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In this thesis a simple dynamic model for the rotary honeycomb lithium chloride coated
absorption-type dehumidifier consisting of ordinary differential equations has been modified and
extended to the case of silica gel and zeolite-13X coated adsorption-type dehumidifiers. Dubinin-
Astakhov equation is employed to correlate the equilibrium adsorption isotherm for water vapor on both
silica gel and zeolite-13X coated ceramic fiber sheet. The reliability of the model is validated against
detailed experimental data published by Kodama, A. et al. (1993,1994). The present model is shown to
accurately predict the dehumidification performance and the local phenomena of simultaneous heat and
mass transfer inside honeycomb of the dehumidifier. The air temperature and humidity profiles inside

the rotary dehumidifier are compared and found to agree well with the experimental results.

Next five factors, i.e. the rotational speed of the rotor, regenerative air temperature, mass
velocity of humid room air, mass velocity of hot regenerative air and length of the rotor are investigated.
The results show that the optimal regenerative air temperatures are 393 K and 453 K for silica gel and
zeolite-13X coated dehumidifiers, respectively. Meantime, the optimal rotational speed is approximately
6-14 rph which depends on the length of the rotor and the mass velocity of humid room air. At the
optimal condition, increasing the mass velocity of the humid room air from 4.05x10° to 1.62x10
kgw/(m*s) decreases the dehumidification efficiency from 95% to 70% and from nearly 100% to 95%

for the cases of silica gel and zeolite-13X, respectively.

Furthermore, both of silica gel and zeolite-13X coated rotary dehumidifiers are simulated in
conjunction with a closed process room with-wet floor in a modern beverage factory in Thailand in order
to investigate and predict the dehumidification performance ‘and the dynamic process of the water
evaporation at various conditions as well as to compare the results with the case of lithium chloride
absorbent (Prawarnpit, 1997). The results show that the lithium chloride, silica gel and zeolite-13X

sorbents can dry out water on the wet floor within 10 hr, 6 hr and 3 hr, respectively.
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CHAPTER 1

INTRODUCTION

1.1 Background

High air humidity is a direct cause of various problems on the operation, products,
materials, and instruments in a factory. These problems include the corrosion of iron
materials that occurs at relative humidity, RH, higher than 40%, and the rapid reduction of
the electrical resistance of insulation when relative humidity increases, say, its resistance
lowered by 10,000 times when relative humidity increases from 50% to 90% (Prawarnpit,
1997). For several industries, such as petrochemical, food, chemical, medicine factories
and so on, good air drying systems for process rooms are necessary for achieving high
quality of products. In an air-conditioning system, increased humidity directly leads to
higher energy consumption and higher operating costs. Accordingly, a dehumidifier has
taken an important role in commercial buildings and even residential units. Various
dehumidifying techniques, such as using solid desiccant to dry air via an adsorption
process, using lithium chloride to dehumidify the air via an absorption process and so on,

have long been developed.

Since air dehumidification is a purification process used in the confined space of a
room or chamber of either a factory or building, the compactness and high sorption-
capacity  of the continuous honeycomb rotary type dehumidifier is of interest. In
comparison with the packed column, a honeycomb structure has adequate sorption-
capacity, light weight, low pressure drop, and is suited to continuous operation.
Consequently, the honeycomb rotary dehumidifier that was pioneered by Munters et al.
(1961), Hemstreet (1967), Macriss et al. (1977), J. Fishcher (1988), Kuma et al. (1989) and
so on, has continuously been investigated. For examples, there are experimental study
published by Kodama et al. (1993, 1994, 1995), and modeling efforts in which many



numerical approaches were adopted to predict the dehumidifying performance (Holmberg
(1979), Jurinak et al. (1984), Banks (1985), Van den Bulck et al. (1985), Schultz et al.
(1989), Chant et al. (1995), Worek et al. (1993), Elsayed et al. (1997) and Simonson et
al.(1999)).

In recent years, Particle Technology and Materials Processing Lab in collaboration
with Thai Powder Technology Center (TPTC), Chulalongkorn University, has developed a
simple dynamic mathematical model for the absorption-type rotary dehumidifier used in a
modern beverage factory (Prawarnpit, 1997). The model can realistically predict the
dynamic behavior, such as dehumidifying efficiency, outlet air temperature, remaining
water layer on the floor and air humidity in the process room at various operating
conditions. In the present work, the dynamic mathematical model of the lithium-chloride
absorption-type rotary dehumidifier (W. Tanthapanichakoon and A. Prawarnpit (1997,
2000)) will be modified and extended to the case of adsorption-type rotary dehumidifier, in

which either silica gel or zeolites are used as desiccant.

1.2 Objectives of the thesis

1. To modify the existing mathematical of the lithium-chloride absorption rotary
dehumidifier model in order to predict the dynamic behavior and performance of the
adsorption-type honeycomb rotary dehumidifier.

2. To determine the significant factors affecting the dehumidifying performance

and find out the optimal operating condition using the modified adsorption model.

1.3 Scope of the thesis

1. The adsorption isotherms for water vapor adsorption on silica gel and zeolite-
13X will be correlated using the published experimental equilibrium data.

2. The existing mathematical model for the honeycomb rotary absorption-type
dehumidifier will be modified and extended to predict the dynamic behavior and

performance of the adsorption-type honeycomb rotary dehumidifier.



3. For the validation of the modified model, the simulation results will be compared
with published experimental data for the adsorption of humidity on a silica gel coated
honeycomb rotary dehumidifier.

4. The investigated factors affecting the dehumidifying performance of either silica
gel or zeolite-13X coated honeycomb rotary dehumidifier are:

- Inlet air humidity into the adsorption section, which ranges from 30 to 60 %
RH.

- Mass velocity of humid room air and hot regeneration air, which ranges from
0.5 t0 2.0 kgaa/(mM?s).

- Regeneration temperature, which ranges from 353 to 433 K for silica gel and
413 to 523 K for zeolite-13X.

- Rotational speed of the rotor, which ranges from 5 to 20 rph (h™).

- Axial length of the rotor, which ranges from 0.10 to 0.25 m.

5. The dehumidifying performance of two different dessicants, silica gel and
zeolite-13X, operated optimally in the same process room will be compared with the case

of solid lithium chloride absorbent.

1.4 Expected benefits

1. The extended model will be an accurate and handy tool for the design of the
honeycomb rotary adsorber which can be used to remave humidity and/or inorganic air
pollutants (CO,, VOC) in a factory, a residential or commercial building.

2. The dynamic mathematical model can be used to predict the transient and steady-
state behavior of the simultaneous adsorption and desorption within the honeycomb rotary
dehumidifier and find out the optimal operating conditions for the dehumidifier.



CHAPTER 2

GAS ADSORPTION THEORY

2.1 Introduction

Ever since the observation of C.W. Scheele in 1773 and Abbe F. Fontanna in 1777

on the adsorption of gases by charcoal, there have been attempts to evolve a theoretical
basis for the complex phenomena. Were adsorption to confine only to gases, the matter
could be greatly simplified. In 1785, Lowitz discovered that charcoal could effectively
remove from liquid solutions coloring matters which were organic compounds. While a far
greater amount of the theoretical work has been done on the adsorption of gases, the
greatest volume and weight of industrial adsorbents are employed in the treatment of
solutions (Mantell, 1945). As expected, systems of gas adsorption are much more simpler

than that of adsorption in solutions.

Jasra and Bhat (1998) said that nearly 40% of the total cost of a chemical process
lies in its separation processes. Consequently, development in separation technology has
been almost parallel to the growth of the chemical industry. Separation may be defined as a
process that transforms a mixture of substances into two or more products that differ from
one another in composition. The process is difficult to achieve because it is the opposite of
mixing which is a process favored by the second law of thermodynamics (Yang, 1987).

Understanding of engineering design methods of adsorption systems is an
important aspect of process engineering design not only in the chemical industry but also
in the field of environmental pollution control and energy utilization. Moreover, adsorption
is coming to be regarded as a practical separation method for purification or bulk

separation in newly developed material production processes, for example, high-



technology materials and biochemical products which tend to decompose to other
compounds in a distillation column under high temperature (Suzuki, 1990).

2.2 Fundamental principles

Adsorption is a phenomenon in which molecules in the fluid phase (referred as the
adsorbate) adhere to the surface of a solid (referred as the adsorbent). When adsorbed, the
molecules lose much of their molecular mobility, releasing heat often in the same order of
magnitude of the corresponding heat of condensation. Desorption is a reverse
phenomenon, so heat must be supplied to the adsorbent. This phenomenon, usually called
regeneration, is quite important in the overall process. Firstly, desorption allows recovery
of the adsorbates in those separation processes where the adsorbates are valuable; and
secondly, it permits reuse of the adsorbent for further cycles. In a few cases, desorption is
not practical, and the adsorbate must be removed by thermal destruction or another
chemical reaction, or the adsorbent loaded with the adsorbate is simply discarded (Keller
I, Anderson, and Yon, 1987).

Adsorption may be classified as either chemisorption or physical adsorption,
depending on the nature of the surface forces. In physical adsorption the forces are
relatively weak, involving mainly van der Waals (induced dipole - induced dipole)
interactions, supplemented in many cases by electrostatic contributions from field gradient
- dipole or - quadrupole interactions. By contrast, in chemisorption there is significant
electron transfer, equivalent to the formation of a chemical bond between the sorbate and
the solid surface. Such interactions are both stronger and more- specific than the forces of
physical adsorption and are obviously limited to monolayer coverage. The differences in
the general features of physical sorption and chemisorption systems as shown in Table 2.1

can be understood on the basis of this difference in the nature of the surface forces.



