial points, e.g. for the upwind scheme, (UD Pr Wv) e
= UD (pr ) e (Wv) r : The value

of the humidity ratio W at the position e adopts the value at the point P, but the

density at the position e still stays the same.

2.7.3 The discretization of the diffusion term ( �(l alf/»
ax ax

r+!!.( i a alf/ alf/ alf/
J 1, ax(l ax)·dx.dt=[(l ax)e-(l&)w]'M (2.58)
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2.7.4 The discretization of the source term (S) is written as:

J+!!.l r S·dx·dt=S·�·M (2.59)

The details about the discretization of all the governing equations and the boundary
conditions are shown in Appendix B.

2.8 SOLUTION METHOD

1. General Method

After the coupled, nonlinear, partial differential equations were transformed to their

control volume forms, they were ready to solve for the unknown variables using the

Gauss-Seidel method (Patankar, 1980). A time step (STIME) of 1E-2 s with total time

step (NTIME) of 36000s (10 hours) and a grid mesh (SGRID) of 1E-4 m with total 80

grid points (NGRID) were used in the simulation to ensure numerical stability and

accuracy. The detail values of all parameters used in the numerical modeling are

attached in Appendix A (Property of Parameters).

In the governing equations, there are a total of ten unknowns: gas temperature (Ty),
silica gel particle temperature (Ta)' humidity ratio of the gas (Wv)' volume fraction of

water (cp), volume fraction of gas (cy), density of gas (py), density of dry air (Po)'

density of water vapour (Pv)' pressure of dry air (Po)' pressure of water vapour (Pv)'

Among the governing equations, the gas energy, liquid and solid energy and water

vapour diffusion equations are complicated partial differential equations. Therefore the

unknown Ty, Ta, Wv are regarded as main variables, leaving the ep' cy, Py, Po, Pv'
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Po, P, as the coefficients or sources when we try to solve the coupled governing

equations.

Before the flow charts are shown to illustrate the solution method, the position
distribution of simulated points along the x direction in the sample bed is shown as

following ( J - position).

AirFlow

Inlet boundary
->

_"_�......:...���:..r�::.... /_----- J=O

J=l

J=NGIRD

J=NGRID + 1

AirFlow

Figure 2.4 Position Distribution of Simulated Points Along x Direction

2. The flow chart for the program is shown below. ( I - time, J - position).

35



Main program
Start

Define parameters and
unknown variables Input values of

parameters

Calculate pressure values at J

Set initial values for

T; , TO' , Wv, 8fJ ' 80" Pr , Pa
at time I = 0

Assume values for

Ty' TO', Wv at time 1=1

Call

subroutine2,
Output value
of Ty,T",Wv,X
at time 1=0

Set boundary conditions

Call subroutine 1, assume values for

8
r , 8fJ ' Pr , PfJ ' PO" P, , Pa ,r at time 1=1

Time Loop, 1= 1, NTIME

Call subroutine 1, calculate
8

r ,8fJ ' Pr , PfJ ' PO' ,r at J-l

Position Loop, J = 1, NGRID

Call subroutine 1, calculate
8
r ,8 fJ ' Pr , P fJ ' PO" r at J

Calculate r, (J)

Calculate TO' (J)

Calculate Wv (J)
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Call subroutine 1, calculate

&y .eP' r, ,Pp ,Pa,r at NGRID Call subroutine 1, calculate

e
r , ep , Pr , PfJ ' Pa'

r at NGRID + 1

iteration
time over

3E6 ?

No solutions

Are
calculations
of Ty,Ta,Wv
converged?

Is time loop over

(I =NTIME)?

Call subroutine3

Output value of
'

r., r., Wv, X

Main program
End
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Subroutine 1
Start

Define parameters and
unknown variables Input values of

parameters

Calculate C
r

Calculate Pr

Calculate Pv

Calculate Pa

Calculate t;

Calculate r,

Calculate r

Calculate CP

Relax
rand

cp

Is the calculation
of r converged?

Re-calculate C
r

Calculate H
or

Subroutine 1
End

Is the
iteration
time over

lE6?
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Subroutine 2
Start

Output value of

y;"I:,W�X
at time 1=0

Subroutine 2
End

Subroutine 3
Start

Output value of

Tr,T",Wv,X

Subroutine 3
End
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Detailed solution steps

The following steps were taken to solve for the coupled, nonlinear, partial differential

equations.

a. At first, all parameters and unknown variables used in the numerical simulation are

defined, and the parameters are initialized.

b. The pressure drop through the silica gel bed is obtained from the Darcy equation.
Since the mass flow rate or average velocity obtained from the experimental data can

be considered constant, the pressure drop is constant too. Therefore, the pressure drop
at any grid point at any time is treated as a known variable in the numerical analysis.

c. Initial and inlet boundary conditions are set to complete the necessary conditions for

solving the equations.

d. Based on the initial and the boundary values of temperatures, relative humidity,

moisture content, the volume fraction of gas (Ey) is obtained from the volumetric

constraint equation; the dry air, water vapour pressure (Pv' Pa) and density of gas,

water vapour, dry air (pr , p v , Pa) are calculated by thermodynamic relations.

Furthermore, the water vapour adsorption rate ( r ) is solved by a complicated

procedure and finally the volume fraction of water (E f3) is obtained through the

aqueous phase continuity equation.
subroutine 1.

All these calculations are conducted in

e. As soon as the unknown variable E f3' Ey' Py' Pa' Pv' Pa, P, and intermediate

variable r are determined, they can be seen as source terms for three main

differential equations. An iteration procedure takes place to solve for Ty, Ta, Wv

which are in gas energy, liquid and solid energy, water vapour diffusion equation

respectively.
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Since the Gauss-Seidel method is used, the source terms and mam dependent

variables Ty' TO', WI' are updated wherever necessary to make the program converge as

quickly as possible.

f. When J = NGIRD, which means the calculations at all the grid points are done, the

program will automatically check to determine if the results of Ty' TO' ,WI' are

converged. When the maximum difference between the current values and those of

the previous iteration for Ty' TO' ,WI' is more than 1 E-6, and the iteration is not over

3E6 times, the program will recalculate, but using the updated values wherever it can.

If after 3E6 time steps, the program still doesn't converge, then the program goes to

end.

g. If the program converges, then it goes to the next step, to calculate the values at the

next time step until the designated termination time was reached.

h. The program will output the values of Ty' TO', WI" E f3' r versus time and position

respectively.
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CHAPTER 3

EXPERIMENTS AND DATA

The overall experimental requirement was to create a uniform, one-dimensional flow of

air through a porous silica gel particle bed. With sudden flow of air at room temperature

and a finite humidity, the initially dry silica gel particles in the bed will vary spatially and

temporally in the term of temperature and moisture content. The temperature and

humidity of the air will change as well as it passes through the bed. The objective is to

examine the variations of the measured temperature and moisture content of silica gel

particles and air flow properties. The data obtained from the experiments will then be

compared to the numerical model simulations.

The experimental apparatus and procedure are described in this chapter. The data

acquisition system, measurements of the temperature, relative humidity, pressure drop
and mass of water accumulation data are presented.

3.1 EXPERIMENTAL APPARATUS

A schematic of the experimental facility is shown in Figure 3.1. This facility was

designed to give one-dimensional heat and mass transfer with constant or steady state

boundary conditions.

The apparatus in Figure 3.1 consists of a test section, an inlet air flow duct and an outlet

metal pipe for air flow, an orifice meter, a vacuum pump, a variable transformer, a

manometer, relative humidity sensors, thermocouples, a computer data acquisition unit

and an environmental chamber which provides the required temperature and humidity
environments for the experiments.
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Thermocouples
and RH sensors

t
Duct

� AirFlow

2
Test Section

11

1. Duct 2. Test section 3. Pipe 4. Orifice meter 5. Vacuum pump 6. Variable transformer

7. Inclined manometer 8. Pressure transmetter 9. Labmate 10. Computer.
11. Environmental chamber 12. Humidity generator 13. Variable transformer

Figure 3.1 Schematic of the Experimental Facility

The components in this test facility are described below.

1. The inlet duct is an insulated 1.1 m long 0.l7 by 0.17 m square and is made of

extruded polystyrene boards with a thickness of 0.025 m to ensure an adiabatic

boundary condition. The inside walls of the duct are covered by aluminium foil to

limit thermal radiation effects to a negligible value.

2. The 0.2 m long removable test section is embedded in the duct (separating the whole

duct to 0.8 m long and 0.1 m long two sections). The test section can be easily
installed or removed. This is described in more detail below.

3. A two-metre long copper pipe with inside diameter 0.04 m is connected to the bottom

end of the duct and is used to transmit the air flow to the outside of the environmental

chamber.
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4. The orifice meter (diameter 0.0125 m and discharge coefficient 0.6022), designed

according to ISO standards 5167, is installed in the pipe to measure the air flow rate.

5. The vacuum pump (Model: 725, Shop.vac Canada Ltd.) with parameters 120 V, 5.6

AMPS, 60 Hz is utilized to induce the air flow through the silica gel bed. This air

flow is achieved by the pressure difference the vacuum pump produces between the

atmospheric and the pump.

6. A variable autotransformer (Model: 9-521-110; Fisher Scientific Co.; Input 120 V,

output 0-1201140 V, AMPS 10) controls the power level to the vacuum pump, i.e.

controls the pressure drop of the whole system to satisfy the requirements of the

experiments.

7 & 8. A pressure transmitter (Model: T20, range: 0 � 5 in of water / 0 � 2 volts, Mods

Instruments Inc.) is connected to the orifice meter and the computer to transform the

information obtained from the orifice meter to a readable pressure drop, then to

determine the mass flow rate of the air flow. At the same time, a Lambretcht

Inclined Manometer (density of inside liquid: 784 kg/nr') is connected to the orifice

meter as well in order to back-up the measurements from the pressure transmitter.

9 & 10. The computer data acquisition system automatically records temperatures,

relative humidities and pressures sent by the sensors and the pressure transmitter.

This system consists of a Labmate (Labmate series 7000, Sciemetric Instruments) and

a desktop computer (DPC 3330, 386, 33 MHz, Datatrain) with Maximon data

computer software.

11. The whole test facility is placed in an environmental chamber (3.3m x 2.6m x 3 Am)
in which the temperature is controlled within ± 0.2 K for a temperature range of

253.15 K to 313.15 K.
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12 & 13. A humidity generator is installed in the environment chamber to generate

required relative humidity. It is made of a water tank (0.3m x O.lm x 0.2m) with an

electrical resistance heating wire at the bottom. The humidity generator is controlled

by a variable autotransformer (Model: 9-521-110; Fisher Scientific Co.; Input 120 V,

output 0-120/140 V, AMPS 10), which controls the humidity generated in the

environment chamber at any time.

14. A Fisher Scientific balance (METTLER PM 6100) (not shown in Figure 3.1), with a

resolution of 0.01 g and maximum measurable weight of 6100 g, was used to weigh
the mass of the dry silica gel particles.

The detailed information about the test section, which contains the particle test bed is

described below in Figure 3.2.

x T bi

Tb2
Tb3
T b4
TbS

t Airflow

o· Inlet

Silica gel particle bed

-

-

Tb6 \
T b7

/
Sliding doors

T b8

Tb9
-

-

Fib er glas s support

... Air Flow

RH 1 and T 1

Test section

• Thermocouple [] RH sensor

Figure 3.2 Schematic Diagram of the Test Section Showing Sensor Locations
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This test section, shown in Figure 3.2, consists of several components:

a. Nine type T thermocouples (T bl � T b9) (0 � 5 V / - 233.15 � 353.15 K) are

mounted in the sample bed, with one over the sample, one on the top of the bed

surface, three evenly situated between the top and the bottom, and another three

distributed over the bottom of the sample bed right above the fibre glass support. The

last one is located at the outlet side of the fibre glass surface and measures the

temperature of the air leaving the test section. The reason for three thermocouples at

the bottom is to demonstrate the uniformity of the temperature near the outlet where

the temperature may vary.

b. Two humidity and temperature transmitters (HMP 233, AIAOA3CDI2CIA, Vaisala,

Hoskin Scientific) (0 � 5 V / 0 � 100 % RH) are used to measure the relative

humidities RH 1 and RH 2. Since the humidity sensors are much larger than the

thermocouples, it is not practical to put humidity sensors in the particle bed.

Therefore the two relative humidity sensors are placed 0.05 m up from the inlet duct

and 0.5 m down from the outlet duct respectively. These are used to measure the inlet

and outlet air bulk relative humidities.

c. Two additional temperature values, Tl and T2, received from the two humidity and

temperature transmitters respectively are set to measure the temperatures of the inlet

supply air and the air 0.5 m away from the sample bed.

d. Two sliding doors are set at the inlet and outlet of the test section to isolate the air

from the silica gel particles before and after each test. At the bottom of the test

section, the granular silica gel particles are held in place by a permeable rigid
fibreglass board of 0.03 m thickness.

e. Since it is one-dimensional flow, air passes the test section only along the x

direction. The thickness of the silica gel particle bed in the x direction is 0.08 m.
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3.2 KEY PARAMETERS IN THE EXPERIMENTS

a. To be close to practical conditions, a constant 22°C (295.15 K) inlet air temperature

was used for the experiments. Three different values (50%, 70%, 90%) of inlet

humidity were chosen to represent different inlet humidity conditions. Two sizes of

silica gel particles (d, = 1.0 mm and 2.0 mm) were tested for the three relative

humidities respectively. The data shown in this chapter are all based on 22°C

(295.15 K) temperature and 50% RH inlet air and silica gel particle with 1 mm

diameter.

b. The test section has dimensions of 0.17 x0.17 m and thickness of 0.08 m. Based on

the pressure drop measured by the orifice meter (average value during each test is

460 Pa), the mass flow rate of humid air passing through the test section can be

calculated using the equation (ISO Standard 5167):

(3.1)

where: a, orifice discharge coefficient, 0.6022

Ao' orifice dimension, m2

where: orifice diameter D = 0.0125 m

M, the system pressure drop, 460 Pa

Py' density of humid air (kg/m'). Note that Py is a variable since some

of the water vapour in the humid air is adsorbed by the silica gel

particles during the test procedure and the temperature of air in the

bed changes too, especially at the first few hours. Pr
is assumed to

be equal to dry air density Py and be a constant 1.2 kg/rrr', which is

the dry air density at 295.15 K and 1 standard atmosphere pressure.

The value of mass flow rate of air was found to be 0.00246 kg/so
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c. The Darcy velocity is then obtained based on the results above:

(3.2)

where: A, the cross sectional area of the test section, (0.17 xO.17) m2

The calculated value of Darcy velocity is 0.0708 m/s.

d. From the Darcy velocity, we can determine the Reynolds number for viscous flow in

the porous silica gel sample bed:

(3.3)

(3.4)

By, volume fraction of gas in the test section, about 0.6

Sv' volume specific surface area of silica gel particles,

around 5E4 m2/m3

G, = p, . UD / By

Py' density of air (gas), assumed to be constant 1.2 kg/nr'
u , viscosity of gas, 1.82 E -5 kg/s.m

(3.5)

The final result of the Reynolds number in the silica gel bed is 0.374.

e. From the Reynolds number, we can determine the Peclet numbers (Pe) of the air

flow in the porous silica gel sample bed at 22°C (295.l5K):

1) For heat convection, the Peclet number can be defined as
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Pe = Re x Pr (3.6)

where: the Prandtl number is defined as

Sc =
f.-i

=

1.82E - 5
= 0.607

Pr . D; 1.2 * (2.5E - 5)
(3.9)

Pr =

f.-i' cpr
=

(1.82E - 5) * (1.005E3)
= 0.701

k; 2.61E-2

(3.7)
Then the calculated value of Pe is 0.262

2) For mass convection Pe
;

= Re x Sc (3.8)

where: the Schmidt number is defined as

The result of r»; is 0.227.

The final results for Reynolds number and Peclet numbers are low, which imply the flow

is laminar and dispersion effects are negligible in the sample bed.

3.3 EXPERIMENTAL PROCEDURE

a. Dry the silica gel sample in the oven at 393.15 ± 5 K for 12 hours to eliminate any

possible moisture.

b. Remove and cool down the sample for 2 to 3 hours to the temperature of the

environmental chamber while the sample is isolated from room air moisture.

c. Adjust the temperature of the chamber until it reaches the experiment conditions.

d. Adjust the relative humidity of the test chamber by controlling the variable

transformer of the humidity generator until the chamber humidity reaches the

required value.
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This operation needs 0.5 to 2 hours depending on the relative humidity levels

required. For 95% inlet relative humidity, 2 hours is needed.

e. Adjust the variable transformer of the pump until the system pressure drop reaches

the level that an experiment reauires.

� Air Flow

Test section

Thermocouples

I
I J-������1-----�--��
I //
[/
iL" _

Connect to Labmate

Protection tubes

� Air Flow

Figure 3.3 Location of the Thermocouples for Measuring Temperatures Tb2, Tb3, Tb4

f. Install the thermocouples, the humidity and temperature transmitter. The

thermocouples measuring the temperature Tb3, Tb4 and Tb5 are the most difficult

to locate. Three protection tubes (used inside the bed to locate the thermocouples)
and a fixing pin are used to make sure they are on the assigned points. The

positoning of these three thermocouples are shown in Figure 3.3 as above.

g. Weigh the mass of dry silica gel particles.
h. Pour the sample into the test section which has been cooled down to the chamber

temperature, being very careful to avoid moving the thermocouple sensors. Then

close the sliding doors. After sample particles are poured into the test section, the

tubes are carefully removed from the test section. Finally the pin is removed.

Thereafter, the holes on the section wall for the tubes are sealed.

1. Place the test section into the duct system.

J. Start a computer program.
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k. Open sliding doors.

1. During the experiment, adjust the temperature, RH of the environmental chamber

and the pressure drop of the experiment system if there is any fluctuation from the

initial set values.

m. After about 10 hours, the temperature and humidity of the inlet and outlet of the

test section are almost at the same value which means the silica gel particles are

close to saturation. Then stop the program.

n. Turn off the pump.

o. Close sliding doors and unload test section.

3.4 DATA ACQUISITION SYSTEM

The data acquisition system includes a computer coupled with a Labmate (sensor signal

processing unit). The Labmate consists of fifteen analog to digital channels which are

used to measure the analog voltage signals from the nine thermocouples, two humidity
sensors (including two extra temperature sensors) and one variable transformer (for
orifice meter pressure difference).

Generally, the analog readings need to be transformed to digital readings to get readable

values. For thermocouples signals, it is 0 - 5 V / - 40 - 80 DC, for humidity sensors

signals, 0 - 5 V / 0 - 100 % RH and for pressure transmitter signals, 0 - 5 in of water / 0

- 2 volts.

Besides the fifteen channels above, there is an extra reference channel (channel zero) in

the Labmate whose voltage measurement is set to zero. All other channels are taken with

respect to this reference every 60 seconds. Since all channels are connected to one metal

board in the Labmate, the readings of all other channels may change if that of the

reference channel is changed slightly in 60 second caused by the temperature fluctuation

in the Labmate. Setting of this channel zero is to obtain accurate readings, minimize the

experimental uncertainties for the Labmate channels.
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When an experiment starts, the data acquisition system scans the readings of the 16

channels every 1 second, then records the time and the channel readings every 20 seconds

to the hard drive ofthe computer.

3.5 TEMPERATURE MEASUREMENTS

For temperature measurement, type T thermocouples are used for all the experiments.
The accuracy of measurements is estimated to be ± 0.667 K (Appendix G). The accuracy

of placing these thermo couples is estimated to be ± 1.5 mm.

a. Measurement ofT1 and T2

The measurement of T1 and T2 is taken near the humidity sensors which are close to

the inlet and outlet of the test section. T1, T2 are necessary to calculate the humidity
ratio of the air entering and leaving the bed.

The arrangement of the thermocouples for temperature Tb 1 � Tb9 in the test section is

very important, because it directly impacts the accuracy of the temperature results. The

arrangement is shown in Figure 3.4, from which we can see that Tb1, Tb2, Tb3, Tb4,

Tb5 and Tb9 are at the center of the test section and on a same vertical line; while Tb6,

Tb7 and Tb8 are evenly distributed above the surface of the fibre glass support as shown.

b. Measurement of Tb 1 and Tb2

As shown in Figure 3. 4, T b1 is measured by a thermocouple 2.0 em above the

sample bed in the test section. Since the air always flows from the inlet to the outlet,

the temperature Tb 1 is taken as the inlet air temperature.
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Figure 3.4 Thermocouple Arrangement in the Test Section

The thermocouple for T b2 is located on the top surface of the sample bed. At this

point, the air temperature is expected to be close to the inlet air temperature T b 1, but

the temperature of T b2 is altered by the temperatures of the in bed particles which vary

during the test period due to water vapour adsorption. The measured T b2 and other

internal temperature sensors are actually the combination of two temperatures: the air

temperature and particle temperature. The experimental results show that T b2 is on an

average 1.5 K above T b 1 during the test.

c. Measurement of Tb3 to Tb9

Tb3 to Tb8 measure the combined temperature of the air and particles in the bed.

Located under Tb2, the thermocouples Tb3, Tb4 and Tb5 are evenly distributed along

the vertical direction with 0.02 m interval as shown in Figure 3.4. The installation of

the three thermocouples (Tb3, Tb4, Tb5) is important for the accuracy of the

temperature measurement since they are hard to locate. The uncertainty of the

positions of the three thermocouples is estimated to be ± 1.5 mm. Tb6, Tb7 and Tb8

are distributed on the top of the fibre glass support as shown in Figure 3.4. They are at

the same level which is 0.02 m down from the thermocouple Tb5. The reason that
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three thermocouples are installed here is that the temperature at the outlet was expected
to show most significant variations. The maximum difference between the three

thermocouple readings was found to be 2.5 K and the minimum difference was 0.2 K

for a maximum 38 K temperature increase across the sample bed during a test.