Table 2.1 The general features of physical adsorption and chemisorption

Parameter

Physical adsorption

Chemisorption

Heat of adsorption

Specificity

Nature of adsorbed phase

Temperature range

Forces of adsorption

Low, < 1-5 times latent heat
of evaporation

Nonspecific

Monolayer or multi-layer,
no dissociation of adsorbed
species

Only significant at
relatively low temperatures
No electron transfer,
although polarization of

sorbate may occur

High, > 1-5 times latent
heat of evaporation
Highly specific
Monolayer only, may

involve dissociation

Possible over a wide range
of temperature

Electron transfer leading to
bond formation between

sorbate and surface

Reversibility Rapid, nonactivated, Activated, may be slow and

reversible irreversible

Heterogeneous catalysis generally involves chemisorption of the reactants, but most
applications of adsorption in separation and purification processes depend on physical
adsorption. Chemisorption is sometimes used in trace impurity removal since very high
selectivities can be achieved. However, in most situations the low capacity imposed by the
monolayer limit and the difficulty of regenerating the spent adsorbent more than out-weigh
this advantage.The. higher capacities -achievable-in-physical adsorption result from
multilayer formation and this is obviously critical in such applications as gas storage, but it
is also.an. important consideration in_most adsorption separation. processes since the

process cost is directly related to the adsorbent capacity.

In very small pores the molecules never escape from the force field of the pore wall
even at the center of the pore. In this situation the concepts of monolayer and multiplayer
sorption become blurred and it is more useful to consider adsorption simply as pore filling.
The molecular volume in the adsorbed phase is similar to that of the saturated liquid
sorbate, so a rough estimate of the saturation capacity can be obtained simply from the
quotient of the specific micropore volume and the molar volume of the saturated liquid.



2.3 Adsorbent

Adsorbents have been developed for a wide range of separations. Commercial
materials are provided usually as pellets, granules, or beads; although powders are used
occasionally. The selection of a proper adsorbent for a given separation is a complex

problem. The following factors are important for adsorbent selection (Yang, 1987):

1. Capacity of the adsorbent, within a range of operating pressure and temperature

2. A method for adsorbent regeneration such as increasing the temperature and/or
decreasing the pressure

3. Separation factor

Commercial adsorbents are divided into two major classes: hydrophilic and
hydrophobic surface classes. The most common hydrophilic adsorbents are molecular-
sieve zeolites, activated alumina and silica gel. Since water is a highly polar molecule, it is
strongly adsorbed on the polar surface of hydrophilic adsorbents. In contrast, the
hydrophobic adsorbents such as activated carbon and silicalite can adsorb organic species
more strongly than water. The general feature and application of both adsorbents are

shown in Table 2.2.

For a practical application, the aluminum rich zeolites (4A or 13X) and silica gel
which have a highly polar surface and a high specific area (small pores) have been widely
used in dehumidification system. Thus the detailed properties of these adsorbents are
presented below.



Table 2.2 The general features and application of hydrophilic and hydrophobic adsorbents

Adsorbent Characteristics Commercial uses Strengths Weaknesses
Activated  -Hydrophobic Removal of Cheapest Difficult to
carbon surface organic pollutants hydrophobic regenerate if
-Favors from aqueous and  adsorbent, fouling occurs,
organics over gaseous effluents  workhorse of sometimes can
air or water the pollution- catch fire during
control business regeneration
Silica gel -Hydrophilic Primarily, drying  Higher capacity Not as effective
surface of gas streams, than zeolites as zeolites in
-High capacity ~ sometimes used removing traces
for polar of H,O from gas
hydrocarbon
removal from
gases
Activated  -Hydrophilic Primarily, drying  Higher capacity Not as effective
alumina surface of gas streams than zeolites as zeolites in
-High capacity removing traces
of H,O from gas
Zeolite -Hydrophilic Dehydration, air ~ Can make Lower total
surface separations, selective capacity than
-Regular geometry-based separations many other
channels separations, many.based both-on adsorbents
others polarity and
geometry
Silicalite -Hydrophobic Removal of Sorbates'can be © ‘More costly than
surface organics from gas burned off more activated carbon
-Favors streams easily than the

organics over

air or water

case of
activated carbon




2.3.1 Molecular-sieve zeolites

Molecular-sieve zeolites are crystalline aluminosilicates of alkaline, alkaline earth
or mixed alkaline and alkaline earth elements such as sodium, potassium, magnesium and

calcium-zeolites are represented by the stoichiometry (Yang, 1987):

M (A|02 )x (Si02 )y J zH,0

where X, y are integers with y/x equals to or greater than unity, n is the valence of cation
M, and z is the number of water molecules in each unit cell. The cations are necessary to
balance the electrical charge of aluminium atoms. The skeleton is a regular structure of
cages, which is usually interconnected by six windows in each cage. The size of the
window apertures, which can be controlled by fixing the type and number of cations,
ranges from 34 to 10A. Besides surface characteristics, the sorption may occur with great

selectivity because of the size of the aperture, hence the name molecular sieve. The
primary structural units of zeolites are the tetrahedral of silicon SiO4 and aluminium AlOs.
These units are assembled into secondary polyhedral building units such as cubes,
hexagonal prisms, octahedra, and truncated octahedra. The adjacent silicon-aluminium
atoms and silicon-silicon atoms located at the corners of the polyhedra are jointed by a
shared oxygen. The final zeolites structure consists of assemblages of the secondary units
in a regular three-dimensional crystalline framework. The ratio of silicon atoms to

aluminium atoms (Si/Al) must be greater than unity.

Zeolites were first recognized as a new type of mineral in 1756. Studies of the gas-
adsorption properties of dehydrated natural zeolite crystals more than 60 years ago led to
the discovery of their molecular-sieve behavior. As microporous solids with uniform pore
sizes that range from 0.3 to 0.8 nm, these materials can selectively adsorb or reject
molecules based on their molecular shape and size. This effect, with commercial overtones
leading to novel processes for separation of materials, inspired attempts to duplicate the
natural materials by synthesis. Many new crystalline zeolites have been synthesized. More
than 150 synthetic zeolite types and 40 zeolite minerals are known. The most important
molecular-sieve zeolite adsorbents are the synthetic type A, type X, type Y, synthetic
mordenite, and their ion-exchanged variations, as well as the mineral zeolites, chabacite,
and mordenite (Kerller 11, Anderson, and Yon, 1987).
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2.3.2 Silica gel

Silica gel adsorbents are composed of a rigid three-dimensional network of
spherical particles of amorphous colloidal silica (SiO;). They were reported as early as
1640 and commercial production was begun around 1919. The surface area is generated by
the very fine size of the colloidal particles. They exhibit surface areas from as little as 100

m?/g for the -aerogels’ to over 800 m?g. The product is provided in both granular and

spherical forms. The silica gel surface has an affinity for water and organics, although
water is preferred. The surface of the silica gel can be in a fully hydroxylated form (Si-O-
H) or a dehydrated siloxane form (Si-O-Si). The former is the result of drying the gel or

precipitate below 150 °C, and the surface is readily wetted with water. The dehydration of
the fully hydroxylated form by heating from 300 to 1000 °C results in the siloxane-type

surface. The most common preparation is by mixing a sodium silicate solution with a
mineral acid such as hydrochloric acid. The reaction produces a concentrated dispersion of
finely divided particles of hydrated SiO,, known as silica hydrosol or silicic acid (Ruthven,
1984; Yang,1987).

Na,SiO; + 2HCl + nH,O ——=> 2NaCl + SiO2nH0 + H0

Various silica gels with a wide range of characteristics, such as surface area and
pore-size distribution, can be made by varying the silica concentration and pH of solution.
Silica gel is a desirable adsorbent for drying fluid stream, containing small amount of

moisture, because of the hydrophilic surface.

2.4 Adsorption equilibrium

In practical operations, the maximum capacity of an adsorbent cannot be fully
utilized due to mass transfer effects involved in actual fluid-solid contacting processes. In
order to estimate practical or dynamic adsorption capacity, however, it is essential to have
information on adsorption equilibrium (Suzuki, 1990). For a given gas and an amount of a
given adsorbent, the amount of gas adsorbed at equilibrium is a function of the final

pressure and temperature only (Mantell, 1945).
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q="1(p,T) (2.1)
When the partial pressure of the gas is varied and the temperature is kept constant,

an expression of the amount adsorbed versus the pressure is called the -adsorption

isotherm>.

g =f(p) (constant T) (2.2)

When the partial pressure of the gas is constant and temperature is varied, the

resulting relationship is called the “adsorption isobar.

q="(T) (constant p) (2.3)

The relationship of the variation of equilibrium pressure with respect to

temperature at a fixed amount of the adsorbed is called the adsorption isostere-.

p="F(T) (constant q) (2.4)

2.4.1 Types of adsorption isotherms

Brunauer et al. (1940) divided isotherms of physical adsorption into five types as

shown in Figure 2.1.

2 [ I m I e

=
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2

20 1/0 170 170 170 10
P/Ps

Figure 2.1 The five types of pure-component gas adsorption isotherms in the classification
of Brunaure, Deming, Deming and Teller (Ruthven, 1980)
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Type | isotherm represents unimolecular adsorption and applies to microporous
adsorbents with small pore sizes (not significantly greater than the molecular diameter of
the adsorbate). Adsorbents with type 11 or 11l isotherms are characterized by a wide range
of pore sizes such that adsorption may extend from monolayer to multilayer and ultimately
to capillary condensation. For example, adsorption of nitrogen on silica gel displays type 11
behavior. In this regard, it should be noted that both the potential theory and the capillary
condensation theory deal with multilayer adsorption, but neither accounts for these
isotherm shapes. An isotherm of type 1V suggests that adsorption causes the formation of
two surface layers. Type V isotherm behavior is found in the adsorption of water vapor on

activated carbon.

To so-called “multimolecular adsorption theory: represents an attempt by earlier

investigators to develop a general expression that incorporates all the characteristics
displayed by these five types of isotherms. In terms of present understanding of adsorption,
such an attempt is neither necessary nor particularly useful. In establishing isotherm
equations for data representation, only two factors are of practical importance: (1) the
accuracy of the representation, and (2) the ease with which the equation may be
incorporated into adsorption calculation. The following discussion examines several

isotherm equations commonly used for single-component gas-adsorption data.