Tb9 is located on the bottom of the fibre glass support, 0.03 m down from T b6, T b7

and Tb8. It measures the temperature of the air leaving the test section at this point.

Figure 3.6 simply shows the results of the inlet temperature Tb I and one of the outlet

temperature, Tb 4.
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Figure 3.5 Experimental Temperatures T bI and T b4 versus Time
for RHI = 50%, UD = 0.0708, d, � I mm

3.6 HUMIDITY MEASUREMENTS

Relative humidities were measured upstream and downstream of the test section as

shown in Figure 3.2 by using RHI, RH2 (humidity and temperature transmitter; type:
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HMP 233, A1AOA3CD12C1A; Vaisala, Hoskin Scientific) with a bias uncertainty of ±

1.21 % (Appendix G).

Humid air was supplied by a humidity generator (which consists of a water tank and

electrical resistance) controlled by a variable transformer. This provided a range of air

humidities from room humidity (about 40%) to a high humidity of 90% or greater. The

variable transformer is adjusted by hand to meet the required environmental chamber

humidity.

After the humidity in the environmental chamber reaches stable state, the RH1 humidity
sensor (positioned 0.05 m above the duct as shown in Figure 3.2) reflects the

environment humidity or inlet humidity for the test section which should be a constant

value. Experimental measurements of humidity sensor RH1 is shown in Figure 3.7. The

average inlet relative humidity is 50 ± 5 % for all data, and 50 ± 0.5 % for the first 5000

seconds.
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Figure 3.6 Experimental Measurements of Relative Humidity RH1, RH2 versus time

for Tbl = 295.15 K, UD = 0.0708, d, � 1.0 mm
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The relative humidity sensor RH2 is located 0.5 m down stream from the duct as shown

in Figure 3.2. It measures the relative humidity of the air at the outlet of the test section.

The humidity ratio at this point is assumed to be the same as the air at the bottom of the

sample bed. The experimental data for humidity sensor RH2 is also shown in Figure
3.7. Before the experiment starts, RH2 is equal to RHI. Then as the air flows through
the silica gel particles RH2 decreases rapidly to 0.7 % RH. After about 2000 seconds,

the relative humidity of air starts to increase and approaches the inlet air relative humidity
after a long time.

3.7 AIRFLOW MEASUREMENTS

The air flow is induced by a vacuum pump (as shown in Figure 3.1). The pump is

controlled by a manual variable transformer.

The air flow rate is measured with an orifice meter, and a pressure transmitter connected

to the Labmate and computer system, as well as an inclined manometer used to back up

the pressure transmitter. Pressure drops through the experimental system were

determined using either the pressure transmitter or the inclined manometer, then the air

flow rate was calculated by using the pressure drops and equation 3.1. The experimental
data from the pressure transmitter is shown as in Figure 3.8 which shows this pressure

difference starting near 440 Pa and increasing at a rate of 1.1 Pa per 1000 seconds.

The calculated time averaged mass flow rate of humid air m is calculated using equation
3.1 with the average value of the pressure drop, 460 Pa, giving a mass flow rate of

0.00246 kg/so

Since the relationship between the mass flow rate of humid air (m ) and dry air (rha) is:

rn; = rh/(1+I.6078W) , rhacan be calculated from rhwhen the humidity ratio (W) is

known. And then the mass flow rate of water vapour m, is obtained from the difference
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between m andma• Comparing the values of m, at inlet and outlet through the

experiment, we can calculate the water vapour adsorbed by the silica gel particles during

any test. This water vapour mass adsorption rate, m",cotl' is shown in Figure 3.9.

800 .- - _ - . . - -

·······1
i

I700 ..

1----------------------------------------------------------------------------�1

I
600 ..

500

l I

t "

j
400

300

200

100 -

0

0 5000 10000

.• A.

i
I
i

I
15000 20000 25000 30000 35000 40000 45000

Tlm.,(s)

Figure 3.7 Orifice Plate Pressure Drop versus Time

0.000045 �----------------------------------------�

0.00004 --t--------------------------------------------------------------------------;

Inlet mass flow rate of water vapour

Mass adsorption rate of water vapour

o+-------_-----_-----_------_-----�------_------ ------_----�

o 5000 10000 15000 20000 25000 30000 35000 40000 45000

Time(s)

Figure 3.8 Mass Flow Rate of Water Vapour versus Time

57



CHAPTER 4

VALIDATION OF NUMERICAL MODEL

In this chapter, the simulation and experimental results of heat and humidity / moisture

variation in the silica gel sample bed at several conditions are compared. A parameter

sensitivity study of the numerical model is used to show the temperature and humidity /

moisture response when several selected properties are varied separately for a specified
test condition.

To validate the numerical model, a very important step is comparing the simulation

results with the corresponding experimental data for each measured variable. The

numerical model of heat and moisture transfer within granular silica gel sample bed is a

transient one-dimensional problem. There are two independent variables in the numerical

model, i.e. time (t) and distance (x), for each of the ten dependent variables, e.g. gas

temperature (Tr), silica gel particle temperature (T(j)' humidity ratio of the gas (W,,),

volume fraction of water (£fJ)' volume fraction of gas (sr)' density of gas (pr)' density

of dry air (pa ), density of water vapour (p,,), pressure of dry air (Pa), pressure of water

vapour (P,,). The only dependent variables that were directly measured were

temperature within the sample bed, relative humidity (humidity ratio) of gas at inlet and

outlet of the sample bed and the total mass accumulation at the end of each test.

Therefore, in the presentation of results, the measured outlet temperature, humidity ratio

and moisture accumulation are compared with the corresponding numerical results.

Comparisons are made for three conditions of inlet air humidity (50%, 70%, 90%), and

two sizes of granular silica gel particles.

4.1 TEMPORAL AND SPATIAL TEMPERATURE PROFILES

4.1.1 Temporal temperature profiles
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a. The numerical simulation results of the temporal variation in temperature in the silica

gel sample bed are compared with the corresponding measured values. Typical

temperature versus time results are presented in Figure 4.1 to Figure 4.7. In these figures,
a dimensionless distance, xlL, is used to represent the vertical position where x is the

vertical height and L is the thickness of the silica gel sample bed. Experiments were

performed for about 10 hours. Tests in Figures 4.1 to 4.7 were at 22°C (295.12 K) inlet

temperature, using silica gel particles (d, � 1 mm), with 50%, 70%, 90% inlet relative

humidities. For 50% inlet relative humidity condition, detailed comparisons at different

location (x/L = 0 - 1.0) in the silica gel bed are shown in Figures 4.1 to 4.5. For 70%

and 90% inlet RH conditions, only comparisons at xlL = 0.5 are presented in Figure 4.6,

4.7 respectively, since the comparison of numerical results and experimental data at this

location has the best accuracy, and other locations might be influenced by variations of

the inlet and outlet conditions. The uncertainty values of the experimental data

(represented by the uncertainty bar,I ) are determined in Appendix H (note that the

uncertainties of inlet starting and exit air flow condition are not included in these

uncertainty bars; the impact of the different moisture adsorption of different samples on

the measurement results are not considered as well).
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General observations:

These comparisons show that the numerical results appear to be in the best agreement

with the experimental data for the first 1000 seconds when temperature peaks are

reached. After 1000 seconds, the discrepancies become bigger, however, they are all

within the experimental uncertainty bounds except Figure 4.7 at air inlet humidity of

90%.

At x/L = 0.25 in Figure 4.2, experimental data for temperature may be influenced by the

uncertainties in the inlet starting conditions; at x/L = 0.75 in Figure 4.4 and x/L = 1.0 in

Figure 4.5, there may be some air flow channelling in the bed due to buoyancy effects of

air flow in an unfavourable gravitational direction in the porous bed. Therefore, the

discrepancies between the numerical results and experimental data at these locations have

the tendency to be bigger than those at x I L = 0.5.

It is also noted from these results that the amplitude of the rise and fall in bed

temperatures increases with distance x I L into the bed and with increasing inlet air

relative humidity. The greatest discrepancies between the measured data and the

simulations occur at x/L = 1.0 where the character of the time response curves not only
differ from the simulation results but with the other measured data at smaller values of

x/L.

With an increase of inlet relative humidity from 50% to 90%, the discrepancies between

the numerical results and experimental data increase.

Analysis:

1. Uncertainties in the value of silica gel properties cause bias uncertainties in the

simulation results. For the numerical model, the properties of silica gel were either

experimentally measured or found in the literature. These include: thermal conductivity
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(k), specific heat ( cp)' density (p), diffusion coefficient (D,.), porosity ( e ),

permeability (K), and specific surface area (S) of silica gel particles. As well there are

uncertainties in the calculation of the internal heat transfer coefficient hay and the water

vapour condensation rate YI' .

11. Among the uncertainties mentioned in (i), the specific surface area (S) has the

biggest effect on the results. In the literature, S was given for equilibrium conditions

only, so this research was used as the source of data to determine the time variation of

S. Using simulation parameter studies of the specific surface area, it was evident from

comparisons with the experimental data that the specific surface area available for

moisture accumulation was not constant in time. It appeared from these early studies

that, over the time duration of the experiments, more surface area was available for

moisture adsorption in the bed than was initially available; and that this apparent added

surface area for adsorption increased rapidly at first and then diminished. This

observation is consistent with the specific surface area studies for particulate desiccant

materials such as silica gel which shows a very large internal specific surface area even

though the external surface area of particles (excluding the internal surface area of the

particles) is much smaller. For example, the internal specific surface area of the silica gel

particles used in the experiments was listed in the manufacturers specifications as 1 08 �

109 m2/m3; however, the tests for the external surface area of the particles using the

Carman correlation (1938) gave a value of 103 � 104 m2/m3• Therefore it is expected that

the amount of surface area available for moisture adsorption inside each particle is

limited by a diffusion process inside each particle while the surface area at time zero for a

transient process is a small fraction of the total internal area. The theoretical model of

specific surface area used In the analysis IS given by equation (2.8),

S = So + S1 (1- e
-1//0 ) •

111. The adsorption isotherm of silica gel particles, i.e. the relationship of Q (moisture

silica gel adsorption heat effect (J/kg)) and X (moisture content of the silica gel

particles), Q = f (X), plays an important role in determining how quickly the

64



temperature will rise and its peak value. The expression used in this analysis was taken

directly from Peng (Peng et al ; 1999) which deals with potash. It gives a heat of

adsorption which is significantly higher than the latent heat of evaporation. Some of the

coefficients are changed from those developed by Peng to better represent the

characteristics of silica gel particles. The equation used is given by (2.29) � (2.31) in

Chapter 2.

iv. In the numerical model, the inlet temperature was assumed to be constant 22°C

(295.15 K) while during the experiments, the inlet air temperature varied (± 2 K).

v. In the numerical model, it was assumed that the thermocouples are exactly located

along the x direction at 20 mm intervals. In the experiments, the thermocouples position

uncertainty was expected to be ± 1.5 mm in a designed location. This uncertainty occurs

because the silica gel particles can move some of the sensors while the particles are

poured into the test section. This thermocouple position uncertainty causes discrepancies
between the simulation results and the data.

vi. One important reason that could explain the discrepancies between the numerical and

experimental results at x / L = 0.75 and 1.0 is that the air flow near the outlet may exhibit

some buoyancy effects which is, warmer and lighter fluid moves vertically upward
relative to cooler and heavier fluid. These buoyancy effects inside the porous bed will

become more dominate as the flow moves from the inlet, where the temperature is

uniform, toward the outlet, where some small temperature differences result in preferred
air flow channelling. This thermal instability is characterized by the Rayleigh number

(Neild and Bejan, 1992):

Ra =
g. f3 . (TOYI - 7';/1 ) . K

= 1. 8
v·a

(4.1)

where:

g, Gravitational acceleration, 9.8 mls2
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/3' Volumetric thermal expansion coefficient, 3.12E-3K-1

T:II' Inlet air temperature, 295.15 K

Toltt , Outlet air temperature, 333 .15K

K, Permeability of silica gel bed, 5E-I0m2

v, Kinematics viscosity,15.06E-6 m2/s

a, Thermal diffusivity, 21.4E-6m2/s

The critical value of Ra in a porous bed with no flow and no heat sources within the

media is 41[2, a number much larger than 1.8. However, with flow superimposed and

heat sources in a porous media this critical Rayleigh number is expected to be smaller.

In addition, particle size variations in a porous bed also give rise to some flow

channelling effects through those regions containing larger particles. Conversely,

regions of smaller particles will have a lower flow rate because the permeability of

porous beds is directly proportional to the particle size. The combined effects of particle
size non-uniformities and buoyancy instabilities could easily cause increased flow

channelling.

vu. The temperature of gas and solid/liquid are simulated in the numerical model

separately since they represent two phases which are not in equilibrium. The difference

between the two temperatures is up to 2.1 K. However, during an experiment, it is

impossible to measure the temperatures of gas and solid separately since the thermo

couple sensors are in contact with both the gas and solid particles. In the numerical

model, an average value of the temperatures of gas and solid/liquid is used at Tb2 to Tb8

to represent the temperature of gas and solid/liquid.

Vlll. A small systematic error was introduced when one standard atmospheric pressure

(101325 Pa) was used in the numerical simulation while the laboratory atmospheric

pressure was around 96000 Pa. The simulated difference in temperature caused by such

a pressure difference is expected to be much less than 1 K.
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IX. At higher inlet relative humidities, i.e. 70% and 90%, the temperature increase in the

bed caused by adsorption of water vapour on the silica gel particle surfaces significantly
rises. Higher temperatures in the bed have the potential to increase the air flow

instabilities and reduce the rate of diffusion of water vapour into each particle. Thus one

might expect that the effective specific surface area available at higher inlet relative

humidities may be slightly reduced as the flow channelling increased. This may explain

why the discrepancies between the numerical results and experimental data increase

while the inlet relative humidity increases from 50% to 90%.

b. A comparison of numerical results at different inlet relative humidities (50%, 70%

and 90%) is shown in Figure 4.8. The results in Figure 4.8 are from the same numerical

simulations as in Figure 4.1, 4.6 and 4.7. At 50% inlet RH the silica gel particles adsorb

less moisture and release less adsorption heat than at 70 or 90% RH. The results from

the 70% inlet RH are between those at 50% and 90% inlet RH.
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Figure 4.8 Comparison ofNumerical Results (Temperature versus Time) at 50%, 70%

and 90% inletRHoo for dp= 1 mm, Uo=0.0708 mis, Too = 295.l5K
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The corresponding figures of at 50%, 70% and 90% inletRHoo for Uo=0.0708 mis,

Too = 295.15K for dp=: 2 rnm are shown in Appendix I.

c. Since different sizes of silica gel particles have different parameter values, they could

behave differently. Comparison of numerical results of two particle sizes (diameter 1

mm, 2mm) for Uo=0.0708 mis, Too = 295.15K, at inlet relative humidity 50%, 70% and

90% respectively are shown in Figure 4.9, 4.1 0 and 4.11. The results shown in these

three figures are from the same numerical simulation as in Figure 4.1, 4.6 and 4.7.

From all the three figures, we can see that the small size of silica gel particle (diameter 1

rnm) always releases more heat compared to the large size of silica gel particle (diameter
= 2 mm), at all inlet RH conditions. This verifies that small particles have more specific
surface area available at any finite time and have a stronger ability to adsorb moisture and

release heat.
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Figure 4.9 Comparison ofNumerical Results (Temperature versus Time) of Two
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4.1.2 Spatial temperature profiles

a. The numerical simulation results of the spatial temperature in the silica gel sample
bed are compared with the corresponding measured values. Typical results are presented
in Figure 4.12 to Figure 4.14. These results are from the same experiments as Figure

4.1, 4.6 and 4.7. Test data in these three figures were taken at 22°C (295.15 K) inlet

temperature, 1 mm diameter of silica gel particle size, but with 50%, 70%, 90% inlet

relative humidities. The temperature uncertainties in the bed are calculated and shown in

the Appendix H and represented byI; andH stands the position uncertainty. To clearly
show all the uncertainties in the experimental points, some of the uncertainty bars are

shifted specially.
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General Observations:

It is shown in these graphs that the numerical results usually agree with the experimental
data within the experimental uncertainties. From the beginning to the end of a test, the

discrepancies between the numerical results and experimental data have the tendency to

decrease. With the increasing of inlet RH (SO%, 70%, 90%), the discrepancies between

the numerical results and experimental data increase.

Analysis:

In addition to the uncertainty analysis for Figure 4.1, 4.6 and 4.7, another reason that

could cause discrepancies between the numerical results and the experimental data is:

close to the start of each experiment, the bed temperatures experience a large step

transient in time. Since the silica gel particles have very strong ability to adsorb

moisture because the particles are dry at time zero, water vapour in the test chamber is

adsorbed very quickly which releases a large amount of heat. An uncertainty in the

starting may increase the discrepancy between numerical and experimental results.

b. The comparisons of numerical results at different inlet relative humidities (SO%, 70%

and 90%) are shown in Figure 4.1S. These results are from the same numerical

simulations as in Figure 4.1, 4.6 and 4.7. The characteristics are shown similar to those

in Figure 4.1, 4.6 and 4.7. At SO% inlet RH, the temperature slowly increases from x/L

� 0 and reaches a peak at x/L � 0.6. At 90% inlet RH, the temperature reaches a peak at

x/L � O.S. While at 70% inlet RH, the peak is nearly identical at x/L � O.S.

Corresponding figures at SO%, 70% and 90% inletRH
00

for UD=0.0708 mis,

Too == 29S.1SK for another particle size, dp= 2 mm are shown in Appendix I.
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c. A comparison of numerical results for two particle sizes (dp:: 1 mm, 2mm) for UD
=

0.0708 m/s, Too = 295.15K at inlet relative humidity 50%, 70% and 90% are shown in

Figure 4.16, 4.17 and 4.18. The results shown in these three figures are from the same

numerical simulation as in Figure 4.1, 4.6 and 4.7.

From all three figures, we can see that the small silica gel particles (dp:: 1 mm) in a bed

always have a higher temperature response and larger amount of heat release compared to

the large silica gel particles (dp:: 2 mm), at each inlet RH condition, because the available

specific area for moisture adsorption at any instant is larger for the small particles than

the large particles in a bed of the same pore volume fraction.
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4.2 TEMPORAL AND SPATIAL RELATIVE HUMIDITY PROFILES

4.2.1 Temporal relative humidity profiles

a. The numerical simulation results for the temporal relative humidity in the silica gel

sample bed are compared with the corresponding measured values. Typical results are

presented in Figure 4.19 to Figure 4.21. Experiments were carried out for about 10

hours (36000 seconds). Test data in these figures were taken at 22°C (295.15 K) inlet

temperature, 1 mm diameter of silica gel particle size, but with 50%, 70% and 90% inlet

relative humidities. The uncertainty calculations are shown in Appendix H.
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General Observations and Analysis:

For inlet RH: Since the numerical model assumes the bed to be initially dry, its initial

relative humidity is zero. With a sudden humid air flows through the sample bed as a test

starts, the RH value rises up to the designed value and is kept constant. For the

experiments, the RH sensor hangs over the test section and measures the room RH (i.e.

50%, 70% or 90%) before a test starts. After a test starts the sensor measures the RH of

the inlet air flow which is an approximately a constant 50%, 70% or 90% RH.

For outlet RH: The numerical model assumes the initial relative humidity at outlet of

test section is zero. As a test starts, a sudden humid air flow passes through the dry

sample bed. Since the water vapour is adsorbed almost completely by the silica gel

particles, the RH at the outlet initially shows a very small value. This value gradually
increases while the particles adsorb more moisture. For the experiments, the RH sensor

is installed 0.5 m down stream of the test section and measures the room RH (i.e. 50%,
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70% or 90%) initially. After a test starts it drops down to a very small value and then

increases gradually toward the inlet RH value.

As discussed in the analysis of the temperature response, the parameter values used in the

numerical model may cause the simulation results to differ from the experimental data.

The experimental location of the RH sensors is another reason for uncertainties since

numerically the inlet and outlet RH means the RH of top and bottom of the sample bed

while experimentally, inlet RH sensor is 0.85 m above the sample bed and outlet RH

sensor is 0.6 m away from the sample bed. The experimental data may not reflect the

true value at the bed inlet and outlet due to small temperature differences.

b. A comparison of numerical results (Relative Humidity versus Time) at different

inlet relative humidities (50%, 70% and 90%) is shown in Figure 4.22. The results in

Figure 4.22 are from the same numerical simulations as in Figure 4.19, 4.20 and 4.21.

Corresponding figures at 50%, 70% and 90% inletRHoo for UD=0.0708 m/s,

Too = 295.15K for dp� 2 mm are shown in Appendix I.
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c. Since different sizes of silica gel particles have different parameter values, they
behave differently. Comparison of numerical results of two particle sizes (d, = 1 mm,

2mm) for UD=0.0708 mis, Too = 295.15K at inlet relative humidity 50%, 70% and 90%

are shown in Figure 4.23,4.24 and 4.25. The results, for d, = 1mm particle size, shown

in these three figures are from the same numerical simulation as in Figure 4.19, 4.20 and

4.21.

From the figures, we can see that, at 50%, 70% and 90% inlet RH conditions, the small

size of silica gel particle (diameter 1 mm) tends to adsorb larger amount of moisture and

reduce the outlet relative humidity. That supports the principle that small particles have

more specific surface area available for adsorption than larger particles.
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4.2.2 Spatial relative humidity profiles

Experimentally, only the inlet and outlet relative humidities of the test section are

measured. Nevertheless the relative humidity of the air inside the particle pore spaces in

the bed can be shown by the numerical simulation. Typical results are presented from

Figure 4.26 to Figure 4.28. The results are from the same simulation as in Figure 4.19,

4.20 and 4.21.

General Observations and Analysis:

It is shown in these graphs that the initial relative humidity inside the bed is zero for all

inlet RH conditions tested. As a test starts, humid air flows through the sample bed, the

inlet RH rises to the designed relative humidity and stays constant. Since the initially dry
silica gel particles adsorb a large amount of water vapour in the air, the relative humidity
of air in the sample bed (especially at the end of the sample bed) drops down to a value

close to zero. Over time, less water vapour is lost from the air and the relative humidity
of the air increases gradually towards the inlet RH value.
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Figure 4.27 Numerical Relative Humidity versus Position

for dp= 1 mm, UD=0.0708 mis, T� = 295.15K , RH� = 70%
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Corresponding figures for UD= 0.0708 mis, Too =295.15K for dp:2 mm are shown in

Appendix I.

4.3 TEMPORAL AND SPATIAL MOISTURE CONTENT PROFILES

4.3.1 Temporal moisture content profiles

a. The numerical simulation results of the temporal change in moisture content of the

silica gel particles are compared with the corresponding measured values in Figure 4.29

to 4.31. Moisture content, X, refers to the adsorbed water mass over the mass of the dry
silica gel particles in the sample bed. Two sets of experimental data are compared with

the numerical results: one is the moisture content of silica gel particles in the bed which

was calculated from L rita (W;nlet - Woutlet) i
• M. The detailed experimental data and

uncertainty calculation are presented in Appendix H. The other set of experimental
data (presented at 48000 s) is from the moisture adsorption equilibrium mass

measurement of silica gel particles as presented in Appendix F.
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General Observations and Analysis:

It is shown in these graphs that the numerical results are higher than the experimental
data of moisture content of silica gel particles calculated from

L rna (W;lIlel - WOllllel) i -St , the measurement uncertainty may come from the system

pressure and relative humidity measurements.

Moisture adsorption equilibrium mass measurement of silica gel particles is the one with

larger uncertainty. One reason for the discrepancy between the numerical results and this

set of experimental data is that different samples give different equilibrium moisture

content, especially at high values of relative humidity. Another reason is this set of

experimental data represents the equilibrium state; however at the end of the numerical

simulation (10 hours period), the moisture content hasn't reached the equilibrium state.

In Figures 4.19, 4.20 and 4.21 the simulated moisture content at the end of tests (10

hours) was always less than the equilibrium moisture content.
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Figure 4.32 Comparison ofNumerical Results (Moisture Content versus Time) at 50%,

70% and 90% inletRHoo for dp= 1 mm, U/)= 0.0708 mis, Too = 295.15K
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b. The comparison of numerical results (Moisture Content versus Time) at different

inlet relative humidities (50%, 70% and 90%) is shown in Figure 4.32. The results in

Figure 4.32 are from the same numerical simulations as in Figure 4.29,4.30 and 4.31.

Corresponding figures for 50%, 70% and 90% inletRHtX) for UD
= 0.0708 mis,

TtX) = 295.15K for another particle size, d, == 2 mm are shown in Appendix 1.

c. Since different sizes of silica gel particles have different parameter values, they will

behave differently. Comparison of numerical results of two particle sizes (diameter 1

mm, 2mm) for U/)= 0.0708 mis, TtX) = 295.15K, at inlet relative humidity 50%, 70%

and 90% are shown in Figure 4.33,4.34 and 4.35. The results (for d, = Imm particle size)
shown in these three figures are from the same numerical simulation as in Figure 4.19,

4.20 and 4.21. From the figures, we can see that the small size of silica gel particle

(d, == 1 mm) tends to adsorb a larger mass of moisture.
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Figure 4.33 Comparison ofNumerical Results (Moisture Content versus Time) of Two

Particle Sizes (d, == lmm, 2mm) for U/)= 0.0708 mis, TtX) = 295.15K , RHtX) = 50%
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4.3.2 Spatial moisture content profiles

Experimentally, the total moisture content of the silica gel particles was measured at the

end of a test. The spatial variation of moisture content can be shown by the numerical

simulation in the silica gel bed. Typical results are presented from Figure 4.36 to Figure
4.38. The results are from the same simulation as in Figure 4.29,4.30 and 4.31.

General Observations and Analysis:

It is shown in these graphs that the silica gel particles are initially dry (x = 0.0). After a

test starts, the humid air flows through the sample bed, the particles close to the inlet of

test section (x I L < 0.5) rapidly adsorb water vapour from the air and moisture content of

the particles quickly rises towards the saturation state. For particles close to the outlet

of the test section (xl L> 0.5), the moisture content increase is slower than near the inlet.

With increasing time, the moisture content value near inlet approaches the saturation state

which then allows more moisture to move toward the outlet.
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Corresponding figures for VI)= 0.0708 mis, Toc> =295.15K for another particle size,

d, == 2 mm are shown in Appendix I.

4.4 SENSITIVITY STUDY OF THE NUMERICAL MODEL

A sensitivity study of the numerical model is presented in this section to illustrate the

effects of changing some key parameters where there is significant uncertainty in the

properties or operating conditions. Simulation results for a variety of selected parameters

are compared to a specified base case. All the results presented here including the base

case are at the conditions: flow rate 0.00246 kg/s; inlet air temperature 22°C (295.15

K); inlet relative humidity 70% RH and particle size d, == 1 mm.

Four parameters are investigated in this sensitivity study where results for temperature,

relative humidity and moisture content versus time are presented separately in Figure

4.39, 4.40 and 4.41. The four parameters are: specific surface area (S 0), density of

silica gel particle ( PO")' specific heat of silica gel particle (cpa)' and moisture-silica gel

heat effect (Q). For the base case, the values are PO" = 2200 kg/rrr'; cPO" = 700

(J/(kg.K)); moisture-silica gel heat effect

Q = Hfg• f(X)

= Hfg • [-0.48(100X)3 +1.77(100X)2 -2.11(100X) +1.71] (for X<=O.Ol)

or

= Hfg (for X>O.Ol)

and specific surface area

S = So +Sj(l-exp(-tj Ito))

where So = 1.5E4 m2/m3

to = 3000 seconds
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Other parameters, such as to, S 1, thermal conductivity of silica gel particle and gas

(kO',eff and kY,e:ff)' and internal heat transfer coefficient in the particle pore space (hay)
also impact the results. But since their impacts are relatively small, they are not

discussed in this section.

For temperature variation, So' PO' and Q are investigated. For relative humidity PO', Q

are examined. For moisture content: PO', Q. Only one of these sensitivity study

properties is changed for each simulation while the others are held as specified for the

base case.

1. Sensitivity Study of Temperature
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Figure 4.39 Sensitivity Study of Temperature versus Time

for d, == 1 mm; UD= 0.0708 m/s; Too = 22°C (295.15 K); Roo = 70% RH; x/L = 0.5
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General Observations and Analysis:

S 0: By decreasing the initial specific surface area So to zero, the peak of the simulation

temperature is decreased by 11.84 K for a maximum temperature difference of 36 K

for the base case, and the peak delays by 290 seconds from the base case of 1091

seconds. Increasing the value of So by 2.5 times causes the peak of simulation

temperature to increase by 2.39 K, and the peak shifts forward 430 seconds.

CPO': If the specific heat of silica gel was to double, the peak of temperature drops about

8.2 K. If the specific heat of silica gel was to decrease to half, the peak of

temperature rises about 9.1 K.

Q : The moisture - silica gel heat effect, Q, has a large effect on the temperature

variation. For double value of Q, the peak temperature increases by 27 K. If Q

decreases by a factor of 0.8, the temperature peak value goes down 8.40 K.

2. Sensitivity Study of Relative Humidity
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Figure 4.40 Sensitivity Study of Relative Humidity versus Time

for d, == 1 mm; UD= 0.0708 rnIs; Too = 22°C (295.15 K); Roo = 70% RH; x/L = 1.0
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General Observations and Analysis:

Pa: Increasing the value of the density of the solid silica gel, Pa, by a factor of 1.5

causes the peak simulation outlet relative humidity to decrease by up to 17% of the

value of base case. If the value of Pa decreases by a factor of 0.5, the peak of

simulation outlet relative humidity increases 20 % of the base case value.

Q If the value of Q was to triple, the relative humidity would decrease up to 48.85%

of base case relative humidity value. If Q decreases to by a factor of 0.5, the

relative humidity peak value drops 23.41% of that of the base case relative

humidity.

3. Sensitivity Study of Moisture Content
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Figure 4.41 Sensitivity Study of Moisture Content versus Time

for m = 0.00246 kg/s; T� = 22°C (295.15 K); Roo = 70% RH; d, == 1 mm; xlL = 0.5
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moisture content decreases 16.11 % of the base case value. If the value of

General Observations and Analysis:

Pu: If the density of silica gel increases from 2200 to 3300 (kg/rrr') (1.5 times), the peak

Pu decreases by the factor of 0.5, the peak of simulation moisture content increases

29.89% of the base case value.

Q: If the value of Q was to triple, the moisture content decreases up to 44.23% of base

case value. If Q decreases to a factor of 0.5, the moisture content peak drops

down 43.08% of the base case value.
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CHAPTERS

SUMMARY, CONCLUSIONS AND FUTRUE WORK

5.1 SUMMARY

In this study, the one-dimensional, transient, heat and moisture convection and diffusion

within the silica gel particle bed were investigated numerically and experimentally. The

purpose of this study was to measure and predict the temperature and humidity variation

when humid air flows through a silica gel particle bed. The key objective was to develop
and validate a numerical model to simulate the one-dimensional transient heat and

moisture transfer process during this procedure.

Two sizes of granular silica gel particles were investigated with constant mass flow rate,

inlet air temperature, and three different inlet relative humidity values. The experimental
and numerical profiles of temperature, relative humidity of air and moisture content of

silica gel particles were obtained and compared. To obtain these profiles, the properties
of bulk silica gel were measured or calculated including: Permeability (K) and porosity

(c), specific surface area (S) and thermal isotherm of silica gel, ¢w = f(X).

The following points summarize the work carried out by this research:

1. A theoretical/numerical model was developed to describe the physical processes

taking place within an initially dry silica gel particle bed subject to a sudden flow of

humid air. A FORTRAN program was developed based on the discrete formulation

of the theoretical model and specified initial and boundary conditions. Transient

profiles of temperature, relative humidity of air and moisture content of silica gel

particles were obtained.
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2. An experimental system was set up for measuring the properties of the inlet and outlet

air and silica gel bed temperature when an initially dry silica gel particle bed is

subject to a sudden flow of humid air. Transient profiles of temperature, relative

humidity and moisture content were obtained.

3. Numerical model simulations were compared to the experimental data. Although

large uncertainties exist for some of the bed properties, agreements are mostly within

uncertainty limits of the measured data. Discrepancies occurred in part due to

uncertainties in the initial conditions between the numerical model and experiments.

5.2 CONCLUSIONS

1. As a desiccant, silica gel particles have very high moisture adsorption capacity and

may adsorb moisture up to one third of the particles' dry mass (e.g. a sample used in

this thesis was shown to adsorb up to 37.5 g water vapour per 100 g dry silica gel

particles (d, � 1mm) at 97.3 ± 0.5 % RH).

2. When silica gel particles adsorb moisture, the adsorption of water vapour releases heat

which increases the temperature of silica gel bed (up to 41 K for inlet 90 % RH and d,
� 1 mm experimental condition). The heat release is especially strong at the first

5000 seconds of a 36000 second test.

3. It was found that the size of the silica gel particles is important for the transient

response of temperature and humidity. At the same condition, smaller size particles
intend to adsorb more moisture and release more heat than bigger size particles.

4. Several properties of the silica gel particles are measured or determined including the

average particle size, the permeability, the porosity, the thermal isotherm, and the

specific surface area.
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5. Silica gel particles have a large internal surface area (e.g. specific surface area of 1E9

m2/m\ but there is a long time delay in the temperature and humidity response of

silica gel bed when particles of 1 or 2 mm in diameter are used (e.g. time constants of

10 hours were indicated in this study). This finding implies that the internal specific
surface area of particles only exposed to water vapour gradually over an extended

time and that this time delay must be accounted for in the model development for any

transient tests with even small particles.

6. A numerical model was developed to investigate the one-dimensional, transient, heat

and moisture transfer progress within the silica gel particle bed subject to a sudden

flow of humid air. It is shown that uncertainties in the bed properties such as:

specific surface area (S), density of silica gel particles (pa)' specific heat of silica

gel particles ( Cpa)' moisture-silica gel heat effect (Q) strongly affect the results while

the effective conductivity of gas and silica gel particles in the sample bed (k�ff(r'a»'
internal heat transfer coefficient (hay) and internal mass transfer coefficient (kg)
have only small affects.

5.3 FUTURE WORK

1. Although the theoretical I numerical model developed in this thesis is compared to the

experimental data, the agreement between the numerical results and experimental
data is not as good as it could be if the properties of silica gel were better known (e.g.

S, Pa' cpa' Q, k�ff(r'a)' hay and kg). These property measurements or

determinations should proceed in future tests.

2. More research could be done on the theoretical I numerical model to integrate a new

water vapour internal diffusion model for individual particles into the existing model

for air flow and water vapour diffusion through the silica gel bed. This would then
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permit the replacement of the specific area change with time and allow arbitrary time

varying inlet air conditions.

3. The experimental facility could be improved to measure more temperatures and

humidities, especially close to the outlet of the test section where temperature

variations were shown to be significant. Since this variation suggests buoyancy
induced flow channelling instabilities in the porous bed, it needs further study to

determine the critical flow conditions.

4. More experiments could be done at other test conditions such as: choosing smaller

particle sizes, changing the mass flow rate and the direction of flow passing through
the particle sample bed, and using time variable inlet air properties that induce both

adsorption and desorption effects in the bed.
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APPENDIX A

PROPERTIES OF PARAMETERS USED IN THE EXPERIMENTS
AND NUMERICAL ANALYSIS

Properties presented here are either measured experimentally or taken from literature. If

experimentally, property values are taken at 295.15 K unless otherwise stated.

* DRY AIR PROPERTIES (McQuiston and Parker, 2000)

Cpa
= 1.005E+3

ka = 2.610E-2

M; = 29.0

2.870E+2

Jl = 1.820E-5

v = 1.525E-5

(Specific heat, J/(kg.K))

(Thermal conductivity, W/(m.K))

(Molecular weight)

(Gas constant, J/kg.K)

(Dynamic viscosity, kg/(m.s))

(Kinetic viscosity at standard atmospheric pressure, m2/s)

* WATER VAPOR (McQuiston and Parker, 2000)

k; = 1.952E-2

R, = 4.615E+2

(Thermal conductivity, W/(m.K))

(Gas constant, J/kg.K)

* WATER (McQuiston and Parker, 2000)

Cpw
= 4.181E+3

k
;

= 6.028E-1

p;

= 9.977E+2

(Specific heat, J/kg.K)

(Thermal conductivity, W/(m.K))

(Density at standard atmospheric pressure, kg/m')
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* SOLID SILICA GEL PARTICLES

«; 7.000E+2

1.000

6.600E-10

3.941E-10

(Specific heat, J/kg.K) (Incropera and Dewitt, 1996)

(Thermal conductivity, Wl(m.K))
(Incropera and Dewitt, 1996)

(Permeability of silica gel sample (d, == 2mm), m2)
(Measured in Appendix D)

(Permeability of silica gel sample (d, == 1 mm), m2)
(Measured in Appendix D)

s = SO + S 1 (l-exp(-tltO)) Specific surface, i.e. surface area per unit volume
of particles, (m2/m3)

S O(A) 1.0E+4

S J(A) 1.0E+S

S O(B)
= 1.SE+4

S I(B) l.SE+S

to 3000

(type A particles (d, == 2 mm), m2/m3, in Appendix E)

(type B particles (d, == 1 mm), m2/m3, in Appendix E)

(time constant used in calculation of specific surface area,

s)

Ps (A) 2.200E+3 (Density of type A particles at standard atmospheric
pressure, kg/nr')

Ps (B) 2.600E+3 (Density of type B particles at standard atmospheric
pressure, kg/m') (Incropera and Dewitt, 1996)

e A 0.632 (Bed porosity of type A silica gel sample) (Measured)

e B 0.629 (Bed porosity of type B silica gel sample) (Measured)

* CONSTANTS AND PROPERTIES

C1 = -S.80E+3

C2 = +1.39

(Constant used to calculate parameter, Pws) (ASHRAE
1997, P 6.2)
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C3 = -4.86E-2

C4 = +4.18E-5

C5 = -1.45E-08

C6 = +6.55

D" 2.500E-5

2.1

2.449E+6

(Water vapor/Air mutual diffusivity, m2/s) (Incropera
and Dewitt, 1996)

(Tortuosity coefficient used in the diffusivity calculation)
(A. Pesaran and A. Mills, 1986)

(Enthalpy of vaporization, J/kg) (Incropera and Dewitt,
1996)

* TEST CONDITON PROPERTIES FOR BASE CASE

UD = 0.0713

Po = 1.01325E+5

To = 2.9515E+2

T.vo = 2.9515E+2

W"o = 0.00

W,,] = 0.00928

(Darcy velocity, mls)

(Initial pressure value, Pa)

(Initial temperature of gas in the silica gel bed, K)

(Initial temperature of silica gel particles in the silica

gel bed, K)

(Initial humidity ratio of gas, kg/kg)

(The coming air flow humidity ratio after time zero,

kg/kg)
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APPENDIX B

DISCRETIZATION OF GOVERNING EQUATIONS AND

BOUNDARY CONDITIONS

The one-dimensional control volume formulation (Patankar,1980) is used to discretize

the four governing equations and boundary conditions.

Figure B.1 and B.2 show the control volume and solution domain used in the

discretization and numerical solution of the governing equations.

Air Flow

.,1

Figure B.1 Control Volume for One-Dimensional Heat and Mass Transfer at Node P

Node 0

I6Xf2
Node 1 • 1 6X

Node 2 • fiX

Silica Gel
Particle Bed L

Node 8 • 6X

Node 9 • 6X

AirFlow • flXf2

Node 10 I
Figure B.2 Schematic of the Nodes in the Solution Domain
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The properties at the node P are the properties we were studying. The node W IS

upstream of the node P in the air flow, and the node E is downstream.

The control volume is evenly divided, i.e. Llx = Llxw = LlxE' At both of the boundaries

where the node 0 and node 10 are located, only half of the control volume is used.

It is assumed that the properties with the superscript "0" stand the average properties over

the control volume at present time (t). Properties at the next time step (t + M) are

represented by the properties with no superscript.

The symbols for the definition of each term are listed in the References. The properties

PfJ ' Po' cpr' C pfJ ' cpo' u are considered to be constant.

B.I DISCRETIZATION OF THE GOVERNING EQUATIONS

1 ) DISCRETIZATION OF THE AQUEOUS PHASE CONTINUITY EQUATION

The partial differential equation for the aqueous phase continuity equation is:

OCfJ +
.

0-

r n =

at
v fJ (2.20)

It is integrated over the control volume (w to e) and over the time period (t to t+At):

I f+111
OC fJ [ f+M._- . dt . dx - r" . n . dt . dx = 0

IV at IV fJ (B.1)

Giving (c - co) . Llx - r. . n . Sx- M = 0fJ fJ "fJ (B.2)
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Finally (B.3)

2) DISCRETIZATION OF THE GAS ENERGY EQUATION

The partial differential equation for the gas energy equation is:

It is integrated over the control volume (w to e) and over the time period (t to t+At):

r [+1::.1
aE

r
. Pr

. cpr . T; 0 0 0

a) . dt . dx = (E . P . C -T - E . P . C . T ). Sx
y at r r rr r r r rr r (BA)

(B.S)

(B.6)

(B.7)
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After rearrangement, the discretized gas energy equation becomes:

(B.8)

Where:

U () (ky,eff)w
aw= D .cpy. py W + (B.IO)

&

The value of apparent thermal conductivity kr4f at the interface of two control volumes

is determined by spatial averaging:

(B.13)

Where

(B.l4)

(B.I5)
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And (B.16)

Where

(B.17)

(B.18)

3) DISCRETIZATION OF THE LIQUID AND SOLID ENERGY EQUATION

The partial differential equation for the liquid and solid energy equation is:

a((I- &r)pupcp(uplu)
= �((1- )k aTU) (1- ). Q _ h S (T - T) (2.28)

at ax
e

r a ,ejJ ax
+ e

r r, ar" a r

It is integrated over the control volume (w to e) and over the time period (t to t+At):

(B.19)
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(B.20)

rc) r ((1- 8r)r" . Q -h."s . S" . (To - Tr))· dx- dt

= ((1-8r)r" .Q-hor ·S" . (To -Tr)p)·/).x·M (B.21)

After rearrangement, the discretized liquid and solid energy equation becomes:

ap.(T8)P = aW.(T8)W + aE.(T8)E + b (B.22)

Where:

ap =

(B.23)

aw = (B.24)

(B.25)

(B.26)
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The value of apparent thermal conductivity k04! at the interface of two control volumes

is taken by spatially averaging on each grid interfaces and is given as:

(B.27)

Where

(k04f) P

50 ·ko +(cp)p ·kp
(B.28)

c(7 +(cp)p

(ko,eff) E

Co ·ko +(5p)E ·kp
(B.29)

e; +(CP)E

And (B.30)

Where

(B.31)

Co ·ko + (cp)w ·kp
c(7 + (cp)w

(B.32)

4) DISCRETIZATION OF THE WATER VAPOUR CONTINUITY-DIFFUSION

EQUATION

The partial differential equation for the water vapour continuity-diffusion equation is:
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(2.35)

It is integrated over the control volume (w to e) and over the time period (t to t+At):

r f+1':.1 a(Cy . p ;

. W,,)
a) . dt . dx = (c . P . W - co. pO. W 0) . L1X

at r r v Y r l' P (B.33)

(B.34)

apr' UD· w"
ax

dx . dt =((pr
U D WI') e

- Pr
U D WI' ) 11') • L1t = (U D (pr WI' ) P

- U D (pY WI' ) W ) • L1t

(B.35)

d) rl + I':. 1 re r,,' dx . dt = r
l'

• L1 x . L1 tJ Jw

(B.36)

(B.37)

After rearrangement, the discretized water vapour continuity-diffusion equation becomes:

(B.38)

Where:
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(B.39)

(B,4D)

(B,41)

b (
0 0

0))
�

.