2.4.2 Adsorption-isotherm expressions

2.4.2.1 Linear isotherms: Henry's law

For physical adsorption there is no change in molecular state upon adsorption (i.e.,
no association or dissociation). It follows that for adsorption on a uniform surface at
sufficiently low concentrations such that all molecules are isolated from their nearest
neighbors, the equilibrium relationship between the partial pressure of the adsorbate in the
gas phase and the amount adsorbed in the adsorbed phase will be linear.

q=Kp (2.5)
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Equation (2.5) which represents the linear isotherms is analogous to the Henry's law

of dilute solution. Hence K is called adsorption Henry constant. The temperature

dependence of the Henry constant obeys vant Hoff equation:

dinK _ AH
dT  RT?

(2.6)

where AH represents the difference in enthalpy between the adsorbed phase and the gas
phase or the heat of adsorption. The Henry constant is given in equation (2.7) by
integrating equation (2.6).

K = K e "R (2.7)

2.4.2.2 The Langmuir isotherm

When a large number of adsorbate molecules are adsorbed on the adsorbent
surface, the isotherm tends to be nonlinear. With an increase in the partial pressure of the
adsorbate, the amount adsorbed usually approaches a certain value which represents the
maximum amount directly adsorbed on the surface or the monolayer adsorbed amount.
Under certain circumstances, the amount adsorbed is limited of this value which is known
as the saturated value. The simplest and still the most useful isotherm for the monolayer
adsorption is the Langmuir isotherm. This model was originally developed to represent
adsorption on surface in which localized adsorption take place on an energetically uniform

surface without any interaction between adsorbed molecules.

The basic assumptions on which Langmuir model was based are (Ruthven, 1984):

1. Molecules are adsorbed at a certain number of well-defined localized sites.
2. Each site can hold only one adsorbate molecule.
3. All sites are energetically equivalent.

4. There is no interaction between molecules adsorbed at neighboring sites.

When surface coverage or fractional filling of micropores is 6 (=g/qs) and the

partial pressure in the gas phase, p, the adsorption rate is expressed as kap(1-6) assuming
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first order kinetics whereas the desorption rate is expressed as kq0. Then equilibration of

adsorption rate and desorption rate gives the Langmuir equilibrium relation as

i:ﬂ (2.8)
d; 1+K.p

where s is the maximum adsorbed amount on the selected adsorbent and K = kai/Kq is
called the Langmuir adsorption equilibrium constant. The limitation of the adsorbed
amount corresponds to monolayer adsorption. The Langmuir isotherm is useful for
practical purposes because it fits Type | and the initial portion of Type Il isotherm in

Figure 2.1, which are frequently encountered.
2.4.2.3 The Freundlich isotherm

When an adsorbate molecule can be adsorbed either on an adsorbent surface or on
the molecules adsorbed on the surface, saturation of adsorption never occurs with an
increase in the partial pressure of the adsorbate. An expression of this isotherm can be

written as

q=K.p" (2.9)

Parameter ngis a constant which is not unity. If the parameter n; is greater than
unity, equation (2.9) is known as Freundlich isotherm which is an empirical expression.

Although the expression provides similar results to Langmuirs model, the amount

adsorbed is not limited. Equation (2.9) can represent multilayer adsorption.
2.4.2.4 The BET isotherm

When adsorption takes place in multilayers, adsorption directly on the adsorbent
surface and above the adsorbed molecules is considered to be based on different attractive
forces. Monolayer adsorption is formed by the same concept as the Langmuir type
adsorption while adsorption above monolayers is equivalent to condensation of the
adsorbate molecules, giving rise to the BET (Bruanauer, Emmett, and Teller, 1938)

equation as shown in equation (2.10).
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q KBETpr .
— = v P =P/Ps (210)
Qs [(1_pr)(1_pr+KBETpr)] /

where p; is the relative pressure and ps is the saturation vapor pressure of the saturated
liquid sorbate at that temperature. This expression, which has the general form of a type 11

isotherm in Brunauers classification, has been found to provide a good representation of

experimental physical adsorption isotherms. However, it is commonly used to determine
the surface area of a selected adsorbent instead of determination of adsorption equilibria as
other expressions mentioned above. For instance, in gaseous nitrogen adsorption at liquid
nitrogen temperature, the surface area of the adsorbent is determined by converting gs to
the surface area. In most cases, g is obtained from the BET plot of the adsorption data. It
gives a straight line in the range of 0.005<p,<0.35 and gs is readily determined. Then by
multiplying nitrogen surface area (3,480 m?/g) with g, specific surface area of the

adsorbent based on nitrogen adsorption is calculated (Suzuki, 1990).

2.4.2.5 The Dubinin-Polanyi isotherm

The original potential theory for the correlation of adsorption equilibria for
microporous adsorbents has been developed by Polanyi (1914). It is based on the
assumption that adsorption is due to long-range attractive forces extending out from the
surface of the adsorbent. In micropores of size comparable to the size of the adsorbate
molecules, adsorption takes place by attractive force from the wall surrounding the
micropores, and the adsorbate molecules start to fill the ‘micropore volumetrically. This
phenomenon is similar to capillary condensation that occurs in large pores at high partial
pressure, although the adsorbed phase in micropores is different because of the effect of
the force field of the pore wall. Schematic representation of adsorption according to the

Polanyi potential theory is shown in Figure 2.3.
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Figure 2.2 Schematic representation of adsorption according to the Polanyi potential
theory (Tien, 1994)

In this type of adsorption, the adsorption equilibrium relation for a given adsorbate-
adsorbent combination can be expressed independent of temperature by using the
adsorption potential.

W(A) =q/p (2.11)

where W is the volume of micropore filled by the adsorbate and p is the density of the

adsorbed phase.

The adsorbed species within the micropores is considered to behave as a liquid
although, due to the effect of the force field of the ‘adsorbent, the properties of this liquid
phase may differ from the properties of the bulk liquid at the same temperature. The
difference in free energy between the adsorbed phase and the saturated liquid sorbate at the
same temperature, which may be calculated directly from the ratio of the equilibrium

pressure and the saturation vapor pressure, is referred to as the adsorption potential, A:

A= —RTIn[ﬁ] (2.12)
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where ps and p refer to the saturation pressure for the liquid sorbate and the corresponding
equilibrium pressure for the adsorbed phase, respectively, and A is defined as the

difference in free energy between the adsorbed phase and the saturated liquid.

Dubinin (1960) assumed a distribution of the Gaussian type for the characteristic
curve and derived the following expression, which is called Dubinin-Radushkevich

equation.
W = W,exp(—kA?) (2.13)

Later this equation was generalized by Dubinin and Astakhov (1970) to the

following form.

W = Woexp{— (g)n} (2.14)

In this expression E is the characteristic energy of adsorption obtained from
adsorption potential A at W/Wp = €. The parameter n in the Dubinin-Astakhov equation
was originally considered to have an integer value, and n =1,2 and 3, respectively,
corresponds to adsorption on the surface, in micropores and ultramicropores where

adsorbed molecules lose one, two or three degrees of freedom.

Kawazoe and Kawai (1974) tried to examine applicability of the Dubinin-Astakhov
(D-A) equation to equilibrium data of molecular sieve carbon (MSC). Since the D-A

equation can be written as
In (In(W,/W))=n(InA-InE) (2.15)
It is possible to determine n and E by plotting the left hand side of equation (2.15)

versus In A provided Wy is known. W, can be estimated from the limit of adsorption and is

considered to correspond to the micropore volume of the adsorbent.
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2.5 Adsorption kinetics

For adsorption on a single adsorbent, an adsorbate molecule in bulk gas has to
travel across gas film surrounding the adsorbent particle and subsequently travels through
stagnant gas contained in the pore volume of the adsorbent in order to reach the gas

adsorbed phase interface, as illustrated in Figure 2.3.

Gas film

Figure 2.3 Mass-transfer steps in adsorption by porous adsorbent (Prawarnpit, 1997)

Consequently, the “mechanism of adsorption can be divided mainly into 3
consecutive steps, i.e. the external film mass transfer, the pore diffusion, and the surface
adsorption. The slowest mechanism thus controls the rate of adsorption depending on the

particular system and the conditions.
2.5.1 External film resistance

In practice, the rate of adsorption, which is the rate of mass transfer across the film,

can be expressed in terms of a film mass-transfer coefficient, ks, as follows:

R.. =k:a(p-p.) (2.16)
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where p and pe is partial pressure in the gas phase and in the solid (adsorbed) phase,
respectively. For spherical non-porous adsorbent, the interfacial area per unit volume, a,
equals to 6/D, or 3/R,.

The film mass transfer coefficient can be determined from an appropriate
correlation of Sherwood number (Sh) with Reynolds number (Re) and Schmidt number
(Sc). For a packed bed of uniform size of adsorbent particles with radius, R,, an
appropriate correlation for the determination of the external mass transfer coefficient was
developed by Wakes and Funazki (Ruthven, 1984; Yang, 1987) and written as

2R
Sh =k, . P —2.0+1.1Sc*Re! (2.17)

m

2.5.2 The pore diffusion

Pore diffusion may occur by several different mechanisms depending on the pore
size, the adsorbate concentration, and other conditions [Ruthven, 1984], such as the mean
free path of adsorbate molecules. Thus, the diffusion in the pore volume of the selected
adsorbent also depends on the collision frequency among adsorbate molecules and that
between adsorbate molecules and the pore surface area. If the collision frequency among
adsorbate molecules is much higher than the other, the pore diffusion can be represented
by the “molecular or ordinary diffusion” in open space. Otherwise, the pore diffusion has

been known as “Knudsen diffusion” (Ruthven, 1984). A common criteria for identification

of diffusion in pore volume is the ratio of the average pore diameter of the selected
adsorbent to the mean free path of the adsorbate. If the ratio is greater than unity, the pore
diffusion is equivalent to the molecular diffusion. Otherwise, it becomes Knudsen
diffusion. In order to increase the specific surface area, the average pore diameter tends to
be relatively small so that the diffusion in the pore volume should be Knudsen type. In this
circumstance, the rate of adsorption relates to Knudsen diffusivity, which can be estimated

from the following expression:

(2.18)
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where MW is the molecular weight of a diffusing gas and r, is the pore radius of the
adsorbent. Consequently, the pore diffusivity, Dy, of a porous adsorbent is equivalent to Dy

and Dy for “Knudsen diffusion” and *molecular diffusion”, respectively. The rate of

adsorption, which is controlled by pore diffusion, thus can be expressed as follows:

15¢ D
Rads =( sz pJ(p_pe) (219)
p

Alternatively, the rate of adsorption may be expressed in terms of the pore mass

transfer coefficient (k), defined as

15¢,D,
Instead of determination of the rate of pore diffusion, the effective rate of
adsorption is determined practically in terms of overall mass-transfer coefficient (ko) which

is defined as:

R =Ko(p—p.) (2.21)

2
where 12 + L + Re (2.22)
ko (kia kpa, kia 15¢,D,

The overall mass-transfer coefficient is a combined mass-transfer coefficient of the
external film and the pore mass-transfer coefficient. Equation 2.22 has been known as

“linear driving force rate of adsorption.”