= (J)" 'By . Py p '--r,,'�
!::J

(B,42)

The value of diffusion coefficient D",eff at the interface of two control volumes is

determined by spatial averaging:

(D ) =

2· (D",eff) I'
• (D",elf ) E

",elf e

( ) (D )D",eff p +
",eff E

(B,43)

Where

(D",�ff)1' = (2.27E - 5)· (By) r»

(D",eff) E
= (2.27E - 5)· (By) E

(B,44)

(B,45)

And ) _

2· (D",eff) p
• (D",eff )W

(D" elf '"
-

(D ) (D ),

",elf P + veff W

(B,46)

Where

(D",eff ) p
= (2.27E - 5) . (By) 1"

(D",�ff)W = (2.27E - 5)· (By)w

(B,47)

(B,48)
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B.2 DISCRETIZATION OF THE BOUNDARY CONDITIONS

The inlet temperature and humid ratio of gas are assumed to be constants taken from the

measured data for the environmental chamber.

For other boundary conditions, since the Node P only occupies half of the control volume

at the boundaries, it is relatively complicated. For the boundary at x = 0, it is assumed

that ('¥)P = ('¥)W. For the boundary at x = L, no diffusion of heat or mass occurs, i.e.

the properties at the node E are considered to be equal to the properties at the node P,

('¥)P = ('¥)E; .

The boundary conditions at x = 0 and x = L are listed respectively as follows.

1) GAS ENERGY BOUNDARY CONDITIONS

At x = L, the discretization equation is

ap. (Ty)p = aw· (Ty)w + aE' (TY)E + b (B.8)

Giving (B.49)

Finally (Ty)p = (aw· (Ty)w + b) / (ap - aE) (B.50)

2) LIQUID AND SOLID ENERGY BOUNDARY CONDITIONS

At x = 0: the discretization equation is

ap . (To)p= aw· (To)w + aE' (To)E + b (B.22)
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Giving (Ty)p = (Ty)w (B.S1)

(B.S2)Finally (Ty)p = (aE' (TY)E + b) / (ap - aw)

(B.22)

(B.S3)

(B.S4)

At x = L: the discretization equation is

Giving

Finally (Ty)p = (aw . (Ty)w + b) / (ap - aE)

3) WATER VAPOUR CONTINUITY-DIFFUSION BOUNDARY CONDITIONS

At x = L: the discretization equation is

ap. (cov)p = aw· ( cov)w + aE' ( COv)E + b (B.38)

(B.SS)

(B.S6)

Giving

Finally (COv)p = (aw· (cov)w + b) / (ap - aE)
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APPENDIX C

SIEVE ANALYSIS OF GRANULAR SILICA GEL PARTICLES

All the silica gel samples used in this experiment were ordered from the James Dawson

Enterprises Ltd.(Grand Rapids, Michigan, U.S.) in June 2001. The diameters of the

particles are labelled 6� 16 mesh.

As we know, each group of silica gel particle has a unique particle size distribution.

Although it is labelled 6� 16 mesh, it doesn't mean the particle sizes are evenly
distributed. By using a sieve analysis method, data for the mass fraction and cumulative

mass fraction of a group of granular silica gel sample were measured.

GOVERNING EQUATIONS

Mass fraction in a certain particle size range is given by:

M,
MF; = -'-(i = 1,2, n)

Mlola'

Where MFj, mass fraction of particles with size range Dj-1 > D > D,

Mj, mass of particles with size range Dj-l > D > D, (kg)

Mtotal, total mass of the silica gel sample (kg)
Di, the size of sieve i (mesh)

n, the total number of sieves used in the measurement

Cumulative mass fraction with sizes less than certain size is given by

.i

IM;
CMFi =

;=1 (i = 1,2, n; j = 1,2, n)
.

Mlola'
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Where CMFj, cumulative mass fraction of particles with size less than Dj+!
LMi , cumulative mass of particles with size less than Dj+1 (kg)

Mtotab total mass of the silica gel sample (kg)

EXPERIMENTAL APPARATUS AND INSTRUMENTATION

1. Sieves

The sieve series of United States standard were used to sieve the granular silica gel
materials. Normally the sieve mesh size series include the numbers: #4, #5, #6, #7, #8,

#10, #12, #14, #16, #18, #20, #30, #40, #50, #60, #70, #100, #140 and #200. In this

experiment the number #6, #7, #8, #10, #12, #14, #16, #18, #20 were used. A picture of

one sieve is shown as follows: (from http://www.globalgilson.com/. 2003)

Figure C.1 A Sieve Used for Meshing the Silica Gel Particles

2. Balance

A Fisher Scientific Balance (METTLER PM 6100, operation range 0�61 00 g) was used,

a picture of the balance is shown as follows:

(From: http://www.turierscales.co.uklframeset.htm. 2003)
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Figure C.2 A Balance Used for Mass Measurement

EXPERIMENTAL PROCEDURE

The procedure used to obtain the particle size distribution is as follows:

1. Clean up the sieves and the containers used for the experiment and zero the mass

balance

2. Measure the total mass of the silica gel sample
3. Put some silica gel particles into the sieve #18 to make a 1 mm thick layer
4. Shake the sieve by hand until the particle distribution was invariant with time

5. Put the particles left in the sieve # 18 into an empty container (called # 18

container)
6. Repeate the steps from 3 to 5 until all of the particles are sieved

7. Measure the mass of the particles in the # 18 container. This is the mass of

particles with the particle size between mesh #18 and #20 (including #18,

excluding #20)
8. Repeat the steps from 3 to 7 and finally get:

1) the mass of particles with the particle size between mesh # 16 and # 18

(including # 16, excluding# 18);
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2) the mass of particles with the particle size between mesh #14 and #16

(including # 14, excluding# 16);

3) the mass of particles with the particle size between mesh # 12 and # 14

(including #12, excluding#14);

4) the mass of particles with the particle size between mesh #10 and #12

(including #10, excluding#12);

5) the mass of particles with the particle size between mesh #8 and # 1 0

(including #8, excluding#1 0);

6) the mass of particles with the particle size between mesh #6 and #8

(including #6, excluding#8).

Since the particles with the size bigger than #20 and smaller than #6 are very few, their

masses were included in the group #18�#20 and #6�#8 respectively.

During all the experimental procedures, the silica gel particles, no matter where they are

contained, were sealed properly to avoid from adsorbing moisture from the humid air.

EXPERIMENTAL RESULTS AND ANALYSIS

1. Experimental Results

The experimental data for the granular silica gel particles are presented for mass fraction

in Table C.1, and presented graphically in Figure C.1.

2. General Observations and Group Differentiation

1) The granular silica gel particle sample has a range of particle size from mesh #6

to #20. The main mass fraction falls in the range #14 =< mesh< #16.
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Table C.1 Mass Fraction of The Granular Silica Gel Particles

Corresponding Mesh

Mesh size (mm) Weight (g)
M <6 M <3.2 4.77

6=< M < 8 2.2=< M < 3.2 19.42

8=< M < 10 2.0=< M < 2.2 118.8

10=< M < 12 1.6=< M < 2.0 417.11

12=< M < 14 1.2=< M < 1.6 504.94

14=< M < 16 1.1=< M < 1.2 989.83

16=< M < 18 1.0=< M < 1.1 93.26

18=< M < 20 0.82=< M <1.0 55.65
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200 1-------------1"
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10001---------------------===�-------�
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�
t:
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Q,

'0
'"
'"
to
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M<6 6=<M<8 8=<M<10 10=<M<12 12=<M<14 14=<M<16 16=<M<18 1B=<M<20

mesh

Figure C. 3 Mass Fraction of the Granular Silica Gel Particles in Column Figure

2) From the mass fraction figures, it is observed that the mass of particle with sizes

from #6 to # 12 is approximately equal to the mass of particle with sizes from # 14

to #20, which gives a chance to divide the total sample into two groups as shown

in Table C.2:
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The group 1 is named type A silica gel particle, since the particle sizes gather
around #12 =< mesh <#14, it is assumed that the average particle size is about 2

mm. Meanwhile, the group 2 is named type B silica gel particle, since the

particle sizes gather around #14 =< mesh <#16, it is assumed that the average

particle size is about 1 mm.

Table C. 2 Group Differentiation of Silica Gel Sample

Group 1 (Type A) Group 2 (Type B)

Mesh Mass (g) Mesh Mass (g)
M <6 4.77

6=< M < 8 19.42

8=< M < 10 118.8 14=< M < 16 989.83

10=< M < 12 417.11 16=< M < 18 93.26

12=< M < 14 504.94 18=< M < 20 55.65

Accumulated Mass 1065.04 Accumulated Mass 1138.74

3) All experiments processed later are all based on the two-group differentiation, as

shown in Table C.3 that identifies the two different types of silica gel samples

(average particle size).

Table C.3 Reference List of Silica Gel Material

Silica Gel Category Average Particle Size (mesh) �verage Particle Diameter (mm)

Type A 6-12 2

Type B 14-20 1
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APPENDIX D

EXPERIMENTAL MEASUREMENT AND UNCERTAINTY

ANALYSIS OF PERMEABILITY AND POROSITY

OF GRANULAR SILICA GEL

Using the laboratory test facility, the permeability (K) and porosity ( e ) of two groups of

granular silica gel particle were measured for a range of flow rates. The two groups of

particles are identified in Table C.3, Appendix C.

The measurement of permeability (K) was deduced by Darcy equation, after measuring
the pressure difference, and flow rate. A schematic of these test facilities illustrated in

Figure D.l shows the air compressor, the air flow control module, the silica gel container

and the manometer. The porosity (s ) was deduced from its definition, by a weight
measurement using the same silica gel sample and test facilities in the lab. All the

experimental particles remained in the unshaken state during measurements.

Open to ambient air

r::ea G. Sample
! container

Flow Meter

Air Corupresso .

Figure D.l The Experimental Apparatus Used to Measure the Permeability and Porosity
of the Granular Silica Gel Sample
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The main assumptions for these tests are:

1) The properties are uniform and isotropic throughout the silica gel particle
container

2) The Darcy equation for flow through a porous medium applies for the test

conditions

GOVERNING EQUATIONS

1. For permeability (K)
The Darcy equation was used to calculate the value of permeability ( K )

(Dullien1992):

U J)

K /). P
=-.--

Ji /). X
(2.14)

Where

UJ)' Darcy velocity (m/s), can be obtained from

UJ)
= Q I A = 4· Q I(re· D2)

Where Q, volume flow rate of gas (m3/s)
D, diameter of the sample container (m)

permeability of silica gel sample (m2)

(D.1)

air viscosity (Pa-s)

pressure difference across silica gel layers (Pa)

height of the silica gel layers (m)

From 2.14 and D.l, the permeability equation is deduced as:

K = _4,L_l_'M_·_Q
re·/).p·D2

(D.2)
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2. For porosity (8)

The porosity represents the volume fraction of the air in the test container.

[;=

VCOI1/(lil1er
(D.3)

Where

Vcontainer, internal volume of the container above the screen (m'), i.e.

;r·D2
VCOtl/(liller =

4
. M (D.4)

Vair, volume of air within the container (nr')

It is also known:

Vair = Vcontainer - Vsilica gel
= Vcontainer - (.0.MIPsilica gel) (D.5)

Where

.0.M, net silica gel mass in the sample container (kg)

Psilica gel = Ps, pure density of silica gel sample (2400 kg/rrr')

Then the formula for porosity in term of the measured net mass of silica gel is:

e = 1- 4_.11M
_

PSilic(lGef .;r. D2 . M
(D.6)

EXPERIMENTAL APPARATUS AND INSTRUMENTATION

For each test, we measured or calculated following parameters: the supply air flow rate

(Q), the air pressure difference (M), the height of the container (M) and the net silica

gel mass in the container (11M). The diameter of the container (D) is measured once and

used for all tests.
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There are few apparatus used to complete the measurements. A schematic of the

apparatus shown in Figure D.1 includes (Zhou 2000):

1) An air compressor which can continually supply dry air (with less than 10% RH)

2) An air flow-rate control module (air flow meter) with a valve and digital LED

screen (MKS 1559A-100L-SV, operation range 0�100 Umin, i.e. 0�1.67E-3

m3Is, uncertainty 1 % of the ), which is used to control the flow rate of the

compressed air

3) A cylindrical silica gel sample container with the diameter of 0.313 m, and total

height of 0.03323 m

4) A Lambrecht Inclined Manometer (operation range 0�1537 Pa). The calculation

equation for the pressure drop: M = p . g . t1H , where p = 784 kg/rrr'
5) A Fisher Scientific Balance (METTLER PM 6100, operation range 0�6100 g)

(shown in Figure C.2)

The air flows through silica gel sample with low pore size Reynolds number to satisfy the

requirement of Darcy principle which requires a low internal flow momentum if the

permeability is to nearly independent of the Darcy velocity. Reynolds number for air

flow passing through a particle bed is calculated from Red = V . d I v (Kaviany,1996).

Since the silica gel sample is not well rounded particles, Red is set to be less than 5. For

the sample type A and B, the experimental air velocity is set less than 7.55E-2 and

3.775E-2 mls respectively, i.e. volume air flow rate is less than 1.89E-2 and 9.44E-3

m3/s.

Figure D.2 shows the detail drawing on the sample container which has two important

geometric parameters namely the diameter of the container (D) and the height of the

sample (i\X). D and i\X must be selected to be very large with respect to particle size so

that the effect of surfaces on the container will not distort the interior particle alignments
and therefore the test data. Particle alignment near the sidewalls, the bottom screen and

the top surface will differ from particle alignments far from these surfaces.
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Diameter

D=313 mm

Particle Bed�
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Height of sample

_j_
6X

Screen

Fiberglass Diffuser

Air Supply

Figure D.2 Schematic of the Sample Container Used to Measure the Permeability and

the Porosity

TEST PROCEDURE FOR PERMEABILITY (K) AND POROSITY (c)

The test procedure used to measure both the permeability (K) and porosity (E) for one

test condition is as follows:

1) Measured the diameter (D) and the height of the sample container (Xi)

2) Measured the mass of the silica gel sample (�M)

3) Poured the silica gel sample into the sample container, levelled the particles and

made the surface smooth, measured the height of the part of the container which

was not occupied by the particles (X2)

4) Set up the air flow rate control module to a certain flow rate value

5) Turned on the valve of the compressed air

6) After a while (30 seconds), read the value from the manometer

7) Calculated the permeability (K) and the porosity (E)

8) Estimated the measurement uncertainties for K and E
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EXPERIMENTAL RESULTS AND ANLYSIS

1. Permeability
For each particle type, eleven flow rates were used to create different air pressure drops

through the sample container. For each flow rate, three measurements were completed to

ensure the repeatability of the measurements. The experimental results for permeability
are listed in Table D.l, meanwhile the Figure D.3 and Figure D.4 present the data in

graphical form for the two samples respectively.

Table D.1 Experimental Data (U- K) of Permeability for Type-A,B Silica Gel Sample

TEMPERATURE OF THE AMBIENT (T) = 23 C +/- 2C

PRESSURE OF THE AMBIENT (P) = 98000 Pa

MESH SIZE OF HE SCREEN LAYER= 0.25 mm

DIAMETER OF THE CYLINDER CONTAINER (D) = 313 mm +/-lmm

HEIGHT OF THE CYLINDER CONTAINER:

(�XA) = (XI-X2)A =33.23 mm-(17.11 + 14.23 + 17.17 + 14.17)/4 mm = 33.23 - 15.67=17.56 mm

(�XB) = (XI-X2)B = 33.23 mm-(12.11 + 10.23 + 11.17 + 13.21)/4 mm=33.23 - 11.68 =21.55 mm

PARTICL TYPE TYPE

ESIZE A B

Perme

ability
(E-10)

0.0002 6.4036 6.0436 6.4036 6.4036 3.5977 3.5977 3.8375 3.6776

0.0022 6.8962 6.8962 6.8962 6.8962 3.9699 3.9699 4.1116 4.0171

0.0043 6.4036 7.0777 7.0776 6.853 3.7541 3.9247 3.9248 3.8679

SUPPLY 0.0065 6.4036 6.6408 6.6408 6.5617 3.7746 4.0395 3.9699 3.928

AIR 0.0087 6.5919 6.7917 6.7917 6.7251 3.8375 3.9974 3.9974 3.9441

FLOW 0.0108 6.7238 6.8962 6.8962 6.8387 3.8807 3.9699 4.016 3.9555

RATE 0.0130 6.6761 6.8212 6.6761 6.7245 3.912 4.0701 4.1116 4.0313

(m / s) 0.0152 6.6408 6.7661 6.6408 6.6825 4.0044 4.0395 4.0753 4.0397

0.0173 6.7238 6.8377 6.7238 6.7618 3.9851 4.016 4.0474 4.0162

0.0195 6.6903 6.6903 6.6903 6.6903 3.9699 3.9974 3.9974 3.9882

K1 k2 k3 K K1 K2 K3 K
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2. Porosity

1) 81, porosity of silica gel bed including internal pores

The experimental results for porosity are listed in Table D.2 as follows:

Table D.2 Experimental Data of Porosity for Type A, B Silica Gel Sample

MASS OF SILICA GEL SAMPLE (�MA) = 1242.40 - 51.14 = 1191.26 g +/- 0.01 g

(�MB) = 1525.57 - 51.05 = 1474.52 g +/- 0.01 g

PURE DENSITY OF SILICA GEL = 2400 kg/rrr'

Particle Type A TypeB

Porosity (8) 0.632 0.629

2) 82, porosity of silica gel bed excluding internal pores

The density of silica gel used above is pure density, which means the porosity deduced

from it including not only the gas between the particles, but also the internal particle

pores. For porosity excluding the internal particle pores, the general value is around

0.4 ± 0.1 for most solid particles (Zhou, 2000). Since it is very hard and expensive to

obtain the exact internal pore sizes of silica gel particles, the value of 0.4 will be used as

porosity of silica gel bed excluding internal pores'

3. General Observations from the Data

1) K: for type A silica gel, the permeability is around 6.6E-I0 m"; for type B, about

3.9E-I0 m2• K of type A is almost two times larger than K of type B, which is

proportional to the average diameters of the two kinds ofparticles.
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2) K· for each permeability test sample, there is a small difference between the values

of permeability at different air flow rates. But there is a trend that the values of

permeability gradually became stable as the flow rate was increased, which may be

mostly caused by the reduced uncertainties in the pressure drop measurement.

3) £1: the porosity for type A and B sample is 0.632 and 0.629 respectively, which are

quite close. The porosity here means the total air volume faction between the

particles and inside the particles. Typically similar particles, such as potash particles,
have a porosity of 0.4 to 0.45. This suggests that the silica gel particles have a large
internal pore space inside each particle.

4) There is about 0.3 to 0.1 differences between E1 and e2 which means the internal pore

volume of silica gel particles occupy a significant space. Since that, the particles

appear strong moisture adsorption potential.

DATA UNCERTAINTY ANALYSIS FOR PERMEABILITY

To show how much confidence we can put on the experimental results, we have to

evaluate the uncertainty of measurements and calculations of the permeability and

porosity. Generally the uncertainty consists of bias error (system uncertainty) and

precision error (random uncertainty).

1. Permeability

1). General Equations for the uncertainty (U) of the result (y) (Coleman et al, 1999):

(D.7)

where By is the bias in the result and is given by

(D.8)
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and Py is the precision in the result and is given by

(D.9)

where t is the distribution, S, is the standard deviation of a sample of measurements, n is

the number of individual readings (n=3), X is the average value of the readings. With

95% confidence and 2 degrees of freedom (n-1 =2), it is equal to 4.303. The bias was

determined or estimated by the system uncertainty of all the equipment used. The

calculation results for bias and precision are listed below.