2.6 Adsorption dynamics

Actual adsorption processes are in many cases associated with adsorption in a
column as shown in Figure 2.4. Adsorbent particles are packed in the column and fluid that
contains one or more components of adsorbates flows through the bed. Adsorption takes

place from the inlet of the column and proceeds up to the exit.
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Figure 2.4 Schematic diagram of a fixed-bed adsorption column

In fixed-bed adsorption, the concentrations in the fluid phase, Y, and the solid
phase, X, change with time, 6, as well as with position in the bed, L. At first, most of the
mass transfer takes place near the inlet of the bed, where the fluid first contacts the
adsorbent. After a few minutes, a saturated zone is formed near the inlet of the column, and
most of the mass transfer takes place further downstream from the inlet. This saturated

region is called “Equilibrium zone". If the solid contains no adsorbate, X,, at the start, the

amount of the adsorbed or concentration in the solid phase drops exponentially with
distance from the equilibrium zone to zero before the end of the bed is reached. The S-
shaped concentration profile in Figures 2.5b and 2.5c is the region where most of the

change in concentration occurs. It is called ‘the mass-transfer zone (MTZ)". With time, the

mass transfer zone moves down the bed, as shown in Figures 2.5d and 2.5g.

Mass transfer from the fluid to the adsorbent continuously occurs. Seepage of the
adsorbable components is observed in the effluent stream when the mass transfer zone

approaches the exit of the bed and the so-called “breakthrough curve: will be obtained as

illustrated in Figure 2.5h to 2.5n. It is-the curve of concentration vs. time for the fluid
leaving the bed. Initially, the exit concentration is practically zero. Then when the exit
concentration reaches some limiting permissible value or break point, the flow is either
stopped or diverted to a fresh adsorbent bed. The break point, 6y, is often taken as a
relative concentration of 0.05Y, or 0.10Y. If adsorption were continued beyond the break
point, the concentration would rise rapidly to nearly the inlet concentration, Yo, in the final

stage as shown by curves i to k in Figure 2.5.



‘ Time(0) Concentration profile in bed ‘ Breakthrough curve

Figure 2.5 Phenomena of the dynamics of adsorption column
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2.7 Adsorption processes

Adsorption processes are often identified by their method of regeneration. For gas
separation and purification processes, two strategies, i.e., decreasing pressure and
increasing temperature are the most frequently used. The method of altering the partial

pressure of the adsorbate in the gas phase is called “pressure swing adsorption” (PSA). In
contrast, the method of changing the temperature of the adsorbent is called “temperature

swing adsorption- or “thermal-swing adsorption” (TSA).

2.7.1 Pressure swing adsorption (PSA)

The most frequent application of PSA involves the bulk separation of gases,
particularly air separation to recover oxygen or nitrogen, and hydrogen purification; some
new uses are springing up for recovery of contaminants in vent streams. A schematic
diagram of a simple PSA process is shown in Figure 2.6. The feed step is operated at a
relatively high pressure, and the regeneration step at a lower pressure. A fraction of the
adsorbate-free product is used to purge the low-pressure bed; so, the regeneration step in
fact uses a total-pressure reduction and an adsorbate-concentration reduction to effect the
partial-pressure reduction that facilitates desorption. The heat of adsorption is stored in the
bed and is available for the subsequent desorption step.

The use of part of the adsorbate-free stream for purging greatly limits the
application of PSA. First, only a fraction of the adsorbate-free stream is recovered, and
then the adsorbate-rich purge stream is contaminated with non-adsorbate. To minimize (but
not completely eliminate) this problem, much more complex flowsheets than that shown in
Figure 2.6. have been devised, with many different types of gas exchanges between the
beds. These flowsheets, although they increase the percent recovery of the non-adsorbed
stream and reduce the energy requirements for the process, nevertheless carry an inevitable

investment penalty due to their greater complexity.
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Figure 2.6 Schematic diagram of pressure swing adsorption cycle

2.7.2 Temperature swing adsorption (TSA)

Figure 2.7 provides a simple schematic diagram of a TSA process. The bed
operates nearly isothermally during the adsorption step and a significant amount of heat,
which is about the order of two to three times the heat of vaporization of the adsorbate is
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released. During the regeneration step, the bed is heated, most often directly by a hot gas or
steam rather than indirectly through the wall or via coils in the bed. The heat both warms
the bed and supplies the energy necessary to desorb the adsorbate. The hot gas or steam not
only provides heat but also dilutes the concentration of adsorbate in the fluid and thereby

provides an additional incentive for desorption.

At the end of the regeneration step, a cool gas stream usually is fed for a short
period to bring the bed back to the adsorption temperature. Extra steps are included when

the feed is a liquid vapor phase.
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Figure 2.7 Schematic diagram of temperature swing adsorption cycle

2.7.3 Wheel temperature swing adsorption (Wheel TSA)

Heating and then cooling of an adsorbent bed require much more time than

changing the pressure of the gas in contact with a bed as shown in Figure 2.8. Clearly, PSA
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processes generally have cycle times of a few seconds to a few minutes, while TSA
processes have ones of a few to many hours. This fact limits TSA processes to
purifications because if adsorbate concentrations were high in the feed as they are in bulk
separations, then the feed part of the cycle would be very short compared to the
regeneration part. This would require a large number of beds in parallel, with all of the
attendant economic handicaps. Accordingly, the new adsorbent-wheel processes, which are
based on TSA have been developed to reduce the cycle time of TSA processes and to

operate the processes continuously.

Wheel TSA

PSA TSA

| | | | |
1 10 100 1000 10* 10° 108

Cycle Time (s)

Figure 2.8 Comparison of cycle time of various adsorption processes (Keller 11, 1995)

Figure 2.9 The series of the commercial rotary adsorber for dehumidification

process manufactured by Munters Zeol AB of Sweden
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A radically different approach to continuous adsorption processes also has been
commercialized recently as shown in Figure 2.9. In it, the adsorbent is contained in a
monolithic structure resembling a wheel or rotor as illustrated in Figure 2.10. The wheel
rotates so that each segment passes through a zone in which adsorption takes place, and
then through a second zone in which the adsorbent is heated, regenerated, and sometimes
cooled down to the adsorption temperature before passing back into the adsorption zone.

This second zone typically requires much less than half of the wheel's cycle. A purge gas,

which can be either part of the purified gas or another gas, flows through the wheel during
the regeneration part of the cycle. In typical processes, the adsorbate concentrating effect
can be used to send a much more concentrated stream to an incinerator, or, alternatively, it
may be possible in some cases to recover the adsorbate by condensing it from the purge-
gas stream. If that stream still contains a significant amount of adsorbate after the
condensation, then the purge-gas stream can be combined and fed with the feed gas to

complete the removal.

Figure 2.10 Schematic diagram of rotary adsorber

The diameters of commercial wheels range from about 0.2 m (~8 in.) to at least 4.2
m (nearly 14 ft). The largest wheels can process up to 60,000 m*h (2.1 million ft*/h) of
feed gas. Presently, the process is offered by Munters Zeol, Lurgi in Germany, and Seibu

Giken Co., in Japan.



28

Adsorbent wheels, in addition to incorporating the process simplifications

associated with continuous operation, have another major plus: a very low pressure drop -

on the order of 0.2-0.4 kPa (about one in. of water). This feature often is very important in
treating vent streams whose pressure is close to atmospheric, because the higher pressure
drops that can occur in packed beds can lead to substantially higher investment and
operating costs in compression equipment. Accordingly, adsorbent wheels primarily are
used for removal of organic contaminants from vent streams - typical organic

concentrations in streams fed to wheels are 1,000 ppm or less - and for dehumidification of

air and other gases as illustrated in Figure 2.11.

Anti_h'e
Desiccant
Wheal

Humid Dutd oor Air

Past-Cooling
Heal Exchanger

Ory & Warm
Vantilaton Air

Figure 2.11 Schematic of dehumidification system consisting of rotary adsorber, blower

and heat exchange



CHAPTER 3

LITERATURE REVIEW

A honeycomb rotary dehumidifier using solid adsorbent is the most widely
employed in air-conditioning and industrial air-drying systems because the honeycomb
shape of the adsorbent-coated rotor will increase the dynamic adsorption capacity and
reduces the heat capacity for rapid thermal response. In addition, it allows a compact
design and ensures minimal pressure drops. Consequently, many researchers have
attempted to understand and improve the performance of the continuous rotary

dehumidifier by adopting experimental and/or theoretical approaches.

3.1 Experimental study

A rotary dehumidifier was originally introduced by Munters et al. (1960).
Subsequently, many researchers, e.g. Hemstreet (1967), Macris et al. (1977), Kuma et al.
(1989), Masanori (1992) and Kodama et al. (1993,1994,1998), have developed and
modified their production methods, the construction of honeycomb rotor, materials, and

adsorption process to obtain high dehumidifying performance.

Hemstreet (1967) proposed adsorbent-coated thermal panels, specifically non-
porous panels coated with thin layers of adsorbent adapted for rapid heating and cooling.
The panels may be made of metal, preferably aluminum, stainless steel, or copper, coated
with a molecular sieve zeolite. The adsorbent is bonded to the panel wall using an
inorganic binder (e.g., a clay substantially free of any organic binder). In the case of
zeolites, gases that can be adsorbed include water, carbon dioxide, and vaporized organic
liquids (Hemstreet, 1967).
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Macris et al. (1977) introduced the honeycomb rotor that consists of thin sheets or
layers of fibrous material containing about 10 to 90% by weight of a finely divided
crystalline X-type molecular sieve material for air cleaning purpose. For a four-
compartmented rotor, moisture and one or more undesirable gases such as NOy, SOy and
CO; are continuously adsorbed on the molecular sieve in compartment | to produce dry
pollutant-free air. While hot air is passed counter flow through compartment Il and 111 for
regeneration, a portion of the clean air is passed through compartment 1V in the opposite
direction for cooling the rotor. Regeneration temperature for this system is in the range of
250-350 °F (121-176 °C) (Macris et al., 1977).

Kuma et al. (1989) extensively investigated the construction of a honeycomb that is
coated with an adsorbent for removing the ultra-low concentration of an active gas, such as
water vapor from air. The element is produced by laminating low density papers composed
of inorganic fibers to form a matrix in the form of a gas adsorbing element having
numerous small channels penetrating through opposite surfaces, impregnating the matrix
with water glass in which type 4A synthesized zeolite powder is dispersed, and soaking the
matrix in aqueous solution of aluminum salts, magnesium salts or calcium salts, and so on,
to form metal silicate hydrogel on the paper and in the apertures between the fibers of the
papers, finally washing and drying the matrix and the metal silicate hydrogel to obtain the
honeycomb element. When the rotary dehumidifier was tested under various operating
conditions, it was found that the optimal regeneration temperature is approximately 453 K
to 473 K (Kuma et al., 1989).

Masanori (1992) focused on the improvement of the regeneration efficiency and on
the long-term continuous use without lowering ‘the ‘dehumidifying performance by

installing a cooling zone between the dehumidifying zone and the regeneration zone.

Kodama et al. (1993,1994,1998) investigated the optimal operation of a thermal-
swing honeycomb rotor adsorber with a thin layer of silica gel as adsorbent. The effect of
the rotational speed of the rotor on dehumidifying performance under various operating
conditions was investigated in order to obtain an empirical correlation for the optimal
rotational speed of the rotor. The results show that the optimal rotational speed depends on

the bulk density of the rotor, the gas velocity through the regeneration zone and the width
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of the rotor, and that the dehumidification efficiency can reach 80-90% at the optimal
operating conditions (Kodama et al, 1993). In addition, the two-dimensional temperature
profiles along the honeycomb axis and the rotational angle were extensively measured at
various operating conditions in order to simultaneously investigate the adsorption and
desorption phenomena (Kodama et al, 1994). Moreover, they applied the silica gel coated
honeycomb rotary dehumidifier to an air conditioning system, which consists of a heat
exchanger, heater and evaporative cooler. High efficiency of dehumidification was
confirmed at a regeneration temperature as low as 353 K when the rotation speed or cycle

time was adjusted to the optimal value (Kodama et al, 1995).

3.2 Modeling study

Since modeling and simulation are a handy and effective tool, attempts to predict
efficiency, outlet conditions and energy consumption, and to understand the simultaneous
heat and mass transfer phenomena using mathematical models have grown rapidly. Using
the analogy from that of a thermal regenerator transferring heat alone, Maclaine-Cross and
Banks (1972) and Banks (1985) could predict the dehumidifying performance of a rotary
dehumidifier in which heat and mass transfer simultaneously occur. Equal overall transfer
coefficients for heat and mass transfer as well as convective transfer controlling were
assumed. For a heat recovery regenerator, the linear analogy method was shown to be
satisfactory, while a nonlinear method was required for a rotary dehumidifier. In their
analogy approach, the number of transfer units (NTU) of the dehumidifier was transformed
into analogous dimensionless transfer coefficients (Maclaine-Cross and Banks and Banks
(1972,1985)).

Jurinak et al. (1984) proposed an explicit-finite difference model of a counter-flow
rotary dehumidifier for their" investigation on' the effect of matrix properties on
dehumidifying performance. The matrix properties considered are the shape of the sorption
isotherm, the maximum sorbent water content, the heat of sorption, the matrix thermal
capacitance, matrix moisture diffusivity, and sorption isotherm hysteresis. The isotherm
shapes and the sorption parametric values are selected to be representative of available
insoluble desiccants. The results of the finite difference calculations show that the shape of
the isotherm has a greater effect on dehumidification than the maximum water content, and
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that hysteresis in the adsorption isotherm significantly impairs dehumidifier performance.
Furthermore, a large adsorption heat effect or matrix thermal capacitance has a detrimental

impact on dehumidification (Jurinak et al., 1984).

Van den Bulck et al. (1985, 1986) theoretically studied the model of rotary heat and
mass exchangers with infinite and finite transfer coefficients. The continuity and energy
conservation equations for one-dimensional transient flow were established and analyzed.
For the ideal dehumidifier model, the overall heat and mass transfer coefficients are
assumed to be infinite. Solutions to that case were obtained by both the method of
characteristics and the shock wave method (Van den Bulck et al., 1985). Either method
provided a set of analytical equations that allow performance prediction of the rotary
dehumidifier with infinite transfer coefficients. In contrast, a finite-difference model was
used to solve the equations for performance prediction of rotary dehumidifiers with finite
transfer coefficients. Correlations of the moisture and enthalpy effectiveness of a silica gel
rotary dehumidifier with finite transfer coefficients were given as functions of the number
of transfer units (NTU). Moreover, they further investigated the use of rotary
dehumidifiers in gas-fired open-cycle desiccant cooling systems by analyzing the
performance of the rotary heat exchanger-rotary dehumidifier subsystem. The results show
that the optimal values for rotational speed and regeneration flow rate are functions of the
regeneration air inlet temperature and the process air inlet humidity ratio (Van den Bulck et
al.,1986).

Worek et al. (1993,1995) proposed and applied an implicit-finite difference
technique to the numerical simulation of a solid desiccant dehumidifier (Worek et al.,
1993). The effect of the rotational speed on the: performance of an adiabatic rotary
dehumidifier was parametrically studied, and the optimal rotational speed was determined
by examining the outlet adsorption-side humidity profiles and the humidity wave fronts
inside the desiccant dehumidifier. It was found that there exists an optimum rotational
speed for desiccant rotor operation. They further studied some advanced desiccant
materials to improve the performance of the rotary dehumidifier and cooling systems. The
effect of the isotherm shape, maximum desiccant matrix moisture, moisture uptake and
number of transfer units, NTU, of the desiccant rotor on the dehumidification performance
was investigated. It was found that the rotational speed is a key control parameter to

achieve optimal dehumidifier performance (Worek et al., 1995).
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Chant et al. (1995) alternatively applied a parabolic and a quartic concentration
profile assumption to the model of the diffusion resistance inside the desiccant particle for
the mass transfer rate equation. An implicit periodic steady-state solution for the parabolic
concentration profile model with a linearized adsorption isotherm was developed, which
utilized a sparse matrix solving routine to vastly reduce computational time. The quartic
concentration profile assumption yielded a 2.8 percent average improvement in prediction

error over the parabolic model (Chant et al., 1995).

Elsayed et al. (1997) proposed an alternative model to predict the steady periodic
performance of a radial flow type rotary dehumidifier. The model was expressed in terms
of the same dimensionless parameters that are commonly used in modeling the
conventional axial flow type rotary dehumidifier. In addition, a dimensionless geometrical
ratio of the volume of the matrix to the volume of the wheel core was found to affect the
dehumidification performance of the wheel. An implicit finite difference technique
employing a staggered grid was used to discretize the governing dimensionless equations.
The discretized equations were solved to predict the performance of the rotary
dehumidifier (Elsayed et al., 1997).

Tanthapanichkoon et al. (2000) developed a simple dynamic model consisting of a
set of nonlinear ordinary differential equations for a honeycomb rotary absorption-type
dehumidifier installed in a process room with wet floor. The 4-th order Runge Kutta
method was used to integrate those equations simultaneously. The model was validated
experimentally using the transient measurement data on the air properties at the outlets of
both the dehumidification and regeneration sections in a beverage factory. Moreover, they
extensively investigated the effects of the regeneration temperature, air velocity of the
room and regeneration air, inlet room-air humidity, rotational speed of the rotor, quantity
of water remaining on the wet floor, and the condition of ambient air.on the dehumidifying
performance. The optimal operating condition was also determined by considering the
dehumidifying efficiency, the energy consumption of the air heater and the time to dry out

the wet floor overnight (Prawarnpit, 1997).



CHAPTER 4

MATHEMATICAL MODELING AND SIMULATION

4.1 Modeling concept for dynamic dehumidification system

Modeling of the dynamic dehumidification system in this work is divided to two
categories, i.e. dehumidifier model and process room model. The dehumidifier model is
used to predict and quantify in details the heat and mass transfer phenomena and to
estimate the performance of various adsorbent-coated honeycomb rotary dehumidifiers,
whereas the room model is employed to calculate the quantity of water remaining on the
wet floor, the humidity and temperature of room air and so on. The two models may be
simulated independently or coupled to simulate the dynamic dehumidification behavior in
an industrial process room. The continuous dehumidification in a closed process room with
wet floor in a beverage factory in Thailand has been investigated experimentally and
theoretically with the aid of a simple dynamic model (Prawarnpit, 1997). In this case, the
water remaining on the wet floor of the process room after cleaning and mopping is a main
cause of humidity in the process room, in which the relative humidity should be controlled
between 30-50%. In conclusion, the model of the dynamic dehumidification system may
incorporate only the rotary dehumidifier model or ‘the coupled dehumidifier-room model
depending on the purpose and scope of investigation.

4.2 Mathematical model of a honeycomb rotary dehumidifier

An adsorption-type honeycomb rotary dehumidifier consisting of thin coats of an
adsorbent such as silica gel, zeolite, etc., is to be modeled and simulated. The rotor is
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typically divided into two sectors by two stationary partition plates as shown in Figure 4.1.
One sector represents an adsorption zone (0°-6°,4s), in which moisture is removed from the
feed air (recycled room air). The other represents a regeneration zone (6°,45-360°), through
which an ambient air stream heated by an external heat source is sent to regenerate the
adsorbent coated on the interior walls of the honeycomb. The two air streams pass through
the honeycomb rotor in counter flow paths. While the dehumidified air or dry air is
supplied (recycled) to the air-conditioned space, the exhaust air from the regeneration

sector is vented to the outdoor.