2). Uncertainty

Table D.3 Bias of the Measurement System
Values of the bias

Methods to determine the

Parameters bias of each parameter Type A Type B

1 % of the operation range 01

Bias of the air flow rate, Q (m3/s) the flow meter 0.0217x 1 %=2. 17E-4 0.0217x 1 %=2. 17E-4

Bias of the height of the sample 1 % of the value of the

container, XI (m) measurement 33.23 x 1 %=0.3323 33.23X1%=0.3323

Bias of the height of the sample 1 % of the value of the

container, X2 (m) measurement 15.67x 1 %=0.1567 11.68x 1 %=0.1168

Bias of the diameter of the 1% of the value of the

sample container, 0 (m) measurement 3 13 x 1 %=3.13 313Xl%=3.13

I % of the operation range of

Bias of the manometer (Pa) the manometer 61.4656 61.4656

Bias caused by the uneven level 3% of the value of the

of the sample surface permeability

Bias caused by the thinness of the 20% of the value of the

sample permeability
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Table D.4 Precision Errors of Experimental Data

Supply Type A Type B

air flow t = 4.303; N=3

rate m/s (k]- k)2 (1<2- ki (k3- ki S P=tS (kl- k)2 (1<2- k)2 (k3- ki S P=tS

(rrr') (m")
0.0022 0 0 0 0 0 3.6E-24 3.6E-24 ] .4E-23 3.3E-12 1.4E-] 1

0.0043 IE-50 1.1 E-50 1.1 E-50 I.3E-25 5.4E-25 2.2E-23 2.2E-23 8.9E-23 8.2E-]2 3.5E-l ]

0.0065 3E-22 8.0E-23 8E-23 1.6E-ll 6.7E-l1 ] .3E-22 3.2E-23 3.2E-23 9.9E-12 4.2E-] 1

0.0087 2E-22 6.2E-23 6.2E-23 1.4E-ll 5.9E-l] 5.1 E-23 6.9E-27 5E-23 7.] E-12 3.1 E-11

0.0108 2E-22 4.4E-23 4.4E-23 1.2E-l1 5.0E-l] 1.1 E-22 2.8E-23 2.8E-23 9.2E-12 4.0E-II

0.0130 ]E-22 3.3E-23 3.3E-23 1 E-I1 4.3E-] 1 5.6E-23 2. ]E-24 3.7E-23 6.9E-]2 3.0E-ll

0.0] 52 2E-23 9.4E-23 2.3E-23 8.4E- ]2 3.6E-]] I.4E-22 1.5E-23 6.5E-23 1.1E-1 ] 4.5E-ll

0.0173 2E-23 7.0E-23 1.7E-23 7.2E-12 3.1 E-II 1.2E-23 4.3E-28 1.3E-23 3.5E-12 1.5E-Il

0.0195 1E-23 5.8E-23 I.4E-23 6.6E-12 2.8E-l1 9.6E-24 2.6E-28 9.7E-24 3.IE-12 1.3E-11

0.0217 0 0 0 0 0 3.4E-24 8.4E-25 8.4E-25 1.6E-12 6.8E-12

Table D.5 Uncertainty of the Permeability

Supply air Type A Type B

Absolute Relative Absolute Relative

flow rate mls Uncertainty Uncertainty % Uncertainty Uncertainty%
0.0022 3.27E-11 5.10 2.35E-11 6.40

0.0043 3.28E-11 4.75 4.07E-11 10.14

0.0065 7.55E-11 10.80 4.68E-11 12.09

0.0087 6.88E-11 10.49 3.65E-11 9.29

0.0108 5.99E-11 8.90 4.45E-11 11.29

0.0130 5.49E-11 8.03 3.58E-11 9.06

0.0152 5.01 E-11 7.46 4.98E-11 12.34

0.0173 4.63E-11 6.93 2.56E-11 6.34

0.0195 4.43E-11 6.55 2.45E-11 6.09

0.0217 3.45E-11 5.15 2.15E-11 5.38

2. Porosity

The method for uncertainty analysis of the porosity is exactly the same as that of the

permeability. After calculation, the uncertainty of the porosity for type A silica gel

sample is 11.55 %, for type B is 11.56 %.
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REGRESSION UNCERTAINTY ANALYSIS FOR PERMEABILITY

1. Governing Equations
The relationship between the permeability and the Darcy velocity is assumed to a straight

line, i.e.

(D.10)

Where:

b, the slope of the straight line which is defined by
N

L (U D,i
- U D )( K i

- K)
b = _i=_1 _

N

L (U D,i
- U /) )

2

i=1

(D.ll)

a, the intercept defined by

a = K -b·Uf)

where the mean value for U and K are:

(D.I2)

(D. 13)

- 1 /I

K=-LK;
n ;=1

(D.I4)

n, number of the individual readings under certain input condition

(i.e. three)

2. Uncertainty of the Regression Results

Under the 95% confidence, freedom degree 10, the linear relationship between K and

U is given byD

(D.IS)

where
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t, student t , which value is 10 -1 = 9

B, the bias of permeability measurements which has been calculated in the

previous section (data uncertainty analysis)

SEE, standard error of estimate which is defined by

N �
L)K; - K's,;)2

SEE =
;=1 (D.16)

N-c

Where:

c, the number of coefficients in equation Kls= a + b.Un (i.e. two for a and b)

N, number of the input conditions (i.e. ten)

3. Calculation Results and Regression Curve

Table D.6 Linear Regression Curve Constants a, b, SEE and Urss

Type A Type B

Relative Relative
Ud=m/s Urss Urss% Urss Urss%

0.0022 3.95E-11 5.89 2.50E-II 6.47

0.0043 3.95E-l1 5.89 2.50E-ll 6.43

0.0065 3.95E-l1 5.88 2.50E-ll 6.40

0.0087 3.95E-l1 5.88 2.50E-Il 6.36

0.0108 SEE= 3.95E-Il 5.88 SEE= 2.50E-l1 6.33
1.74701E- 1.10305E-

0.0130 11 3.95E-Il 5.87 11 2.50E-ll 6.30

0.0152 3.95E-l1 5.87 2.50E-ll 6.26

0.0173 3.95E-l1 5.86 2.50E-ll 6.23

0.0195 3.95E-ll 5.86 2.50E-l1 6.20

0.0217 3.95E-l1 5.86 2.50E-l1 6.17
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APPENDIX E

SPECIFIC SURFACE ANALYSIS OF GRANULAR SILICA GEL

The "specific surface area" of a porous material is defined as the interstitial surface area

of the voids and pores either per unit mass or per unit bulk volume of the porous material

(Dullien, 1992, P 14). The specific surface area of silica gel particles including the

surfaces of internal pores, S a, was determined by the manufacturer using special mercury

penetrating equipment. However, the specific surface area of the particles excluding the

surfaces of internal pores, S", can be calculated based on the correlation formula of

Carman (1938).

The permeabilities and particle average sizes used by Carman (1938) compare well with

the data used in this thesis. Carman's permeability data ranged from 10-10 to 10-8 m2,
while our experimental data was 10-10 m2. The range of particle average size tested by
Carman was from 0.25 mm to 1.025 mm, while data in this thesis is 1 and 2 mm.

Carman (1938) also pointed out in his paper that particle size, shape, size range, porosity,

permeability of the particles and the density, viscosity of the fluid used in the tests might

change the result of the specific surface area of the particles, where the particle size and

the permeability are two main concerns. Therefore, these factors are considered for the

calculation of S". Values of permeability and porosity used for this calculation are

obtained from Appendix D.

1. VALUE OF Sa

Sa: Specific Surface Area Including the Surfaces of Internal Pores (Ahmad et al.,

1986)

Sa 3.4E05 � 7.8E05 m2 / kg
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Since the density of silica gel is between 2200 kg/rrr' and 2600 kg/m", the Sa also can

be expressed as :

2. CALCULATION OF s,

Sh: Specific Surface Area Excluding the Surfaces ofInternal Pores

1). GOVERNING EQUATIONS

Carman (1938) deduced the correlation equation for the specific surface area of particle
beds:

(E.1)

where

Sb, Specific surface area excluding the surfaces of internal pores (m2/m3)
k, the aspect factor which is assumed to be 5

E b, the porosity of the silica gel particle bed excluding the internal pores

K
, the permeability of the silica gel particles (rrr')

2). EXPERIMENTAL RESULTS AND ANALYSIS

I. Experimental Results
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In Appendix D, Experimental Measurement of Permeability and Porosity of Granular

Silica gel Sample, the permeability and porosity of two silica gel samples are measured

and calculated. By using the data obtained from these measurement and calculation, the

specific surface area of silica gel is achieved.

Table E.1 Experimental Data of the Specific Surface Area Measurements

for Type A and B Granular Silica Gel

Supply
air TYPE A TYPE B

flow

rate S" S"
m/s Oata1 Oata2 Oata3 Average Oata1 Oata2 Oata3 Average

0.0022 7.45E+03 7.45E+03 7.45E+03 7.45E+03 9.94E+03 9.94E+03 9.B6E+03 9.92E+03

0.0043 7.1BE+03 7.1BE+03 7.1BE+03 7.1BE+03 9.46E+03 9.46E+03 9.30E+03 9.41E+03

0.0065 7.23E+03 7.09E+03 7.09E+03 7.13E+03 9.73E+03 9.52E+03 9.52E+03 9.59E+03

0.00B7 7.45E+03 7.32E+03 7.32E+03 7.36E+03 9.30E+03 9.3BE+03 9.46E+03 9.3BE+03

O.OlOB 7.34E+03 7.24E+03 7.24E+03 7.27E+03 9.63E+03 9.43E+03 9.43E+03 9.49E+03

0.0130 7.27E+03 7.1BE+03 7.1BE+03 7.21 E+03 9.57E+03 9.46E+03 9.41 E+03 9.4BE+03

0.0152 7.30E+03 7.22E+03 7.30E+03 7.27E+03 9.53E+03 9.35E+03 9.30E+03 9.39E+03

0.0173 7.32E+03 7.25E+03 7.32E+03 7.29E+03 9.42E+03 9.3BE+03 9.34E+03 9.3BE+03

0.0195 7.27E+03 7.21E+03 7.27E+03 7.25E+03 9.45E+03 9.41E+03 9.37E+03 9.41 E+03

0.0217 7.29E+03 7.29E+03 7.29E+03 7.29E+03 9.46E+03 9.43E+03 9.43E+03 9.44E+03

II. General Observations

i) For type A silica gel sample, the specific surface area is around 7.27E+03 m21 rrr'

and for type B sample, it is about 9.49E+03 m21 rrr'.

ii) Since the specific surface area of the particles discussed here excludes the surface

of the pores inside the particles, it is expected that the value is quite different from

the specific surface area including the internal particle pores since silica gel

particles have very large specific surface areas.
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3). UNCERTAINTY ANALYSIS

Since the specific surface area (S b) is dependent on the aspect factor (k), the porosity (E)

and the permeability (K) of silica gel samples, the uncertainty of the specific surface

area is deduced from the uncertainties of these elements.

The particles used in our experiments are non-uniform, irregular shape particles, which is

different from the more spherical particles used by Carman. In his research the

uncertainty of the aspect factor (k) is estimated to be 4 % (Carman, 1938). The

uncertainties of all the elements and specific surface area in this thesis are listed below.

Table E. 2 Uncertainty of Specific Surface Area S b

Relative

Weight of the Uncertainty of the Uncertainty of

parameter parameter s ; %

Type A

(S b=7.27E+03) Permeability -1.45E+17 4.99E-11(m2)

Porosity -B.45E+07 7.30E-02

Specific
surface area 9.53E+06 (m2/m3) 5.02

Type B

(S b=9.29E+03) Permeability -3.15E+17 3.49E-11(m2)

Porosity -1.0BE+OB 7.27E-02

Specific
surface area 1.35E+07(m2/m3) 5.63

The value of the specific surface area (S) used in the simulation program of this thesis is

generally between S a and S b, since part of the internal surface area of the particle pores

and all of the external surface area will participate the moisture adsorption activity.
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APPENDIX F

MOISTURE ADSORPTION MEASUREMENTS

OF SILICA GEL PARTICLES

Moisture adsorption amount in silica gel particles at certain ambient air temperature and

relative humidity needs experimental investigation to estimate the performance when

initially dry silica gel particles are subject to a sudden humid air flow. As well the rate

of moisture adsorption of these particles at certain RH conditions is also important to

predict the performances of heat and moisture transfer.

Both type A and type B samples were tested for the moisture adsorption equilibrium mass

versus relative humidities, and the moisture adsorption rate of the silica gel particles were

tested for only type A sample. A diagram of the experimental instrument is shown in

Figure F.1.

Mass Balance

Cork

Hanger

-_-_----_ --�..�---

Sample
Trays

Container

Selected aqueous

saturated salt solutions

-

- - _
--

Before or After Weighing the Sample Trays Weighing the Sample Trays

Figure F.I Experimental Instrument for Equilibrium Moisture Adsorption
Measurements of Silica Gel Particles in Certain RH Environments provided by

Aqueous Saturated Salt Solutions
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During tests, each sample of particles was sequentially hung in containers containing
selected aqueous solutions with known equilibrium RH ranging from 11.3 % to 97.3 %.

The experimental data at ten equilibrium RH conditions were obtained for investigating
the moisture adsorption equilibrium mass and one RH condition was examined for the

rate of moisture adsorption.

All the experiments here were done at 22°C (295 K) unless otherwise stated.

PHYSICAL THEORY

1. Aqueous saturated salt solutions

Under a selected temperature and atmospheric pressure, a mass of salt (e.g. NaCI),
can only dissolve in certain amount of water. This state when no more salt

particles can solve into the water is called the saturated state of the aqueous

solution.

In a closed space (i.e. a test container), the humidity of the air over this aqueous

saturated salt solution keeps constant relative humidity (RH), although this

constant will change slightly with the solution temperature.

This characteristic of selected salts is used here to generate constant RH

environments, one for each type of salt solution.

2. Nitrogen method ---- to effectively obtain zero RH environments

The density of Nitrogen is bigger than that of the air. In a closed space

(remaining gaps allowing gas flowing through), a Nitrogen gas flowing into a

glass bottle will continually push the air to outside, and then create a constant zero

RH environment for the silica gel particles.
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3. Moisture adsorption of the silica gel particles in constant RH environments

In constant RH and temperature environments, silica gel particles adsorb (or lose)

certain amount of moisture and reach the equilibrium assumption mass after a

long time period. This adsorbed (or lost) mass of water is usually the same value

for a unit mass of dry material regardless of the initial starting moisture content.

EXPERIMENTAL INSTRUMENTS AND MATERIALS

As shown in Figure F.1,

1. Salt solution containers: glass bottle (diameter 100 mm, height 170 mm) with

plastic lids which can be secured airtight

2. A sample tray (diameter 50 mm, height 60 mm) of silica gel particles made up

of four plastic trays, a steel hanger and a rubber cork

3. Distilled water and selected salt powders (Lithium Chloride LiCI, Potassium

Acetate CH3COOK, Magnesium Chloride MgCh.6H20, Potassium Carbonate

K2C03, Magnesium Nitrate Mg(N03).6H20, Sodium Chloride NaCl,

Potassium Chloride KCI, Potassium Nitrate KN03, Potassium Sulfate K2S04)

4. A mass balance: Mettler PL 200 (Mettler Instrument AG, Range 0 � 200 g,

0.001 g Accuracy)

And as shown in Figure F.2,

5. A piece of plastic pipe for the Nitrogen Gas flow (length 3 m, diameters 5 mm)
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6. A compressed Nitrogen gas cylinder (Cylinder size: 44; Capacity: 445 cube

feet; Filled: 6000 PSIG (Pounds per Square Inch on the Gauge); Weight: 339

Pound; Height: 51 inch; Diameter: 10 inch)

Mass Balance

Nitrogen Flow Nitrogen Flow

Before or After Weighing the Sample Trays Weighing the Sample Trays

Figure F.2 Experimental Instrument for the Moisture Adsorption Measurements of

Silica Gel Particles in Continue Nitrogen Gas Flow

1). Prepare 9 aqueous saturated salt solutions by following the ASTM standards,

1987, Vol. 14.02, EI04-85.

EXPERIMENTAL PROCEDURE

1. The moisture adsorption equilibrium mass measurement

2). Set up the experiment instrument as shown in Figure F.l by using an empty

container.

3). Turne on the Nitrogen cylinder.
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4). Weigh the trays without silica gel sample.

5). Evenly place the silica gel particles (which had been dried at 120°C for 12 hours)
on the 4 trays, and arrange the thickness within 2�3 mm. Weigh the sample tray

and the particles together and record the data after 3 hours of pure Nitrogen gas

exposure and there is no weight decrease with time.

6). Turn off the Nitrogen gas flow

7). Move the trays and the silica gel sample to the LiCI solution container.

8). Keep the sample in the constant RH environment for about 48 hours. Weigh the

sample tray with the particles when the moisture content of the silica gel particles
cease to change with time. Record the data.

9). Repeat the step 7 and 8 by changing the aqueous saturated salt solution to

CH3COOK solution, MgCh,6H20 solution, K2C03 solution, Mg(N03).6H20

solution, NaCI solution, KCI solution, KN03 solution and K2S04 solution

respectively.

2. The moisture adsorption rate measurement

1). Repeat the first 6 steps of the procedure of the "moisture adsorption equilibrium
mass measurement".

2). Move the trays and the silica gel sample to the Mg(N03).6H20 solution

container.

3). Keep the sample in the constant RH environment, weigh sample tray with the

particles and record the data every 10 minutes in a 1 O-hour period.
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EXPERIMENTAL RESULTS

1. The moisture adsorption equilibrium mass measurement

The amount of the moisture that the silica gel particles can adsorb at certain ambient

relative humidity is listed in Table F.1 and F.2. Three tests were completed for each

size of particle, an average value of these were obtained. Graphs are shown in Figure F.3

and F.4 for the RH versus the mass accumulation of the moisture adsorption.

a. Type B particles (d, == 1 mm)

Table F.1 Moisture Adsorption Equilibrium Mass Fraction

of Silica Gel Particles (d, == 1mm) at Specified RH Conditions

Selected

aqueous
saturated salt Experiment Average Uncertaint

solutions RH Test 1 (Q/q) Test 2(Q/Q) Test3(Q/Q) (Q/Q) y (± q/Q)

0 0 0 0 0

LiCl 0.113 0.0187 0.0231 0.0263 0.0227 0.0165

CH3COOK 0.225 0.0406 0.0512 0.0410 0.0443 0.0259

MgC12.6H20 0.328 0.0586 0.0726 0.0590 0.0634 0.0343

K2Co3 0.432 0.0796 0.1026 0.0838 0.0886 0.0526

Mg(N03).6H2
0 0.529 0.0967 0.1455 0.1230 0.1217 0.1050

NaCl 0.753 0.1989 0.2975 0.3104 0.2689 0.2622

KCl 0.843 0.2138 0.3089 0.3589 0.2939 0.3169

KN03 0.936 0.2202 0.3148 0.3729 0.3026 0.3314

K2S04 0.973 0.2255 0.3154 0.3754 0.3054 0.3244

146



0.4 - .. - --.--.. -- ----- .. -- -.-.--- .. -- _._.. __ ._. __ _ .. _._ _._ _ _ _ _ __ ...•..... _ _ _ _
_ .

0.35

0.3

g
0.25

�
§ 0.2

i
0.15

0.1

0.05

0.2 0.4 0.6 0.8

Experiment Relative Humidity (RH)

-D-Test 1

-�-Test2

Figure F.3 Moisture Content as a Function of Relative Humidity at Room Temperature

(295 K) For Type B Particles (d, == 1 mm)

b. Type A particles (d, == 2 mm)

Table F.2 Moisture Adsorption Equilibrium Mass Fraction of

Silica Gel Particles (d, == 2mm) at Specified RH Condition

I --6-Test 3

-Average of three
measurements

Selected

aqueous
saturated salt Experiment Test Test Average Uncertain

solutions RH 1 (g/g) 2(g/g) Test3(g/g) (g/g) ty (± g/g)

0 0 0 0 0

LiCl 0.113 0.0161 0.0227 0.0293 0.0227 0.0284

CH3COOK 0.225 0.0360 0.0473 0.0496 0.0443 0.0313

MgCh.6H2O 0.328 0.0485 0.0684 0.0732 0.0634 0.0562

K2C03 0.432 0.0682 0.0966 0.0936 0.0861 0.0670

Mg(N03).6H2O 0.529 0.0809 0.1317 0.1226 0.1117 0.1166

1.2
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NaCI 0.753 0.1289 0.2689 0.3189 0.2389 0.4235

KCI 0.843 0.1439 0.2839 0.3339 0.2539 0.4235

KN03 0.936 0.1593 0.2993 0.3493 0.2693 0.4235

K2S04 0.973 0.1654 0.3054 0.3554 0.2754 0.4235

0.4 ,----------- ..----.-.-------.-.. - ----.-.--.----.-.--_._ _- .. --_.--.-._-- - .. _--..,

0.35

0.3

g
0.25'

e
�
8 0.2
I!!

�
� 0.15

0.1 -

0.05

o�----------------------�------�--------�------�
a 0.2 0.6 0.80.4

Experiment Relative Humidity (RH)

-o-Test 1

-:l::-Test 2

--6-Test3

-Average of three
measurements

1.2

Figure F.4 Moisture Content as a Function of Relative Humidity at Room Temperature

(295 K) For Type A Particles (d, :; 2 mm)

2. Rate of moisture adsorption

particles can adsorb at certain time is listed in Table F.3.

In constant 52.9 % RH environment, the amount of the moisture that dry silica gel
A graph is shown in Figure

F.5 for the time versus the mass accumulation of the moisture adsorption in 36000

seconds (10 hours) period. Since we are most concerned with the beginning part of the

performance of the moisture adsorption of the silica gel particles, the time versus the
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mass accumulation of the moisture adsorption in the first 600 seconds for the same

experiment is shown in Figure F.6. The trend lines are added for both the figures.

Table F.3 Moisture Adsorption Rate of the Silica Gel Particles, d, == l mm, at 52.9 %

RH, Room Temperature 295 K (Dry sample mass: 21.76 ± 0.02 g)

Moisture content (Mass
fraction of the moisture

Moisture adsorbed Mass accumulation of the adsorbed at certain

at certain time (g), moisture adsorbed (g), ± time to the dry silica gel
Time (s) ± 60 (s) ± 0.02 (g) 0.01 (g) sample) %, ± 0.01 %

0 0 0 0.00

120 0.09 0.09 0.41

300 0.094 0.184 0.85

540 0.14 0.324 1.49

840 0.09 0.414 1.90

1140 0.206 0.62 2.85

2280 0.566 1.186 5.45

3480 0.328 1.514 6.96

6840 1.044 2.558 11.76

7440 0.19 2.748 12.63

8100 0.178 2.926 13.45

9000 0.238 3.164 14.54

9540 0.126 3.29 15.12

10140 0.134 3.424 15.74

10980 0.176 3.6 16.54

11940 0.208 3.808 17.50

12660 0.146 3.954 18.17

13620 0.182 4.136 19.01

14760 0.198 4.334 19.92

15420 0.126 4.46 20.50

16500 0.166 4.626 21.26

17520 0.164 4.79 22.01

18240 0.102 4.892 22.48

19140 0.134 5.026 23.10
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20040 0.124 5.15 23.67

20940 0.102 5.252 24.14

21840 0.336 5.588 25.68

22860 0.114 5.702 26.21

23640 0.102 5.804 26.67

24540 0.126 5.93 27.25

25500 0.118 6.048 27.80

26340 0.098 6.146 28.25

27240 0.108 6.254 28.74

28140 0.08 6.334 29.11

29040 0.072 6.406 29.44

29940 0.058 6.464 29.71

30840 0.05 6.514 29.94

31740 0.048 6.562 30.16

32640 0.048 6.61 30.38

33540 0.044 6.654 30.58

34380 0.05 6.704 30.81

35400 0.058 6.762 31.08

36240 0.046 6.808 31.29

37080 0.052 6.86 31.53

35.00 . .

�

j
20.00

115.00 1------..,*;,,-------------------1

0.00 _--�--�--�--�-�--_--_--..._.._.....

o 5000 10000 15000 20000
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25000 30000 35000

--+- Moisture content

-Poly. (Moisture
Content)

40000

Figure F.5 Moisture Adsorption Rate for an Initially Dry Sample, d, == l mm,

at 52.9% RH Environment, room temperature 295 K
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Note that the trend line for the moisture content in the Figure F.5 is:

where, Yo 1.5; A = 36.38;

to 16666.67; R2 = 0.9873
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Figure F.6 Moisture Adsorption Rate (first 600 s) for an Initially Dry Sample, d, == Irnm,

at 52.9% RH Environment, room temperature 295 K

GENERAL OBSERVATIONS

1. The moisture adsorption equilibrium mass measurement

1) The moisture adsorption equilibrium mass fraction of the silica gel particles is large

(up to 37.5 gig) relative to most other solids.

2) At higher relative humidity (e.g. over 50% RH), the moisture adsorption
measurements tend to have larger uncertainty than those at lower relative humidity.
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2. Rate of moisture adsorption

1) The rate of the moisture adsorption of the silica gel particles is fast. The data of the

rate moisture adsorption shows the exponential response of silica gel when exposed to a

step change in the ambient air relative humidity.

2) These results for the rate of moisture adsorption need discussion noting first that this

is not an equilibrium process. That is, the RH near the particles will likely be less than

52.9 %. This will be especially so near time t=O.

The reason for this is that in the container, water vapour will diffuse through the air from

the water surface up into each layer of particles in the bed. This long path (L) of

diffusion may have a time delay for about:

Time of diffusion = L 2 1 D = (0.05)
2 125 E-6 == 100 seconds

Where L, length of diffusion path (about 50 mm)
D , diffusion coefficient

(F.2)

Meanwhile, mass of water vapour in the container at 52.9% RH:

Mwater = W x mass of air in the container

Where W, humidity ratio, 0.009;

mass of air in the container = Pair x Volume of the container

(F.3)

== 1.2 x0.1E-3

Then Mwater == 0.009x1.2x0.1E-3 = 0.0108 g

But the mass of water adsorbed at 600 seconds is:

Mdry silica gel particles X Moisture content (t = 600 s) == 21.76 x 0.016 =0.35 g (F.4)

Which is 30 times greater than Mwater. So almost all of the moisture adsorbed by the

silica gel must diffuse directly from the water surface to the particles because the air

moisture mass is much lower.
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APPENDIX G

CALIBRATION OF THE DATA ACQUISITION SYSTEM

The accuracy of the data depends on the magnitude of the error introduced by the data

acquisition system. Therefore the data acquisition system was calibrated for both

temperature and relative humidity measurements.

Since the values of temperature and relative humidity used in the experiments are around

22°C (295 K), 50%�90% RH, the calibration ranges are generally set to be 15 � 60°C

(288 �333 K) and 10% �100% RH respectively.

c.i CALIBRATION OF TEMPERATURE SENSORS

1. EXPERIMENTAL APPARATUS AND INSTRUMENTAnON

1). The data acquisition system which is needed to calibrate: Scientific Instruments 641

Electronic Measurement System analog to a digital board with 15 channels connected to

type T thermo couple sensors (Omega Engineering Inc.) and a computer monitor used to

display and record the data acquired

2). An Ectron 1100 Thermocouple Simulator (uncertainty ± 0.3 K) was used to calibrate

all 15 channels on the board. Since the Thermocouple Simulator has four outlets, only
four channels from the data acquisition system can be checked at one time. A schematic

of the experimental apparatus is as shown in Figure 0.1.

2. EXPERIMENTAL PROCEDURE

1) Connect the computer, digital board and the Thermocouple Simulator as the graph
above shows. In the digital board, only the first four channels are connected.
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Figure G.l Experimental Apparatus Used for the Calibration of Temperature Data

Acquisition System

2) Set the temperature of channel 0 in the digital board as the internal reference

temperature, which is a standard criterion used to neutralize the reference temperature

error in the board.

3) Set up the computer program used to record the readings from the thermo couple s.

4) Set the temperature of the Thermocouple Simulator to be 15°C (288 K).

5) Wait 10 seconds to make the readings of the data acquisition system stable, and then

start the computer program, record about 10 to 20 readings.

6) Repeat the step 4 and 5 with the temperature of the Thermocouple Simulator set to

be 20°C (293 K), 25°C (298 K), 30°C (303 K), 35°C (308 K), 40°C (313 K), 45°C

(318 K), 50°C (323 K), 55°C (328 K), 60°C (333 K) respectively and record the

readings from the thermo couples.

7) Repeat the step from 4 to 6 two more times.
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8) Repeat the steps from 1 to 6 and get all other channels' readings.

3. EXPERIMENTAL RESULTS AND ANALYSIS

1) Experimental Results

Totally 15 channels of the data acquisition system were calibrated.

For each channel, 10 temperature conditions were investigated. Under each temperature

condition, three measurements were completed.

By comparing the average value of the three measurements to the value of the standard

instrument (Thermocouple Simulator), the discrepancy between the measured value and

the expected value was obtained for each channel at each temperature. The data are

presented in Table G.l and plotted in Figure G.2,

Trend line was applied for the Standard temperature - discrepancy curve of each channel.

The trend line functions are expressed as equations VeX), where Y is discrepancy
between the measured and the standard temperature and X is the standard temperature.

The R2 values for these generated functions range from 0.6717 to 0.9842.

Table G. 1 Temperature Differences for Each Channel at Certain Standard Temperature
Standard

Temperature

(K) 288 293 298 303 308 313 318 323 328 333

Temperature

Differences

Channel (K)

1 0.3727 0.4722 0.4893 0.5400 0.5593 0.6000 0.6267 0.6462 0.6533 0.6667

2 0.3848 0.4889 0.4607 0.4850 0.5074 0.5800 0.5667 0.6154 0.5933 0.6200

3 0.3727 0.4722 0.3929 0.4550 0.4650 0.5333 0.5533 0.5769 0.5733 0.6000

4 0.3455 0.4556 0.3893 0.4400 0.4593 0.4933 0.5200 0.5462 0.5400 0.5667
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5 0.2263 0.3000 0.3000 0.4000 0.4059 0.4875 0.4824 0.5091 0.5362 0.5895

6 0.2526 0.3000 0.3000 0.3467 0.4000 0.4187 0.4118 0.5000 0.5268 0.5526

7 0.2053 0.3000 0.2214 0.3000 0.3059 0.4000 0.4000 0.4091 0.5200 0.5263

8 0.3842 0.4214 0.4000 0.4467 0.4941 0.5125 0.5000 0.5727 0.6184 0.6526

9 0.3526 0.4000 0.3286 0.4000 0.4118 0.5000 0.5000 0.5364 0.6135 0.6421

10 0.3313 0.3438 0.3250 0.4000 0.4067 0.5000 0.4923 0.5000 0.5000 0.5214

11 0.3563 0.3471 0.3000 0.3937 0.4000 0.4067 0.4000 0.4923 0.4643 0.4929

12 0.3250 0.3000 0.2187 0.3000 0.3067 0.3667 0.3923 0.4000 0.4000 0.4214

13 0.3187 0.2875 0.2000 0.3000 0.3000 0.3067 0.3000 0.3846 0.3714 0.4000

14 0.2937 0.2437 0.1750 0.2000 0.2200 0.3000 0.3000 0.3462 0.3071 0.3714

15 0.0000 0.0800 0.1000 0.1889 0.2000 0.2400 0.2000 0.2300 0.2400 0.3400
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Figure G. 2 Temperature Differences for Each Channel at Certain Standard Temperature

Trends for each channel:

Channel 1: Y = -0.0001X2 + 0.0799X + 12.761 (R2=0.9842)
Channel 2: Y> -6E-05X2 + 0.0412X - 6.5959 (R2=0.9025)
Channel 3: y= -9E-06X2 + 0.0106X - 1.9038 (R2=0.8677)
Channel 4: y= -2E-05X2 + 0.0197X - 3.2555 (R2=0.8768)
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Channel 5: Y = -6E-05X2 + 0.0477X - 8.1705

Channel 6: Y = +2E-05X2 - 0.0042X + 0.0333

Channel 7: Y = +6E-05X2 + 0.0298X + 3.9474

Channel 8: Y = +0.0002X2 - 0.1 003X + 14.918

(R2=0.9697)
(R2=0.9676)
(R2=0.8989)
(R2=0.9487)
(R2=0.9470)
(R2=0.8932)
(R2=0.8021)
(R2=0.7073)
(R2=0.6810)
(R2=0.6717)
(R2=0.8874)

Channel 9: Y = +0.0002X2 - 0.1279X + 19.047

Channel 10: Y = -5E-05X2 + 0.0355X - 5.830

Channel 11: Y = +5E-05X2 - 0.0262X + 3.8846

Channel 12: Y = +7E-05X2 - 0.0427X + 6.4212

Channel 13: Y = +0.000IX2 - 0.0743X + 11.410

Channel 14: Y = +0.0002X2 - 0.0904X + 13.836

Channel 15: Y = -9E-05X2 + 0.0802X - 10.069

2) General Observations

a For any calibrated channel, the temperature differences or discrepancies from the

standard temperature were quite small (maximum 0.67 °C).

b. For each channel, the temperature differences from the standard temperature are

increasing with temperature.

c. At certain temperature, from channel 1 to channel 15, the temperature differences

from the standard temperature tend to increase, which means channel 15 is generally
closer to the standard temperature than channell.

G.2 CALIBRATION OF RELATIVE HUMIDITY SENSORS

1. EXPERIMENTAL APPARATUS AND INSTRUMENTATION

The apparatus, shown in Figure G.3, is comprised of the following components:

157



1) Chilled Mirror (General Eastern, Model: 1211H, uncertainty ± 0.5% RH for 0 �40%

RH range, uncertainty ± 1.25% RH for 45 � 95% RH range). This calibrated chilled

mirror is used as the transfer standard to calibrate RH sensors.

2) Indicator of Chilled Mirror (General Eastern, Model: Hygro M2), which is used to

read and show the data from the Chilled Mirror

3) Humidity Generator (General Eastern, Model: Cl), which is used to generate the

humid air at selected values of RH

4) Temperature sensor (General Eastern, Model:1112 D, PRTD), which is used to

measure the temperature in the Humidity Calibrator

5) Air flow meter (Dwyer Instruments Inc), which is used to measure the flow rate of the

air that passing through the Chilled Mirror

6) Air pump, which is used to pump the air passing through the Chilled Mirror

7) RH sensors needed to be calibrated (Vaisala, Model: HMP 233), RH sensor 20686

and 20695

8) Digital volt meter, which is used to read and show the data from the humidity sensors

A schematic of the experimental facility is shown in Figure G.3.

2. EXPERIMENTAL PROCEDURE

1) Connect the calibration system as shown in Figure G.3.

2) Shut off the flow rate meter, and then slightly turn the pump on.
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3) Turn on the flow rate meter to let the flow rate slowly increase to 2.5 Llmin to make

sure the air flow will not damage the chilled mirror, let the ambient air passing through
the chilled mirror increase very slowly,

4) Set the RH of the chilled mirror to be 10 %

RH sensor

5) Wait until the readings from the Indicator of the Chilled Mirror and the Digital Volt

Meter of the calibrating RH sensor are stable, and then record the readings from both the

instruments

6) Repeat the step 4 and 5 with the RH of the chilled mirror set to be 20%, 30%, 40%,

50%, 60%, 70%, 80%, 90%, 100% respectively and record the readings

7) Repeat the steps from 4 to 6 two more times
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8) Repeat the steps from 1 to 7 and get the data of another RH sensor

3. EXPERIMENTAL RESULTS AND ANALYSIS

1) Experimental Results

Two RH sensors were calibrated.

For each RH sensor, 10 RH conditions were investigated. At each RH condition, three

measurements were completed.

By comparing the average value of the three measurements to the value from the standard

instrument (chilled mirror), the discrepancies between the RH sensor readings and those

from the chilled mirror were obtained at selected relative humidities.

The trend line functions are expressed as equations Y(X), where Y is discrepancy
between the measured and the standard RH and X is the standard RH. The R2 values for

these generated functions range from 0.9788 to 0.9862.

Table G.2 RH Differences for Each RH Sensor at Certain Standard Relative Humidity

RH sensor 1 (20686) RH sensor 1 (20695)
Standard RH % (%RH) (%RH)

7.7 0.0057 0.3693

19.4 -0.8837 -0.6473

30.3 -l.2007 -l.0477

40.9 -l.1260 -1.0840

51.4 -0.9527 -1.2073

6l.4 -0.3937 -0.6370

7l.3 -0.0987 -0.2370
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82.5 0.6413 0.3320
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Figure G. 4 Discrepancies of Two RH Sensor Readings at Certain Standard RH

Trends for each RH sensor:

RH sensor (20686): Y = -IE-05X3 + 0.0029X2 - 0.1 472X + 0.9805

RH sensor (20695): Y = -IE-05X3 + 0.0029X2 - 0.1599X + 1.4607

2) General Observations

(R2 = 0.9862)

(R2 = 0.9788)

a For any RH sensor calibrated, the RH differences (errors) from the standard RH are

quite small (maximum 1.2 %).

b For the two RH sensors, the RH discrepancies from the standard RH are very close to

each other.
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APPENDIX H

EXPERIMENTAL DATA AND UNCERTAINTY ANYLYSIS FOR

THE TEMPERATURE, RELATIVE HUMIDITY AND

MOISTURE CONTENT

Two types of silica gel, Type A (d, � 2 mm) and Type B (d, � lmm), were used to test

the silica gel particle (initially at 22°C and dry) performance in a particle bed when

humid air was flowing through the bed.

For each type of particle, three inlet air conditions (22°C, 50 % RH; 22°C, 70 % RH;

22°C, 90 % RH) were investigated giving totally six groups of data. Only the first page

of each group of data was listed in this appendix.

The nomenclature used in this appendix is illustrated in Figure 3.2. (Illustration of the test

section and the location of the thermo couples and RH sensors)

Where

Time, experimental time (second)

RH 1,

T 1,

T bI,

the inlet relative humidity of the air (%)

the inlet temperature of the air (0C)

the temperature of the air which is about 80 mm over the silica gel

particles in the test section (OC)

T b2, the temperature at the top surface of the silica gel particle bed (OC)

T b3, the temperature 20 mm away from the top surface (0C)

T b4, the temperature 40 mm away from the top surface (OC)

T b5, the temperature 60 mm away from the top surface (OC)

T b6, the temperature at the bottom surface of the bed (OC)
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T b7, the temperature at the bottom surface of the bed (OC)

T b8, the temperature at the bottom surface of the bed (OC)

T b9, the temperature at the bottom surface of the fibreglass support (OC)

RH 2, the outlet relative humidity of the air (%)

T 2, the outlet temperature of the air (OC)

Pressure, readings from the orifice meter (Pa)

UNCERTAINTY ANALYSIS

1. Uncertainty of Temperature Measurement

1). Bias

From the calibration of data acquisition system (Appendix G), it is known that

the biggest bias for IS-channel temperature data acquisition system is 0.667 K.

This value is used here to estimate the uncertainty of experimental data for

temperature measurement.

2). Uncertainty

For the same size of silica gel particle, 50%, 70% and 90% inlet RH conditions were

tested respectively. For each RH inlet condition, only one test was completed.
Therefore Regression Uncertainty method is suitable to use here to calculate the

experimental precision error. It is assumed that the temperature in bed and the square

of inlet humidity are in linear relationship. Bias error is indicated as above.

a. Temperature Profiles for Type B particles (d, == lrnm)
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Table H.I Uncertainty Analysis for Temperature Profiles

for Type B Particles (d, :; 1mm)

Time Inlet Temperat Inlet Temperat Inlet Temperatu Uncertai

(s) RHA2 ure(K) RHA2 ure(K) RHA2 re(K) Precision Bias nty (± K)

1000 2510 307.5 4914 310.4 8154 316.1 5.9915 0.667 6.0285

3000 2560 300.5 4914 302.7 8064 307.3 4.7674 0.667 4.8138

x1L=0.25 6000 2652 298.5 4802 299.4 7974 303.1 3.4379 0.667 3.5020

12000 2530 297.1 4775 296 8010 299.6 2.3961 0.667 2.4872

36000 2652 297.1 4858 294.2 8028 296.7 0.6415 0.667 0.9255

1000 2510 316.5 4914 326.3 8154 326.3 4.5768 0.667 4.6251

3000 2560 305.6 4914 311.7 8064 314 4.7122 0.667 4.7592

x1L=0.5 6000 2652 301.2 4802 305.8 7974 308.3 4.2537 0.667 4.3056

12000 2530 298.2 4775 301.7 8010 307 5.9821 0.667 6.0192

36000 2652 297.2 4858 294.3 8028 297.4 1.1288 0.667 1.3112

1000 2510 322.2 4914 330.7 8154 330.8 4.0510 0.667 4.1056

3000 2560 315.9 4914 317 8064 314 1.9287 0.667 2.0408

x1L=0.75 6000 2652 307 4802 308.9 7974 312.6 3.9216 0.667 3.9779

12000 2530 301.1 4775 304 8010 303.5 0.9844 0.667 1.1891

36000 2652 297.9 4858 295.7 8028 299.6 2.1138 0.667 2.2165

1000 2510 320.3 4914 331.7 8154 330.2 4.1037 0.667 4.1576

3000 2560 319.5 4914 328.3 8064 328.1 3.9354 0.667 3 .. 9915

x1L=1.0 6000 2652 310.8 4802 316 7974 317.9 4.0569 0.667 4.1 114

12000 2530 302.5 4775 308 8010 310.1 4.3423 0.667 4.3933

36000 2652 298 4858 300.7 8028 302.1 2.4301 0.667 2.5200
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b. Temperature Profiles for Type A particles (d, ::= 2 mm)

Table H.2 Uncertainty Analysis for Temperature Profiles

for Type A Particles (d, ::= 2 mm)

Time Inlet Temperat Inlet Temperatu Inlet Temperatu Uncertai
(5) RH"2 ure (K) RH"2 re (K) RH"2 re (K) Precision Bias ntv (± K)

1000 2530 302.6 4844 305.85 7974 316.4 10.15 0.667 10.18

3000 2520 297.2 4984 300.65 8190 307.5 7.22 0.667 7.25

xlL=0.25 6000 2480 296.5 4761 297.65 8064 303.4 5.27 0.667 5.31

12000 2510 295.6 4900 295.35 7992 300.7 4.29 0.667 4.35

36000 2581 295.3 5084 294.45 8190 297.3 1.99 0.667 2.10

1000 2530 307.7 4844 318.75 7974 322.7 8.43 0.667 8.46

3000 2520 299.9 4984 308.35 8190 311.9 6.83 0.667 6.87

xlL=0.5 6000 2480 297.9 4761 303.65 8064 306.2 4.88 0.667 4.93

12000 2510 296.2 4900 299.75 7992 302.9 4.25 0.667 4.30

36000 2581 295.2 5084 294.35 8190 297.8 2.48 0.667 2.57

1000 2530 314.9 4844 327.35 7974 328.9 7.14 0.667 7.17

3000 2520 310 4984 315.95 8190 319.4 5.60 0.667 5.64

xlL=0.75 6000 2480 303.8 4761 308.35 8064 310.9 4.31 0.667 4.36

12000 2510 299.1 4900 303.75 7992 306.1 4.10 0.667 4.16

36000 2581 295.8 5084 295.25 8190 300.1 3.76 0.667 3.82

1000 2530 314.1 4844 331.75 7974 329.8 6.72 0.667 6.75

3000 2520 313.2 4984 324.15 8190 324.3 5.22 0.667 5.26

xlL=1.0 6000 2480 310.4 4761 313.15 8064 314.2 2.22 0.667 2.32

12000 2510 301.2 4900 306.25 7992 307.7 3.55 0.667 3.62

36000 2581 296.3 5084 300.25 8190 301.4 2.77 0.667 2.85
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2. Uncertainty of Relative Humidity Measurement

1) Bias

From the calibration of data acquisition system (Appendix G), it is known that

the maximum bias for relative humidity sensors is 1.21 RH. This value is used

here to estimate the uncertainty of experimental data for temperature

measurement.