. . Dehumidified Air
Humid Air
i _‘J

Figure 4.2 Schematic of an adsorbent coated honeycomb
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As shown in Figure 4.2, the honeycomb rotor consists of thousands of essentially
identical narrow straight slots uniformly distributed over its rotor cross section. Figure 4.3
illustrates the air stream flowing through a portion of the slots of a honeycomb rotor.
Because of geometric similarity (see Figure 4.1), the multiple annular layers of straight
slots in the dehumidification and the regeneration section can be represented performance-

wise by a single “representative annulus” of thickness Ar equaling one slot height.

Figure 4.3 Schematic of the air stream flowing through the slots of a honeycomb rotor

In this way, the three cylindrical coordinates (r,0,z), i.e., the radial, angular and
axial directions, respectively, in the rotary dehumidifier model can rationally be reduced to
two independent spatial coordinates (6,z). By taking into account each constituent slot
within the total M identical slots in the 6—direction spanning the entire cross section of the
representative annulus, the remaining spatial variable is only z. For example, M = 120 slots
with 90 consecutive slots of the rotating rotor representing the adsorption section and the
remaining 30 slots representing the regeneration section. Of course, one more independent
variable in the dynamic model is the time t. In other words, the dynamic behavior of the
honeycomb rotary dehumidifier can be simulated by following the transient or dynamic

changes occurring in the z-direction within each of the M slots as the rotor slowly turns.
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4.2.1 Assumptions used in the rotary honeycomb dehumidifier model

For simplicity, the rotary dehumidifier model incorporates the following assumptions.

1. Dehumidified air flow is uniformly distributed across the adsorption cross-section,

and so is the hot air across the regeneration cross-section.

2. The air stream flowing through each identical slot is assumed to be plug or piston
flow. In the plug flow model, variation does not exist in the radial direction or the
direction perpendicular to the slot flow, but exists only in the axial or z-direction.
Theoretically and conceptually, the plug flow model can be and has been shown to
be equivalent to the model of a series of equal-volume CSTR’s in which an
infinitely large number of completely mixed cells, each of infinitely small
thickness, are connected in series. For practical reason, the plug flow model of each
slot in this study will be approximated as a serial CSTR model consisting of N cells
in series as shown in Figure 4.2, N being a sufficiently large integer of, say, 10, 20
or 30.

. Gas-phase heat conduction and water vapor diffusion in the axial direction are

w

negligibly small compared to their convective effects in the same slot.

4. Each slot is adiabatic and heat conduction in the axial direction along the slot wall
may also be neglected.

5. Interphase moisture transfer rate between the gas and adjacent solid adsorbent
phases in each slot is controlled by gas-phase film resistance. This is reasonable
since the thickness of the adsorbent coat is quite thin and all internal pore volumes
of the adsorbent are close to the gas-solid interface.

6. Enthalpy change of the moisture between the gas and liquid (adsorbed) phases is
defined as heat of adsorption that can be estimated using Clausius-Clapeyron
equation in conjunction with the equilibrium isotherm since partial pressure is a

function of both temperature and adsorbed moisture.

A schematic diagram of a typical slot in the adsorption and regeneration sections of the
honeycomb rotary dehumidifier model based on the above assumptions is shown in Figure
4.4,
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Figure 4.4 Schematic diagram of a representative slot of the honeycomb rotor in the

adsorption and the regeneration zone

4.2.2 Moisture and enthalpy balances of the rotary dehumidifier model in

the adsorption zone

Consider slot no. j in the adsorption zone. The unsteady-state moisture and enthalpy
balances for cell no. i (i =1,2,...,N) in this particular slot are presented below. A schematic
diagram of the interface mass and heat transfer in cell no. i of slot no. j in the adsorption

zone is shown in Figure 4.5. For simplicity the subscript j for slot no. j is omitted here.

i-1 Mass Heat Ta

y
v

Figure 4.5 Schematic diagram of mass and heat transfer in cell no. i of slot no. j in the

adsorption zone
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4.2.2.1 Gas-phase moisture balance in cell no. i:

Rate of Rate of Rate of convective Rate of
accumulation of [ | convective flow flow of moisture adsorption of
moisture within (~ = 7 of moisture into (" out of gas phase () moisture into solid
gas phase of cell gas phase of cell of cell phase of cell

dl{ 1 (&AL A L
— c—H, [=¢A.G, H,, —¢AGH, - R, —= 4.1
dt (VHJ ( N j |J c—i-1" "i-1 cil i ads,i psb[ N j ( )

From mass conservation of dry air flow through the slot:
eA.G,, =6AG, =eA.G,, (4.2)

Thus the flow rate of dry air for all cells is:

G, =6, =G, (4.3)
. . . — ) . gA L .
Substitute equation (4.3) in (4.1) and divide both sides of the equation by( K jto obtain
dl H NG. A
—|—|= "(H,_,-H)-R.,.. =
dt (VHJ ] L ( -1 |) ads i psb(gAc ]
. - dV,,. .
L, - HzI o= NG, (Hi-l _Hi)_Radsipsb A,
Vy, dt Vg, o dt L ' eA,
dH; VHiNGin VHi'A\ss H, dVHi
L H.,-H)-R,.. ‘ 46\ : 4.4
dt L ( i-1 |) ads i psb( EAC j VHYi dt ( )

Since the gas film resistance is assumed to be the rate-controlling step, the rate of

adsorption can be calculated as follows:

kc,ia(|_|i _Hs,i) (45)

psb

ads,i =
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Replace Rags;i in equation (4.4) by (4.5) to get

H, \ iNGin kciaAssV i H; dV, i
D (Hi—l_Hi)_’—H'(Hi_Hsi)—l— —— (4.6)
dt L eA, OV, dt
4.2.2.2 Solid-phase moisture balance in cell no. i:
Rate of Rate of convective Rate of convective _
accumulation of | _ ) flow of moisture | _J flow of moisture |, Rate of adsorption
moisture within [ ~ | into solid phase of out of solid phase of moisture into

solid phase of cell cell of cell solid phase of cell

d A_L A_L
—| Py === |W, |=0-0+R,4, -
dt[psb( N j |] adS,Ipr( N j

dw.

v~ A
dt

4.7)

ads, i

Making use of equation (4.5), the solid-phase moisture balance in cell no. i becomes

dWi il kc,ia‘(Hi —Hs,i)
dt B psb

(4.8)

4.2.2.3 Gas-phase enthalpy balance in cell no.i:

Rate of accumulation Rate of convective Rate of convective
of enthalpy within gas (- _ < flow of enthalpy into -~ < flow of enthalpy out
phase of cell gas phase of cell of gas phase of cell

Rate of enthalpy transfer
associated with mass
transfer from gas phase to
solid phase by adsorption

Rate of heat transfer
+ < from solid phase to
gas phase of cell
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i 1 EACL Eai = 8AcGi—1Eai—1—5AcGiEai+hcia ASSL (Tsi_Tai)
dtl v, L N 7" | SN

AL
Rad5|psbAHadS|[ N j

eA L
N

de,. E,_ dV,. i
1 ai Z,I R _ (NGm j(Eapl_Eai)-i_hCia ASS
Vi dt V2, dt SN/ T

(pst:A\A JR ads, IAH ads,i
&

C

Divide both sides of equation (4.9) by ( j and using the equation (4.3) to obtain

Jfr -7

(4.10)

For the gas phase, the enthalpy term of the humid air consists of latent heat and sensible
heat as follows:

Ey, =(Cpe +Co H T,y = T2)+ AH, (4.11)

Differentiation of the gas-phase energy term gives

+(c,, (T, =T%)+ 4, )d:t (4.12)

dE,; (C

dT,,
+C,H,)
dt dt

p,da

From equations (4.11) and (4.12), equation (4.10) becomes

[cp,da +C, H, ] dT,, +(prv(Tavi T4, ] dH,

Vy, dt Vi, dt
((CoaF Cou H Ny T+ 2 H, v,
Vi dt

- (FE G =T Gy (7)1, 72)
+h cyia[ ;jsc j(TS‘i ~T, )+ ( NCL; in ](,10, (H,-H))- [”Sb—ASSJ R sesi AH o,

From equations (4.5) and (4.6), the above equation becomes
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(Cp'da +CouH, J a., +(NGin j(Cp,v(Ta,i —T£)+/10 XHi—l - Hl)

V., a UL
kc iaAss C ,da Ta,i _Te? dv i
_( ;E‘AC ](Cp,v(Ta,i _Ta0)+ A XHi - Hs,i)_( e (V|-2|,i )] d:

= [%)«C o da )(Ta,i-l -T.; )+ C,. (H i1 (Ta,i.l -T; )_ H; (Ta,i =T, )))

EA EA

(c . +C, H]dT _[dea(Ta,i—Tf)JdVH,i

Vi Vé,i dt

hc,iaAss
j p,da + C HI 1XT a,i )+( EAC ](Ts,i _Ta,i) (413)

( + J( BH gy = Coo (T = T0)- 2 JH, - H,,)

EA

4.2.2.4 Solid-phase enthalpy balance in cell no i :

-
Rate of accumulation Rate of convective Rate of convective
of enthalpy within — < flow of enthalpy into . _ < flow of enthalpy out
solid phase of cell solid phase of cell of solid phase of cell
J
N
Rate of heat transfer Rate of enthalpy transfer
from solid phase to > + associated with mass
gas phase of cell transfer from gas phase to

¥

solid phase by adsorption

((pss jEss,iJ = O—O—hc,ia{ IS\|S j(Ts,i —Ta,i)+ Rads,iprAHads,i( |S\S| ] (414)

dt N

Dividing both sides of the above equation by (AIS\SILJ to obtain

%( ssEss,i) = _hc,ia(Ts,i - Ta,i )+ I:\)ads,i prAH ads,i (415)
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For the solid phase, the enthalpy term of the adsorbent coated wall consists of sensible heat

of the support, adsorbent and adsorbed moisture as follows:

E. = [&cp,sh Poc P w, J(Tsvi -T?) (4.16)
pSS pSS pSS

Using equation (4.16), equation (4.15) is rearranged as follows:

%((pshcp,sh *+ Psp (Cp,sb + Cp,WWi )XTs,i - Ts0 )) - _hc,ia(Ts,i - Ta,i )+ R ads, i psbAHads

dT,,
(pshcp,sh + pbh (Cp,sb + Cp,WV\/i ))_S] B hc,ia(Ts,i N Ta,i )+ R ads,i psbAHads,i

dt
dw.
\ (psbcp,w XTs,i - Tso )d_tl

Replace Rags and % by equation (4.5) and (4.8), respectively and the above equation
becomes

dT,.
(pshcp,sh + Phh (C p,sb + Cp,w\Ni )) dts’l = (kc,iaXAHads,i - Cp,w (Ts,i - Tso )XHI - Hs,i )
Ztig:almiear ) (4.17)

4.2.3 Moisture and enthalpy balances of the rotary dehumidifier in the

regeneration zone

Ta i Mass Heat Ta i+1

a
»

H' Hi+l

Figure 4.6 Schematic diagram of mass and heat transfer in cell no. i of slot no. j of the

regeneration zone
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Consider slot no. j in the regeneration zone. For simplicity the subscript j will be
omitted throughout this section. Note that the air flow direction is reversed and cell no. I=1

means the outlet of a slot in this zone.