2) Uncertainty
It is assumed that the outlet humidity and the square of inlet humidity are in linear

relationship.

a. Relative Humidity Profiles for Type B particles (d, � 1mm)

Table H.3 Uncertainty Analysis for Relative Humidity Profiles

for Type B Particles (d, � 1 mm)

Test
Condition Time (s) 1000 3000 6000 12000 36000

50% Inlet RH Inlet RHII2 50.5 51.5 50.3 48.9 50.1

Outlet RH 1 1.8 11.5 25.7 44.1

70% Inlet RH Inlet RHII2 70.1 70.1 69.2 69.1 69.4

Outlet RH 1.3 3.7 12.9 23.3 46.7

90% Inlet RH Inlet RHII2 90.3 89.8 89.3 89.5 89.6

Outlet RH 3.5 3.9 14.5 29.5 51.6

Precision 0.6136 3.7584 7.0060 8.9771 12.7697

Bias 1.2100 1.2100 1.2100 1.2100 1.2100

Uncertainty 1.3567 3.9484 7.1097 9.0583 12.8269
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b. Relative Humidity Profiles for Type A particles (d, � 2 mm)

Table HA Uncertainty Analysis for Relative Humidity Profiles

for Type A Particles (d, � 2 mm)

Test Condition Time (s) 1000 3000 6000 12000 36000

50% Inlet RH Inlet RHII2 2490.01 2460.16 2490.01 2510.01 2510.01

Outlet RH 0.6 0.2 7.3 24.6 43.7

70% Inlet RH Inlet RHII2 4844.16 4984.36 4761 4900 4816.36

Outlet RH 1.2 5 15 28 46.7

90% Inlet RH Inlet RHII2 7974.49 8154.09 8082.01 7956.64 8028.16

Outlet RH 1.2 5.4 17.4 32.5 51.6

Precision 0.4082 1.7095 5.3281 5.9192 12.6244

Bias 1.2100 1.2100 1.2100 1.2100 1.2100

Uncertainty 1.2770 2.0944 5.4638 6.0416 12.6823

3. Moisture Content Measurements and Uncertainty

The bias of the moisture content measurement at the end of each experiment

(10 hours) is estimated to be 20%. . It is assumed that the moisture content

and the square of inlet humidity are in linear relationship. The moisture content

measurements and the uncertainty calculation are shown in the Table H.5 for

both Type B (d, � 1mm) and Type A (d, � 2 mm) particles.
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Table H.5 Uncertainty Analysis for Moisture Content Profiles

for Type A, B Particles (d, == 1, 2 mm)

Particle Size = 1 Uncertainty
mm Precision Bias (± %)

Inlet RW2 2500 4900 8100

Mass of dry
particles (a) 1002.08 1072.15 1055.07

6000s 3.9 5.01 5.81 0.75 5.00 5.06
Ratio of
water

accumulated

(%) 18000s 6.57 8.77 10.85 0.95 5.00 5.09

36000s 6.91 11.08 14.35 2.54 5.00 5.61

Particle Size = 2
mm

Inlet RH"2 2500 4900 8100

Mass of dry
particles (a) 1064.05 1011.31 1008.89

6000s 3.93 5.83 8.04 0.36 5.00 5.01
Ratio of
water

accumulated

(%) 18000s 6.53 9.47 12.71 0.75 5.00 5.06

36000s 7.88 12.13 14.9 3.21 5.00 5.94

Enclosed: data from the experimental measurements
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Table H.6 The T and RH Variations In an Initially Dry Silica Gel Particle (d, ::; 1 rnm) Bed

Subject To a Sudden 50% RH Humid Air Flow

xlL= 0 0.25 0.5 0.75

Time RH I T I

3 50.6 21.1

24 50.6 21.1

43 50.5 21.1

63 50.6 21.1

83 50.3 21.2

103 50.2 21.2

124 50.5 21.1

144 50.5 21.1

163 50.2 21.1

183 50.6 21

203 50.4 21

223 50 21.1

243 50.1 21.1

263 50.1 21.1

284 49.9 21.1

303 50.2 21.1

323 50.5 21

343 50.2 21.1

363 50.2 21

383 50.3 21

403 49.9 21.1

423 50.3 21

443 50.5 21

463 50.2 21

483 50.4 21

504 50.7 20.9

524 50.5 21

543 50.4 20.9

563 50.2 21

583 50.1 21.1

603 50.5 21

624 50.6 20.9

643 50.3 21

663 50.7 20.9

684 50.6 20.9

703 50.4 20.9

723 50.7 20.9

744 50.7 20.9

763 50.4 20.9

783 50.6 20.9

804 50.3 21

823 50 21

843 50.4 21

863 50.5 21

Tb1

23.9

23.9

22.6

22.3

22.4

22.4

22.1

22.2

22.3

22

22.2

22.3

22.1

22.2

22.3

22.1

22

22.2

22.1

22.1

22.2

22

22

22.1

21.9

21.9

22.1

21.9

22

22.1

21.9

22

22

21.9

22

22

21.8

22

22

21.8

22

22

21.8

21.9

Tb2 Tb3

26.2 26.2

25.7 26.6

24.6 29.4

24.3 35

24.5 40

24.4 43.1

24.1 44.8

24.2 45.6

24.2 45.9

23.9 46

24.1 45.8

24.2 45.5

23.9 45.3

24 44.9

24.1 44.5

23.9 44.2

23.7 43.8

24 43.4

23.9 43

23.8 42.7

24 42.3

23.7 41.9

23.7 41.6

23.9 41.2

23.7 40.9

23.6 40.5

23.8 40.1

23.6 39.9

23.7 39.5

23.8 39.3

23.6 39

23.6 38.7

23.7 38.4

23.5 38.2

23.6 37.9

23.7 37.6

23.4 37.4

23.6 37.2

23.7 36.9

23.4 36.7

23.6 36.4

23.7 36.2

23.4 36

23.5 35.8

T b4 Tb5

23.8 23.9

23.9 23.9

24.5 23.8

25.9 23.8

28.6 23.8

32 23.9

35.3 24.2

38.1 24.6

40.4 25.3

42.2 26.2

43.8 27.4

45.1 28.8

46.1 30.5

46.8 32.1

47.4 33.9

47.8 35.6

48.2 37.2

48.4 38.9

48.5 40.4

48.6 41.7

48.6 42.9

48.6 43.9

48.6 44.8

48.5 45.6

48.3 46.3

48.2 46.8

48 47.3

47.9 47.6

47.7 48

47.5 48.2

47.4 48.4

47.2 48.6

47 48.7

46.8 48.8

46.6 48.9

46.4 49

46.3 49.1

46.1 49.2

45.8 49.2

45.6 49.2

45.4 49.2

45.2 49.2

45 49.2

44.8 49.2

Tb6

24.2

24

23.7

23.6

23.6

23.5

23.5

23.5

23.5

23.5

23.6

23.8

24.1

24.5

25.3

26.2

27.3

28.7

30.3

32.1

33.8

35.5

37.2

38.7

40.2

41.4

42.5

43.5

44.2

44.9

45.4

45.9

46.2

46.5

46.7

46.9

47

47.1

47.2

47.2

47.2

47.3

47.3

47.3

Tb7

24.3

24.1

23.9

23.8

23.8

23.8

23.7

23.7

23.7

23.7

23.7

23.8

24

24.4

24.9

25.6

26.5

27.7

29.2

30.8

32.4

34.1

35.8

37.5

39.1

40.5

41.8

42.9

43.8

44.6

45.3

45.9

46.4

46.8

47.1

47.3

47.6

47.7

47.9

47.9

48

48

48.1

48.1

T
T b8 b9 RH 2 T2

24.4 19.5 29.8 20.3

24.4 19.6 23.3 20.2

24.2 20.3 8.5 20.1

24.1 20.8 6.7 20.2

24.1 20.9 6.1 20.4

24 20.9 5.5 20.5

23.9 21 5.1 20.5

23.9 21 4.7 20.6

23.9 21.1 4.2 20.6

23.9 21.2 4 20.7

24 21.4 3.9 20.7

24.3 21.5 3.5 20.8

24.7 21.6 3.8 20.9

25.3 21.8 3.7 21.2

26.1 22 4.1 21.5

27.2 22.4 4.1 21.8

28.4 22.9 4.1 22.3

29.9 23.6 4.1 22.8

31.5 24.6 3.9 23.5

33.2 25.7 3.8 24.1

34.9 27 3.5 24.8

36.6 28.3 3.5 25.6

38.1 29.7 3.5 26.3

39.6 31.1 3.3 27.1

41 32.6 2.9 27.9

42.2 33.9 2.7 28.6

43.3 35.2 2.4 29.4

44.1 36.3 2.4 30.1

44.9 37.2 2.4 30.6

45.5 38.1 2.4 31.1

46 38.9 2.2 31.7

46.5 39.5 2 32.2

46.8 40.1 1.8 32.6

47.1 40.6 1.8 33.1

47.3 41 1.7 33.5

47.5 41.3 1.6 33.8

47.6 41.6 1.5 34.1

47.8 41.9 1.4 34.3

47.8 42.1 1.3 34.5

47.9 42.2 1.3 34.7

47.9 42.4 1.3 34.9

47.9 42.5 1.2 35

47.9 42.5 1.2 35.1

47.9 42.6 1.1 35.2

Pressure

445.3

448.2

440.6

435.9

432.4

431.5

427.7

431.3

431.7

429.9

431.8

430.8

431.7

429.9

431.7

434.3

434.9

431.8

432.3

432.2

430.6

432.2

433.5

438

436.4

434

435.8

434.8

435.7

435.8

436.1

436.8

435.6

437.6

438.1

438.2

437.4

437.4

438.5

438.4

437.7

438.1

437.9

437
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Table H.7 The T and RH Variations In an Initially Dry Silica Gel Particle (d, == l mrn) Bed

Subject to a Sudden 70% RH Humid Air Flow

Time RH 1 T 1

7 70.3 21.1

17 70.4 21.1

26 70.4 21.1

36 70.5 21.1

47 70.4 21.1

56 70.5 21.1

67 70.4 21.1

76 70.4 21.1

86 70.4 21.2

97 70.2 21.2

106 70.1 21.2

116 70.3 21.2

126 70.4 21.1

136 70.5 21.1

147 70.2 21.2

156 69.9 21.2

166 69.8 21.2

177 69.9 21.1

186 70 21.1

197 69.9 21.1

206 69.8 21.2

216 69.6 21.2

227 69.6 21.1

236 69.8 21.1

246 69.7 21.1

257 69.7 21.1

266 69.6 21.1

276 69.4 21.1

287 69.4 21.1

296 69.4 21.1

306 69.4 21.J

316 69.3 21.1

326 69.2 21.1

337 69.1 21.1

346 69.2 21.1

356 69.5 21.1

367 69.6 21.1

376 69.5 21.1

386 69.4 21.1

397 69.3 21.1

406 69.6 21.1

416 69.9 21.1

426 70.2 21.1

437 70 21.1

x/L= o

Tb1 T b2 T b3

24.7 26.4 25.7

25.4 27.1 25.8

25.6 27.3 26.1

23.7 25.5 27.6

22.9 24.6 30.6

22.7 24.3 33.8

22.7 24.1 36.9

22.7 24.1 39.7

22.8 24.2 42.1

23.1 24.3 44.4

22.9 24.2 46.2

22.8 24.1 47.8

22.6 24 49.2

22.8 24.1 50.3

22.8 24.2 51.3

22.8 24.3 52

22.8 24.2 52.6

22.8 24 53.1

22.8 24 53.4

22.8 24 53.5

22.9 24.1 53.7

22.9 24.1 53.8

22.8 24 53.9

22.6 23.9 53.9

22.5 23.9 53.8

22.7 24 53.7

22.8 24.1 53.6

22.8 24 53.5

22.7 23.9 53.3

22.6 23.8 53.2

22.5 23.9 53

22.7 24 52.8

22.6 24.1 52.6

22.7 24 52.5

22.6 23.8 52.3

22.5 23.8 52.1

22.5 23.8 51.8

22.6 24 51.7

22.7 24.1 51.5

22.6 23.9 51.3

22.5 23.8 51.2

22.5 23.8 50.9

22.6 23.9 50.8

22.6 23.9 50.5

0.25 0.5

T b4 T b5

25.1 25.7

25.1 25.6

25.1 25.6

25.1 25.6

25.2 25.5

25.4 25.5

25.7 25.4

26.2 25.4

26.9 25.4

27.9 25.4

29.1 25.5

30.4 25.5

31.9 25.7

33.6 26

35.3 26.2

37 26.5

38.6 26.8

40.4 27.4

42 27.9

43.6 28.5

45.1 29.3

46.5 30.1

47.8 31.1

49 32.1

50.1 33.2

51.2 34.5

52.1 35.6

52.9 36.9

53.6 38.2

54.3 39.4

54.8 40.7

55.3 41.9

55.7 43.2

56.1 44.4

56.4 45.5

56.7 46.6

56.9 47.7

57.2 48.7

57.3 49.7

57.5 50.6

57.6 51.4

57.6 52.1

57.7 52.7

57.6 53.3

0.75

T b6

26.1

26

25.9

25.8

25.6

25.6

25.5

25.4

25.3

25.3

25.2

25.2

25.2

25.2

25.1

25.1

25.1

25.1

25.1

25

25

25

25.1

25.1

25.1

25.2

25.3

25.4

25.6

25.7

26

26.2

26.6

26.9

27.4

27.9

28.5

29.2

29.9

30.7

31.5

32.3

33.2

34.1

Tb7

26.4

26.3

26.2

26.1

26.1

26

25.9

25.8

25.8

25.7

25.7

25.6

25.6

25.6

25.6

25.5

25.5

25.5

25.5

25.4

25.4

25.3

25.3

25.3

25.3

25.3

25.3

25.3

25.3

25.4

25.4

25.4

25.6

25.6

25.8

25.9

26.1

26.4

26.7

27

27.3

27.7

28.1

28.6

T b8

26.6

26.4

26.3

26.2

26.1

26

25.9

25.8

25.7

25.6

25.6

25.5

25.5

25.5

25.5

25.4

25.4

25.4

25.5

25.4

25.5

25.6

25.8

26

26.3

26.7

27.2

27.8

28.5

29.3

30.2

31.2

32.3

33.6

34.8

36

37.4

38.8

40.2

41.5

42.8

44

45.2

46.3

T b9 RH 2 T 2 Pressure

21.3 50.8 21.1 371.6

21.3 27.7 21 370.7

21.8 19.9 21 320.6

22.2 12.1 21.1 402.9

22.6 6.3 21.3 402.5

22.7 5.1 21.5 399.6

22.8 4.6 21.7 397.8

22.8 4.3 21.9 397.7

22.8 4.3 21.9 397.2

22.8 4.6 22 396.5

22.8 4 22 395.7

22.8 3.9 22.1 395.7

22.8 3.7 22.1 397.9

22.9 3.8 22.1 397.2

22.9 4.2 22.1 393.8

22.8 4.4 22.2 393.9

22.8 4.3 22.2 393.3

22.8 4.1 22.2 392.1

22.8 4.4 22.2 392.7

22.8 3.9 22.3 393.9

22.9 4.1 22.3 393.9

22.9 4.7 22.4 391.8

23 5.1 22.5 390.2

23.1 5.1 22.5 389.8

23.1 5.1 22.6 389

23.3 4.8 22.7 389.6

23.4 4.7 22.8 389.8

23.5 4.7 23 389.2

23.6 4.5 23.1 388.3

23.8 4.5 23.3 388.8

24 4.5 23.4 391.4

24.2 4.4 23.7 389.3

24.4 4.4 23.9 387.7

24.7 4.3 24.2 387.1

25 4.4 24.4 385.3

25.3 4.4 24.7 390.4

25.7 4.3 25.1 395.6

26.3 4.3 25.4 391.3

26.8 4.3 25.8 392.5
27.4 4.2 26.3 392.7
28 4.2 26.6 392

28.7 4.1 27 390.7
29.4 4.2 27.5 390.5
30.2 4 27.9 389
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Table H.8 The T and RH Variations In an Initially Dry Silica Gel Particle (d, = ] mm) Bed

Subject To a Sudden 90% RH Humid Air Flow

Time RH 1

2 80.6

13 80.7

22 79.1

32 79.8

42 80.1

52 79.3

62 79.9

73 80.3

83 81

93 82.4

102 83.9

112 85.1

122 85.7

132 85.8

142 85.8

152 86.4

162 87.5

172 88.2

182 88.6

192 88.3

203 88.4

213 88.8

223 89.5

233 89.8

243 89.8

252 89.9

262 90.3

272 90.7

282 90.4

292 89.9

302 89.1

312 88.4

322 88.2

332 88

343 88.4

352 89

362 89.8

372 90

382 89.8

392 89.8

403 90.1

412 90.4

422 90.4

433 90.2

TI

18.7

18.7

18.7

18.7

18.8

18.8

18.8

18.8

18.8

18.8

18.8

18.9

18.9

18.9

18.8

18.8

18.9

18.9

18.9

18.9

18.9

18.9

18.9

18.9

18.9

18.9

18.9

18.9

18.9

18.9

18.8

18.9

18.8

18.8

18.8

18.9

18.9

18.9

18.9

18.9

18.9

18.9

18.9

18.9

x/L= o 0.25 0.5 0.75

Tb1

21.6

21.9

21.7

21.2

21.3

21.4

21.2

21.5

21.3

21.1

21.2

21.5

21.6

21.8

21.6

21.2

21.5

21.7

21.7

21.5

21.6

21.5

21.4

21.4

21.4

21.3

21.4

21.6

21.7

21.6

21.5

21.8

21.6

21.1

21

21.3

21.4

21.4

21.4

21.4

21.3

21.4

21.4

21.3

T b2 T b3

25 29

26 31

29.9 30.3

35.3 30

37.9 32.4

39 3S.9

39.4 39.4

39.4 42.4

39.2 44.6

39 46.4

38.9 47.7

38.9 48.7

38.8 49.6

38.6 50.4

38.2 SI

37.9 51.3

37.7 51.5

37.6 S1.6

37.4 SI.7

37.2 51.9

36.8 51.8

36.5 51.7

36.4 51.S

36.2 SI.4

36.1 SI.2

3S.8 SI

3S.6 SO.8

35.4 SO.6

3S.3 SO.4

3S 50.1

34.7 49.8

34.5 49.5

34.2 49.1

33.9 48.7

33.6 48.3

33.5 47.9

33.5 47.6

33.4 47.4

33.3 47.2

33.1 47

33 46.7

32.9 46.S

32.8 46.3

32.7 46.1

T b4 T b5 T b6

30 30.9 24.5

32.2 32.4 24.4

30.2 32 24.2

27.5 31.3 24.1

26.3 31 24

26 30.6 23.7

26 30.2 23.6

26.3 30 23.6

26.7 29.8 23.5

27.3 29.7 23.4

28 29.8 23.4

29 29.9 23.3

30.2 30.1 23.3

31.6 30.5 18.9

33.1 30.9 23.2

34.7 31.5 23.2

36.4 32.1 23.2

38 32.9 23.1

39.7 33.7 23.1

41.4 34.7 23.2

43 35.7 23.2

44.5 36.8 23.2

45.9 37.9 23.3

47.3 38.9 23.3

48.6 40 23.4

49.7 41.1 23.5

50.8 42.1 23.7

51.8 43.2 23.9

52.8 44.2 24.1

53.6 4S.2 24.4

54.4 46.1 24.8

5S.1 47.1 2S.2

55.7 47.9 25.7

56.3 48.8 26.3

56.8 49.6 26.9

57.2 50.4 27.6

57.5 51.1 28.3

57.8 51.8 29.1

58 52.4 30

58.2 53 30.9

58.4 S3.6 31.9

58.S S4.1 32.9

58.5 54.5 33.9

58.7 55 35

Tb7

24.3

24.2

24.1

23.9

23.8

23.7

23.7

23.6

23.6

23.5

23.5

23.4

23.4

23.3

23.3

23.3

23.3

23.2

23.2

23.3

23.3

23.3

23.3

23.4

23.S

23.6

23.7

23.9

24.1

24.3

24.7

2S.1

2S.5

26

26.7

27.3

27.9

28.6

29.5

30.4

31.3

32.2

33.2

34.3

T
T b8 b9 RH 2 T2

24.9 20.1 86.5 18.8

24.8 19.9 78.8 18.5

24.7 19.6 55.2 18.3

24.5 19.8 24.6 18.2

24.4 20.4 15.7 18.3

24.3 20.7 13 18.S

24.2 20.8 11.8 18.6

24.1 20.8 11.1 18.7

24 20.8 10.7 18.8

24 20.8 10.6 18.8

23.9 20.8 10.3 18.9

23.8 20.8 10.2 18.9

23.8 20.8 10.2 18.9

23.7 20.8 10 18.9

23.720.810.1 18.9

23.7 20.8 9.8 19

23.6 20.8 9.8 19

23.6 20.8 9.8 19

23.6 20.9 9.7 19

23.7 21 9.8 19

23.7 21 9.5 19.1

23.8 21 9.3 19.1

23.9 21.1 9.3 19.1

24.1 21.2 9.1 19.1

24.3 21.2 9.1 19.2

24.5 21.3 9.2 19.2

24.9 21.5 9.1 19.3

25.3 21.6 9.2 19.4

25.8 21.8 9.3 19.5

26.5 22.1 9.3 19.6

27.2 22.4 9.4 19.7

27.9 22.8 9.4 19.9

28.8 23.3 9.4 20.1

29.8 23.8 9.3 20.3

30.9 24.4 9.3 20.5

32 25.1 9.2 20.8

33.2 25.8 9.2 21

34.3 26.6 9.1 21.3

35.6 27.4 8.9 21.6

36.9 28.3 9 22

38.2 29.3 8.8 22.4

39.4 30.3 8.8 22.7

40.6 31.3 8.5 23.1

41.9 32.5 8.4 23.6

Pressure

373

378.7

384.1

395.2

393.3

389.7

388.5

388.9

387.9

389

387.9

386.2

384.2

384.4

382.9

380.9

378.4

380

386.3

381.2

377

376

378.3

377.5

386.5

392.5

389.5

386.4

383.2

382

380.1

382

391.8

390.2

382

378.8

381.7

384.8

384.9

383.9

380.9

380

380.9

380.3
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Table H.9 The T and RH Variations In an Initially Dry Silica Gel Particle/d., == 2 mm)Bed