4.2.3.1 Gas-phase moisture balance in cell no. i:

Rate of Rate of Rate of Rate of
accumulation of convective flow convective flow desorption of
moisture within >~ = < of moisture into » - < of moisture out > * \moisture into gas
gas phase of cell gas phase of cell of gas phase of phase of cell

cell
i( : (SACLJHJ =AGiHi —eAGH +R psb(&] (4.18)
dtl V,; \ N N

gACLJ to obtain
N

Substitute equation (4.3) in (4.18) and divide both sides of the equation by(

d{ H. NG. A
[ : j: > (Hi+1 _Hi)+Rreg,i psb(—J

dt| V,, L A

(o

C

4 G \VAR .
- & HzI = NCs (Hi+l_Hi)+Rreg'psb A
Ve, dt VZ, dt L 100 o

~ V,.NG, V. A - dV,;
dHI == . (H s~ Hi )+ Rregi Psb T il - (4.19)
dt L ‘ eA, Vy; dt
Similar to the adsorption rate, the desorption rate can be calculated as follows:
kcia(Hsi - Hi)
R i =— ’ (4.20)
psb

Note that the values of k. ;, Hs, etc. are different from that of the adsorption zone.

Replace Ry, in equation (4.20) by (4.5) to get
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- VNG, k..aA V,, _
dHI = - (Hi+l_Hi)+ = = ( s,i _Hi)+ HI A (4-21)
dt L eA, Vy; d
4.2.3.2 Solid-phase moisture balance in cell no. i:

Rate of Rate of convective Rate of convective Rate of
accumulation of | _ ) flow of moisture { J flow of moisture | _ desorption of
moisture within [~ | into solid phase of out of solid phase moisture from

solid phase of cell cell of cell solid phase of cell
d A L AL
— S”IW. |[=0-0-R . Dlss =
dt [psb( N j |] reg,lpsb( N j
dw.
=R\ N 4.22
dt reg,i ( )

Using equation (4.20), the solid-phase moisture balance in cell no. i becomes

dWi = kc,ia(Hi N Hs,i)

4.23
dt psb ( )
4.2.3.3 Gas-phase enthalpy balance in cell no. i :
Rate of accumulation Rate of convective Rate of convective
of enthalpy within gas - < flow of enthalpy into ~ flow of enthalpy out

phase of cell 1 gas phase of cell of gas phase of cell

-
Rate of heat transfer Rate of enthalpy transfer

_ < fromgas phase to - - associated with moisture
solid phase of cell transfer from solid pha_se to
J gas phase by desorption

i( 1 (8ACLan,iJ = 8AcGi+1Ea,i+l_gAcGiEa,i_hc,ia(Als\le](Ta,i_Ts,i)

(4.24)
A L
+Rreg,i psbAHreg,i( N j
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Divide both sides of equation (4.24) by (gpl‘\il'] and make use of equation (4.3) to obtain

1 dEa,i _Ea,i d\/H,i _ NGin A _
V,, dt V2 dt _[ L ](Ea’”l Eu)h a(gAc](T )

A
+(p5t:6\ JRI’QQIAHFEQI
&

(4.25)

From equations (4.11) and (4.12), equation (4.25) becomes

[c +cva,Jo|Tai [va(Tai —Ta°)+/10]dH.
) + ) 3 1

V., dt Vi, dt
_ ( pda pv |XTa| )+ j’O,Hi dVH,i
Vi dt

- (MEe e T bl TR - T2)
~h, a( ’:C J(T =T)+ (NCL;“ j(/iov(Hm ~H))+ ("Sb—A%J R i AH g

& EA

From equations (4.5) and (4.6), the above equation becomes

Cpea +CouHi AT, (NG,
(S Co T (N e, 1, ) 2 )

H,i
kc,iaAss c Jda (Ta,i _Te?) d\/H,i
_( A, ](Cp,v(Ta,i T2 agfH = Hs’i)_[ p Vi ] dt

< [FE s i Sl ) Hr )
+[h°"aASS ](TSJ —Tavi)+(NGin )(,10(Hi+l - Hi))+(k°"aAss JAH w(Hy —H,)

EA, L eA,
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vV, VE, dt

H,i

[cp,dﬁc H, ]dTai _{dea(T&i —T‘,;’)Jdvﬂi
2

h..aA
[ J p,da + Cp,vH i+l XTa,Hl - Ta,i )+( c;‘AC = J(Ts,i - Ta,i ) (426)
aA
[ 5Ac J(AH regi Cp,v (Ta,i - Te?)_ ﬂo XHI - Hs,i)

4.2.3.4 Solid-phase enthalpy balance in cell no i :

A
Rate of accumulation Rate of convective Rate of convective
of enthalpy within — Zflow of enthalpy into . _ < flow of enthalpy out
solid phase of cell solid phase of cell of solid phase of cell
/
N
Rate of heat transfer Rate of enthalpy transfer
+< fromgasphaseto - _ associated with moisture
solid phase of cell transfer from solid phase to
/ gas phase by desorption

d ([ pePsl AL AL
dt((pSSN jEss,iJ :0—O+hc,ia[ IS\SI j(Ta,i_Ts,i)_RreglpsbAHregl( N j (427)

. i i AL )
Divide both sides of the above equation by ( IS\SI jto obtain
d
a(pssEss,i ) = hc,ia(Ta,i - Ts,i )_ R reg,i psbAHreg,i (428)

Making use of equation (4.16), equation (4.28) is rearranged as follows:

%((pshcp,sh + Psh (Cp,sb + Cp,WWi )XTs,i B Tso )) = —-R reg,i psbAH reg,i + hc,ia(Ta,i - Ts,i )
dT;
(psth,sh *+ P (Cp,sb + Cp,wWi )) dt = —-R reg,i psbAH reg,i + hc,ia‘(Ta,i - Ts,i )
dw.
- (pstp,w XTs,i - Tso )T

Replace Ry and % by equations (4.5) and (4.8), respectively, the above equation

becomes
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dT,;

dt = (kc,iaXAH regi Cp,w (Ts,i - TsO )XHI - Hs,i )

-h c,ia(Ts,i - Ta,i ) (429)

(psh Cp,sh + pbh (C p,sb + C:p,w Wi ))

4.3 Mathematical model for air circulation in a process room

The process room in the above-mentioned beverage factory, including the process
equipment in the room, is washed and cleaned up at the end of each work day. Then the
room is closed and the dehumidifier units are left to run overnight in order to dry up all
water layer remaining on the wet floor by the start of the following work day. As
dehumidified room air circulates through the process room, it picks up moisture from the
wet concrete floor, thus gradually drying out the floor. Air circulation during the night
inside the closed room can be approximated as a series of Kr imaginary completely
mixed compartments (Kg = 2~4). Here R is the number of imaginary compartments in
the process room. A schematic diagram of the two-coupled models, the rotary

dehumidifier and process room model, is given in Figure 4.7.
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| ROTARY DEHUMIDIFIER |

Regeneration Zone

[ :Ncell

| Tl Ta g Heated
! I XEAE SR RE AT | .- — ambient air
ambient H reg,out H

reg,in

Humid 7377 iR - Dehumidifed
room ; air
air

Ta Ta

H .65 Adsorption Zone H ags.out

ads, in ads,out

Water Evaporation from Wet Floor

k=1 \

\ $ | Dehumidified
(Dry air)

| PrOCESsRoOM | |

Figure 4.7 Schematic diagram of the rotary dehumidifier (showing a representative slot of
each zone) and the process room
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4.3.1 Assumptions used in the process room model

For simplicity, the process room model is based on the following assumptions.

1. The flow pattern and mixing effect of room air circulation in the closed process
room are equivalent to a series of R imaginary completely mixed compartments.
Typically, R is an integer between 2 and 4, though any suitable integer larger then 2
may be used. Dehumidified air from the rotary dehumidifier enters the R™
compartment. After picking up moisture from the wet floor in each compartment,
the humid room air in compartment no.1 returns to the adsorption section of the
rotary dehumidifier.

2. Gas-phase heat conduction and moisture diffusion in the air flow direction are
negligibly small compared to the convective effects.

3. Each room compartment is adiabatic and heat conduction along the floor, ceiling

and room walls may be neglected.

4.3.2 Moisture and enthalpy balances in the process room

Ta, Heat  Mass Ta,

H k+1

a

Figure 4.8 Mass and heat transfer for cell no. k of the humid room

Consider compartment no.k of the process room. Figure 4.8 illustrates simultaneous

heat and mass transfer in this compartment.