Subject to a Sudden 50% RH Humid Air Flow

Time RH 1

4 50.8

25 50.6

44 50.2

64 49.9

85 49.7

104 50.3

125 50.6

144 50

164 49.8

184 50.2

204 50.4

224 50.1

244 50.3

264 50.2

285 49.8

304 49.4

325 49.5

344 49.4

364 49.4

385 49.5

404 49.9

424 50

445 50.2

464 50.6

484 50.2

504 49.9

524 50.2

545 50.3

564 50

584 50.2

604 50.2

624 49.7

645 50

664 50.2

685 50.1

704 50.2

725 50.8

744 50.4

764 49.9

785 50.1

804 50.3

824 50

845 49.9

864 50

xlL= 0

T1

18.1

18.1

18.2

18.3

18.3

18.1

18.1

18.3

18.2

18.1

18.1

18.2

18

18.1

18.2

18.3

18.3

18.3

18.3

18.2

18.2

18.1

18

18

18.1

18.1

18

18

18.1

18

18.1

18.2

18.1

18.1

18.1

18

17.9

18

18.1

18.1

18

18.1

18.1

18.1

Tb1

20.4

20

20

20.2

20.2

19.8

19.8

20.1

20

19.8

19.7

19.9

19.7

19.7

19.9

19.9

19.8

19.8

19.8

19.7

19.7

19.7

19.6

19.5

19.7

19.8

19.5

19.5

19.7

19.4

19.5

19.7

19.4

19.3

19.5

19.3

19.2

19.5

19.6

19.3

19.3

19.4

19.3

19.3

0.25 0.5

T b2 Tb3

24.4 26.1

24.5 31.1

24.5 35

24.5 37.3

24.4 38.5

24 39

23.8 39.1

23.9 39

23.8 38.9

23.4 38.6

23.3 38.2

23.3 37.8

23.1 37.5

22.9 37.1

23.2 36.8

23.1 36.6

22.9 36.3

23 36

22.9 35.7

22.8 35.5

22.6 35.1

22.6 34.9

22.4 34.6

22.3 34.3

22.4 34

22.5 33.8

22.2 33.6

22.2 33.3

22.4 33.1

22.2 32.9

22.1 32.7

22.3 32.5

22.1 32.4

22 32.1

22.1 32

22 31.8

21.7 31.6

21.9 31.4

22 31.3

21.8 31.2

21.7 31

21.9 30.8

21.8 30.6

21.7 30.5

0.75

Tb4 T b5

24.5 24.2

26.1 24.2

28.9 24.2

32.1 24.3

34.9 24.4

37 24.8

38.6 25.4

39.6 26.3

40.3 27.4

40.8 28.8

41 30.3

41.1 31.9

41.1 33.4

41 34.8

40.9 36.1

40.8 37.2

40.7 38.2

40.6 39

40.4 39.7

40.3 40.3

40.1 40.7

39.8 41.1

39.6 41.4

39.4 41.6

39.1 41.8

38.9 42

38.7 42.1

38.6 42.1

38.4 42.2

38.2 42.2

38 42.3

37.8 42.2

37.6 42.2

37.5 42.2

37.3 42.2

37.1 42.2

36.9 42.2

36.8 42.2

36.6 42.1
36.4 42.1

36.3 42.1

36.1 42.1

35.9 42

35.8 42

T b6 T b7

24.3 24

24.1 23.9

24 23.9

23.9 23.9

23.8 23.9

23.8 23.9

23.8 24

23.8 24

23.8 24

23.9 24.2

24 24.4

24.3 24.8

24.7 25.3

25.3 26.1

26.1 27

27 28.1

28.1 29.2

29.2 30.5

30.5 31.7

31.7 33

32.9 34.2

34.1 35.3

35.2 36.3

36.1 37.1

37 37.9

37.8 38.6

38.4 39.2

39 39.7

39.5 40.2

39.9 40.5

40.2 40.8

40.4 41

40.6 41.1

40.8 41.2

40.9 41.3

41 41.4

41.1 41.5

41.1 41.5

41.2 41.6

41.2 41.6

41.2 41.5

41.2 41.5

41.2 41.5

41.2 41.5

T b8 T b9

24.5 24.2

24.4 24.3

24.3 24.2

24.3 24.2

24.2 24.2

24.2 24.3

24.3 24.3

24.3 24.3

24.5 24.2

24.8 24.1

25.2 24

26 23.9

26.8 23.8

27.9 23.7

29.3 23.6

30.7 23.5

32 23.4

33.4 23.3

34.7 23.2

36 23.2

37 23.1

38 23.1

38.7 23

39.4 23

40 22.9

40.4 22.7

40.8 22.7

41.1 22.6

41.3 22.5

41.5 22.5

41.6 22.4

41.7 22.3

41.8 22.2

41.8 22.1

41.8 22

41.8 22

41.8 21.9

41.8 21.9

41.8 21.8

41.8 21.7

41.7 21.7

41.7 21.6

41.7 21.6

41.7 21.5

RI-I
2 T2

19.6

19.8

20.2

20.4

20.5

20.5

20.6

20.6

20.7

20.7

20.8

21

21.2

21.5

21.9

22.4

22.9

14

4.7

2.9

2.4

1.8

1.4

1.3

1.2

1

0.9.

0.8

0.8

0.9

1.2

1.4

1.5

1.6

1.7

1.7

1.6

1.5

1.4

1.3

1.3

1.1

1

0.9

0.7

0.6

0.5

0.5

0.4

0.4

0.4

0.3

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.2

23.4

24

24.7

25.4

26

26.6

27.3

28

28.6

29.1

29.6

30

30.3

30.6

30.9

31

31.1

31.2

31.3

31.5

31.6

31.7

31. 7

31.8

31.8

31.7

31.7

Pressure

428.9

424.1

421.3

419.5

418.1

421.5

419.2

420.9

421

421.9

420.5

422.9

422.8

422

421.4

422.3

422.8

421.6

422.2

421

420.1

418.3

418.9

428.8

459.2

441.5

431.3

424.2

423.5

420.6

418.8

417.5

421.1

418.9

417.9

420.2

420.2

418.5

418.2

420

456.5

445

426

420
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Table H.I 0 The T and RH Variations In an Initially Dry Silica Gel Particle (d, == 2 mrn) Bed

Subject to a Sudden 70% RH Humid Air Flow

x/L= 0 0.25 0.5 0.75

Time RH I

25 70.3

34 70.5

44 70.4

55 70.3

64 70.4

75 70.6

84 70.7

94 70.8

105 70.6

114 70.5

124 70.7

134 70.9

144 70.8

154 70.5

164 70.4

174 70.4

184 70.6

194 70.6

204 70.6

215 70.3

224 69.9

234 69.9

245 70

254 70.2

265 70.2

274 69.9

284 69.7

295 69.6

304 69.9

315 70.1

324 70.1

334 70

345 69.8

354 69.8

364 69.9

374 69.9

384 70

395 69.6

404 69.7

415 69.8

424 69.8

434 70.1

445 70.4

454 70.7

TI

20.8

20.9

20.9

20.9

20.9

20.9

20.9

20.9

20.9

20.9

20.9

20.9

20.9

20.9

20.9

20.9

20.9

20.9

20.9

20.9

20.9

20.9

20.9

20.9

20.9

20.9

20.9

20.9

20.9

20.9

20.9

20.9

20.9

20.9

20.9

20.9

20.9

20.9

20.9

20.9

20.9

20.9

20.9

20.9

Tbl T b2 Tb3

23.1 24.8 26

22.4 24 26.8

22.4 24 28.4

22.3 23.9 30.5

22.2 23.8 32.7

22.2 23.7 35

22.3 23.8 37.1

22.3 23.9 39.2

22.4 23.9 41.2

22.3 23.8 43

22.2 23.7 44.5

22.1 23.6 45.9

22.2 23.7 47.1

22.3 23.8 48.3

22.3 23.8 49.2

22.2 23.7 50

22.1 23.6 50.7

22.1 23.5 51.2

22.2 23.6 51.7

22.2 23.7 52

22.2 23.8 52.3

22.2 23.7 52.5

22.1 23.5 52.6

22.1 23.6 52.7

22.2 23.7 52.7

22.3 23.8 52.7

22.3 23.8 52.7

22.2 23.6 52.7

22.1 23.5 52.6

22.1 23.4 52.5

22.2 23.5 52.4

22.2 23.6 52.2

22.2 23.7 52.1

22.2 23.6 52

22.1 23.4 51.8

22.1 23.4 51.7

22.1 23.5 51.6

22.2 23.6 51.4

22.3 23.7 51.3

22.2 23.6 51.1

22 23.5 51

22 23.4 50.8

22.1 23.4 50.6

22.1 23.6 50.5

T b4 T b5

24.6 24.5

24.8 24.5

25.1 24.5

25.6 24.5

26.2 24.5

27.2 24.7

28.2 24.7

29.4 24.8

30.9 25

32.4 25.1

34 25.3

35.6 25.6

37.2 25.9

39 26.3

40.6 26.8

42.1 27.4

43.7 28.1

45.1 28.9

46.3 29.7

47.5 30.7

48.6 31.7

49.5 32.7

50.4 33.9

51.2 35.1

51.9 36.3

52.4 37.5

53 38.7

53.4 40

53.8 41.2

54.1 42.4

54.4 43.5

54.6 44.6

54.8 45.8

54.9 46.8

55.1 47.7

55.2 48.7

55.3 49.5

55.3 50.3

55.3 51.1

55.3 51.7

55.3 52.3

55.3 52.8

55.2 53.3

55.2 53.8

Tb6

24.6

24.5

24.4

24.3

24.3

24.3

24.3

24.3

24.2

24.2

24.2

24.1

24.1

24.2

24.2

24.2

24.3

24.4

24.5

24.6

24.8

25.1

25.4

25.8

26.2

26.7

27.2

27.9

28.6

29.4

30.3

31.2

32.2

33.2

34.3

35.4

36.5

37.7

38.8

39.9

41

42

43

44

Tb7

24.3

24.2

24.2

24.1

24.1

24.1

24.1

24.1

24

24

24.1

24

24.1

24.2

24.2

24.3

24.5

24.7

25

25.3

25.7

26.2

26.7

27.5

28.2

29

30

31

32.1

33.2

34.4

35.6

36.9

38.2

39.4

40.8

42

43.2

44.4

45.5

46.6

47.5

48.4

49.3

T b8 T b9 RH 2

25.1 19.7 29.1

25 20.3 10.2

24.9 21 5.2

24.9 21.4 4.2

24.8 21.5 4.3

24.8 21.6 3.9

24.8 21.6 3.5

24.8 21.6 3.4

24.8 21.6 3.5

24.8 21.6 3.7

24.8 21.6 3.9

24.8 21.6 4.1

24.8 21.6 4.1

24.9 21.6 4

24.9 21.6 4.1

25.1 21.7 4.2

25.2 21.7 4.1

25.4 21.8 4

25.7 21.8 4

26 21.9 4

26.4 22 3.8

26.9 22.2 3.6

27.5 22.4 3.4

28.2 22.6 3.7

29 22.8 3.6

29.8 23.1 3.9

30.8 23.5 4

31.9 23.9 4

33 24.4 4.1

34.1 25 4.1

35.4 25.6 3.9

36.6 26.3 3.9

37.9 27 3.8

39.1 27.8 3.7

40.4 28.7 3.7

41.7 29.6 3.6

42.9 30.6 3.6

44.1 31.6 3.5

45.2 32.6 3.5

46.3 33.5 3.5

47.3 34.5 3.4

48.2 35.4 3.4

49 36.4 3.1

49.9 37.4 3

T2

20.3

20.1

20.2

20.5

20.6

20.7

20.8

20.8

20.9

20.9

21

21

21

21.1

21.1

21.1

21.2

21.3

21.3

21.4

21.5

21.7

21.9

22

22.2

22.4

22.6

22.9

23.2

23.S

23.8

24.2

24.7

25.2

25.7

26.2

26.7

27.1

27.S

27.9

28.4

28.8

29.3

29.9

Pressure

397.2

398.6

394.7

393

392.6

391

390.2

390

389.7

390.2

389.9

390.5

389.6

389.9

389.1

388.9

387.9

387.5

387

384.8

385.4

386.4

390.9

387.4

386

386.1

385.3

385.2

385.9

387.6

387.7

385.1

387.1

389.9

392.3

393.9

387.7

382.1

377.5

373.5

364.3

363.4

372.3

395.3
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Table H.II The T and RH Variations In an Initially Dry Silica Gel Particle (d, == 2 mm) Bed

Subject to a Sudden 90% RH Humid Air Flow

Time RH I

27 89.5

37 89.8

47 89.7

57 89.4

67 89.5

77 90

88 90

98 89.6

107 89.2

117 89.5

127 90.1

137 90.2

147 90.1

157 90.3

167 90.6

177 90.6

187 90.6

197 90.9

207 91.1

217 91.1

228 91.3

238 91.3

247 91.4

258 91.6

268 91.6

277 91.5

287 91.7

297 91.6

307 91.7

318 91.9

328 91.8

338 91.8

347 92.1

357 92.1

367 91.9

378 92

388 92.2

398 92.2

407 92

417 92

427 92

437 91.8

448 91.6

x/L= 0

TI

18.9

19

18.9

18.9

18.9

19

19

19

18.9

18.9

19

19

19

19

19

19

19

19

19

19

19

19

19

19

19

19

19

19

19

19

19

18.9

19

19

18.9

18.9

18.9

18.9

18.9

18.9

18.9

18.9

18.9

Tbl

23.5

21.4

21

21

20.8

20.8

20.8

20.9

20.7

20.7

20.8

20.8

20.7

20.8

20.8

20.9

20.6

20.6

20.7

20.8

20.7

20.7

20.6

20.7

20.6

20.5

20.6

20.6

20.6

20.6

20.6

20.5

20.6

20.6

20.5

20.5

20.6

20.7

20.6

20.5

20.6

20.5

20.6

0.25 0.5

T b2 T b3

25.6 36.5

23.5 37.5

22.7 39.4

22.4 40.9

22.3 41.8

22.4 42.5

22.5 43.1

22.4 43.4

22.3 43.5

22.2 43.5

22.3 43.5

22.3 43.5

22.3 43.4

22.2 43.3

22.2 43.1

22.2 43

22.2 42.8

22.1 42.6

22.2 42.4

22.1 42.2

22.1 42

22.1 41.8

22.1 41.7

22.1 41.5

22.1 41.3

22.1 41.1

22.1 40.9

22 40.7

22 40.5

22 40.3

22 40.1

21.9 39.9

22 39.7

22 39.6

22 39.4

21.9 39.2

22 39.1

22 38.9

22 38.8

22 38.6

22 38.5

22 38.4

21.9 38.2

0.75

T b4 T b5

35.1 36.5

34.3 36.2

34.6 35.5

35.4 34.9

36.5 34.6

37.7 34.3

39.2 34.1

40.7 33.9

42 33.9

43.4 34

44.6 34.2

45.8 34.5

46.9 34.9

47.9 35.4

48.8 35.9

49.6 36.5

50.4 37.3

51.1 38.1

51.7 38.9

52.2 39.8

52.6 40.7

53 41.6

53.3 42.5

53.5 43.4

53.8 44.3

53.9 45.1

54.1 45.9

54.1 46.7

54.2 47.5

54.2 48.3

54.2 48.9

54.2 49.6

54.2 50.2

54.1 50.7

54.1 51.2

54 51.7

53.9 52.2

53.8 52.6

53.7 53

53.6 53.3

53.5 53.6

53.4 54

53.3 54.3

Tb6

23

22.8

22.8

22.7

22.7

22.7

22.7

22.7

22.7

22.8

22.8

22.8

22.9

23

23.1

23.3

23.5

23.7

23.9

24.3

24.7

25.2

25.7

26.3

27

27.8

28.6

29.6

30.6

31.8

33

34.2

35.4

36.6

37.9

39.3

40.6

41.9

43.1

44.2

45.4

46.7

47.8

T b7

22.8

22.7

22.6

22.5

22.5

22.5

22.4

22.4

22.4

22.4

22.4

22.4

22.4

22.4

22.5

22.6

22.7

22.8

23

23.2

23.4

23.7

24

24.5

25

25.5

26.1

26.8

27.5

28.4

29.4

30.4

31.4

32.4

33.6

34.8

36.1

37.3

38.5

39.6

40.9

42.2

43.4

T
Tb8 b9 RH 2

22.6 19.7 34

22.5 20 16.3

22.5 20.9 10.4

22.5 21.5 8.8

22.5 21.9 7.9

22.5 22.3 7.2

22.5 22.7 7

22.5 23.2 6.5

22.5 23.6 6.3

22.6 23.9 6.4

22.7 24.1 6.4

22.8 24.2 6.2

22.9 24.3 6.1

23.1 24.4 6.2

23.4 24.4 6

23.6 24.4 5.7

24 24.4 5.8

24.4 24.4 5.9

24.9 24.4 6

25.5 24.5 6.4

26.3 24.6 6.1

27 24.8 5.7

27.8 25.1 5.7

28.8 25.4 6

30 25.9 5.9

31.1 26.4 5.3

32.3 26.9 5.9

33.6 27.5 6.7

35 28.3 7.3

36.5 29.3 7.1

37.9 30.2 6.9

39.4 31.3 6.8

40.7 32.3 6.6

42.1 33.3 6

43.5 34.5 6.1

45 35.7 6

46.3 36.8 5.9

47.6 37.9 5.5

48.7 39 5.1

49.8 40 4.6

50.9 41 4.4

52 42.2 4.4

53 43.2 4.5

T2

18.8

18.8

18.9

19.1

19.2

19.3

19.4

19.5

19.6

19.6

19.7

19.8

19.8

19.9

20

20

20.2

20.3

20.4

20.5

20.7

20.9

21.1

21.3

21.6

21.9

22.1

22.4

22.7

23.1

23.5

24

24.4

25

25.7

26.4

27.1

27.8

28.4

29

29.7

30.3

30.9

Pressure

405.4

418.3

415.5

414.3

413

412.6

410.4

412.3

412.3

407

404.5

407.3

408.3

408.3

408.6

410.1

411.4

415

424.3

420.3

412.2

409

410.8

402.9

405.6

407.1

407.4

407.3

410.3

412.9

414.7

407.8

414.7

406.9

402.6

405.1

410.1

404.4

400.4

403.9

411.1

417.8

414.2
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APPENDIX I

COMPARISON OF NUMERICAL RESULTS

AND EXPERIMENTAL DATA For PARTICLE SIZE a, � 2 mm

1.1 TEMPORAL AND SPATIAL TEMPERATURE PROFILES

1.1.1 Temporal Temperature Profiles
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g 320

e
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E 315
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E
.,
I- 310

300

o 5000 10000 15000 20000 25000 30000

Time (5)

35000

--&-Numencal inlet
condition

-- Experimental inlet
condition

--"'-Numencal result at
x/L = 0.5

-Experimental data at
x/L = 0.5

Figure 1.1 Numerical and Experimental Temperatures versus Time for d, � 2 mm,

Uo=0.0708 mis, rOC) = 295.15K , RHoo = 50%, x / L = 0 and 0.5

175



340

335

330

325

g
320

e

� 315

8.

! 310

305

300

295

290

0 10000 15000 20000

Time (5)

25000 300005000

-lr-- Numerical inlet
condition

.... Experimental inlet
condition
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Figure 1.2 Numerical and Experimental Temperatures versus Time for d, � 2 mm,

Uo=0.0708 mis, Too = 295.15K , RH
<X)

= 70%, x I L = 0 and 0.5
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x/L = 0.5

Figure 1.3 Numerical and Experimental Temperatures versus Time for d, � 2 mm,

Uo=0.0708 mis, Too = 295.15K, Rll
;

= 90%, x I L = 0 and 0.5
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Figure 1.4 Comparison ofNumerical Results (Time versus Temperature) at 50%, 70%

and 90% inletRHoo for dp= 2 mm, UD=0.0708 mis, Too = 295.15K
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1.1.2 Spatial Temperature Profiles
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Figure 1.5 Numerical and Experimental Temperatures versus Position
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Figure 1.6 Numerical and Experimental Temperatures versus Position
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Figure 1.7 Numerical and Experimental Temperatures versus Position

178



335

330

325

F
F 310

305

300

290+-----�----�----�----�----�----�----�----�----�----�

o 0.1 0.2 0.3 0.4 0.5

x1L

0.6 0.7 0.8 0.9

_'n'et condition

-+-Numerical result at

lime = 500.0 s for

50% inlet RH

--Numerical result at

time =500.0 s for

90% inelt RH

.....c>-Numerical result at

time =500.0 s for

90% inelt RH

-+--Numerical result at
time =5000.0 s for

50% inelt RH

- Numerical result at
time =3000.0 s for
70% inelt RH

� Numerical result at

time =5000.0 s for

70% inelt RH

Figure 1.8 Comparison ofNumerical Results (Temperature versus Position) at 50%,

70% and 90% inletRHoo for Uo=0.0708 mis, Too = 295.15K, dp= 2 mm

1.2 TEMPORAL AND SPATIAL RELATIVE HUMIDITY PROFILES

1.2.1 Temporal Relative Humidity Profiles
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Figure 1.9 Numerical and Experimental Relative Humidities versus Time at Inlet and
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1.3 TEMPORAL AND SPATIAL MOISTURE CONTENT PROFILES

1.3.1 Temporal Moisture Content Profiles
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Figure 1.16 Numerical and Experimental Moisture Content versus Time
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Figure 1.17 Numerical and Experimental Moisture Content versus Time
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Figure 1.22 Numerical Moisture Content versus Position

for dp= 2 mm, UD=0.0708 mis, Too = 295.l5K , RH
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