4.3.2.1 Gas-phase moisture balance in compartment no. k:

. Rate of flow Rate of flow Rate of water
Rate of accumulation . ) o
) - of moisture } of moisture | , J evaporation into
of moisture within gas .
into gas phase out of gas phase gas phase of

phase of compartment of compartment of compartment compartment
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i( L (ARLR ij]:ARGk+lHk+1_ARGka+Rk(iJ (430)
KR KR

From mass conservation of dry air flow through the process room:

ARG = ARG, = ARG, (4.31)

Thus the flow rate of dry air for all compartments is:

(4.32)

Substitute equation (4.32) in (4.30) and divide both sides of the equation by (A;LR ]to

R

obtain

H KRG; A
i = AE (Hk+l—Hk)+Rk ;
dt{ V,, Ly ALy

V., A dVv,
(Hk+l_Hk)+Rk |+ A a (4.33)
AqL, VHk dt

Rate of evaporation of water on the floor is given as follow:
Ry = kc,k (H wk ~ Hk) (Wi (4.34)
Here f(Wy) is defined in section 4.3.3. Then

de VHkKRGin

= (Hkﬂ—Hk){

I<c,kVHkAf
AR LR

H, dVy,
Hy —He) F(W)+—X—" (435
j( wie = i) FOW) + e = (4.35)

H,
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4.3.2.2 Liquid-phase (floor) moisture balance in compartment no. k:

Rate of Rate of flow Rate of flow Rate of water
accumulation of | of moisture of moisture evaporation into
moisture within ("= into liquid phase ("~ < out of liquid phase (=Y  gas phase of
liquid phase of of compartment of compartment compartment

compartment
dw, =0-0-R,
dW,
=—R 4.36
=R (4.36)

Using the equation (4.34), the liquid-phase moisture balance in compartment no. k is

dw,
dt

K (Huie = Hi ) FOW) (4.37)

4.3.1.3 Gas-phase enthalpy balance in compartment no. k :

~
Rate of Rate of convective Rate of convective
accumulation of = J flow of enthalpy | - ) flow of enthalpy out .
< enthalpy within 5. into gas phase of of gas phase of
gas phase of compartment compartment
compartment J
~ - _ - N
Enthalpy gain Rate of heat
associated with the transfer from gas
+ £ evaporation of water . _ < phase to liquid >
into gas phase of phase of
compartment compartment
~ S
i[ 1 (ARLR JEakJ = ARGk+lEak+l_ARGkEak+Rkﬂ“w(iJ
dt| Vv K | | ' K
Hy R R
(4.38)

A
—h R (K_fj(-ra,k - Tw,k )

Divide both sides of the equation (4.35) by [AELR j and make use of equation (4.32) to

R

obtain
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1 dEa,k _ Ea,k dVHk — KRGin (E —E )+ I:ak'a‘f;tw
V,, dt Vi oot L. alet ek AL, (.39
+(Af—hRj(ka _Tak)
ARLR ’ Y

For the gas phase, the enthalpy term of the humid room air consists of latent heat and

sensible heat as follows:
Eox = (Cpan +Coy HlTar = T2)+ 40H, (4.40)
Differentiation of the gas-phase enthalpy term gives

dE,,
dt

dH,
dt

Doy () (T, =T0)+ 4,)

-(c,+C VHk)d (4.41)
' dt

p.da

From equations (4.40) and (4.41), equation (4.39) becomes

[cp,da +Cp,VHk]o|T&k +(Cp‘v(Ta]k L5 ;LO]de

Vi, dt i dt
((Cpte + CopsHi NTus =T )+ 2 H, |0V,
Vi dt

_ [KRGm ]((cp,da Mo =T G by (T —T0) -, (T —T9))

LR
K .G

in _ Rk'A‘fﬂ’w hRAf _
of K N e S (e, -

From equation (4.35), the above equation becomes

(Cp,da + Cp,vH k } dTa,k _ (Cp,da (Ta,k - Tao )} dVHk

Vi, dt Vi, dt

= [ KRG " J((C p,da + C:p,vH k+1 XTa,k+1 - Ta,k ))+ (/ZRﬁf j(TW,k - Ta,k ) (442)
R™R

LR
R.A
+[A;L; ](ﬂw ~25-C, (T - T%))
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The enthalpy of hot air can be computed using the relation of ideal mixed gas as follows:

2o+ CouTak = Co e + Aw +Coy (Ta = Tui) (4.43)

Therefore,

(Cp,da + Cp,vH k } dTa,k _ (Cp,da (Ta,k - Ta0 )J dVHk

Vi dt

= [ KRG " J((C p,da iy Cp,vH k+1 XTa,k+1 - Ta,k ))+ ( h RAf j(Tw,k - Ta,k ) (444)

L AL,
R A
_(ARL J(prka + Cp,v(Ta,k _Tw,k ))

From equation (4.34), the above equation is rearranged as follows:

{ pda+C Hk]dTak [ pda Ta?)JdVHk
2 dt
Hk

h
( ] p,da + vaHk+1X k+1 _Ta,k))+ (ARﬁf ](Tw,k _Ta,k) (4-45)
R™=R

A
{ACkaj(C ar bl +Cp,v(Ta,k _Tw,k)XHw,k —Hk). f(Wk)
R™=R

4.3.2.4 Liquid-phase enthalpy balance in compartment no. k :

e N
Rate of Rate of convective Rate of convective
accumulatlc_)n Qf = J flow of enthalpy ‘{_ - ) flow of enthalpy out
< “enthalpy within, into liquid phase of of liquid phase of
liquid phase of compartment compartment
compartment - y
~ - - N
(" Enthalpy loss Rate of heat
associated with the transfer from gas
- < evaporation of water . + < phase to liquid >
out of liquid phase of phase of
compartment compartment

~ ~ J
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%(Ew,k) :_Rk(/lw)-i_hR,k(Ta,k_Tw,k) (446)

Where Ew,k = Cp,WV\/k (Tw,k - Tv?/ ) (447)
dE,, dT,,, _0\dW,

So, = G WG, (T -T°) > (4.48)

dw,
dt

C ) Wk d-:;‘:k + Cp,w (Tw,k y Tv?/ ) =-R k (ﬂ’w)+ h R (Ta,k - Tw,k ) (449)

Using equations (4.34) and (4.37) gives

dT,«

p,w ¥Vk T = _kc,k (kw r Cp,w (Tw,k = TV(\)I)XH wk Hk)' f(Wk)+ hR (Ta,k _Tw,k) (4-50)

4.3.3 Evaporation rate of water remaining on the wet floor of the process

room

A function f(W) is used to define the evaporation rate in compartment no. k. If

evaporation occurs at a constant rate, then we define
f(Wi) =1 (4.51)
If evaporation occurs at a falling rate, then -f (W, )-is defined as follows:

f(W, )= (Hj We < Wi < We (4.52)
C E

If no more water remains on the floor, then we define

f(Wy) = 0 (4.53)
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4.4 Simulation algorithm for the present dynamic dehumidification

system

Simulation is a powerful technique for solving a wide variety of problems. To
simulate is to imitate the behavior of a system or phenomenon under study. The basic idea
behind dynamic simulation is simple, namely, to model the given system by means of
mathematical equations, and then determine its time-dependent behavior. The simplicity of
the approach, when combined with the computational power of a high-speed digital
computer, makes simulation a powerful tool. Normally, simulation is used when either an
exact analytic expression for the behavior of the system under investigation is not

available, or the analytic solution is to time-consuming or costly to obtain.

In this section the simulation algorithm for determining the simultaneous heat and
mass transfer phenomena of the rotary honeycomb dehumidifier is presented and its
simplified flow chart is illustrated in Figures 4.9 through 4.11. The simulation is carried
out according to the following steps:

1. Input data, including values of relevant parameters, i.e. properties of air,
adsorbent, dehumidifier and process room, as well as the inlet and initial
conditions, i.e. humidity, temperature and amount of adsorbed water in the
adsorption and regeneration sections.

2. Display the values of parameters, inlet and initial conditions on the screen and
write them on to a designated file.

3. For the -investigation on combined air dehumidification and floor moisture
removal in a process room, the amount of adsorbed water in the solid-phase,
solid-phase temperature, air humidity and-air temperature of both the adsorption
and regeneration zones of the rotary dehumidifier model as well as the quantity
of water remaining on the floor, temperature of water on the floor, air humidity
and air temperature in the process room of the room model are simultaneously
integrated for a small time step using the 4-th order Runge-Kutta method. In
this step, the set of 4(N-Mg,+R) ordinary differential equations consisting of
equations (4.6), (4.8), (4.13) and (4.17) for the (N-Mags) cells in the adsorption
zone, equations (4.21), (4.23), (4.26) and (4.29) for the (N-Myg) cells in the
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regeneration zone and equations (4.35), (4.37), (4.45) and (4.50) for the R
compartments of the process room are integrated simultaneously. However, if
the investigation focuses only on the isolated operation of the rotary
dehumidifier, this integration process will be the same as the above except that
the room model will be excluded from the calculation. In short, the 4-th order
Runge-Kutta method is used to integrate the set of 4(N-Mso) equations
simultaneously.

4. Calculate the thermal energy input to the heater, which is required to heat the
ambient air to the desired temperature in the regeneration process, as well as
calculate the cumulative energy consumption.

5. Check if it is the time to display the results. If it is, go to the next step. If not,
skip to step 7.

6. Write the output data onto the designated file.

~

. Check if it is time to rotate the honeycomb. If it is the time instant for slot

rotation, go to the next step. If not, skip to step 9.

oo

. Slot no. j will rotate to replace the next slot j+1 successively in circle (j =
1,2,...,Mq0-1), and finally slot no. Mo Will replace slot no.1.

9. Check if it is time to display additional results. If it is, go to next step. If not,
skip to step 11.

10. Write the output data after slot rotation onto the file and also display air
humidity and temperature on the screen.

11. If the final time has been reached, the simulation is ended. Otherwise, return to

step 3 after calculating the derivative values of the specific volume of the air in

the rotary dehumidifier and process room, respectively.

It should be noted that a sufficiently small but not excessively small integration
time stepsize should be used since the present RUNGE subroutine uses only a fixed
stepsize. However, the stepsize must also be chosen so that the linear distance traveled by
the rotor will exactly equal the size of a honeycomb slot after an integer number of time
steps. In addition the total number of slots in the representative annulus of the honeycomb
rotor must not be less than 50 or 60. The higher the total number of slots, the more accurate
the simulation results become. However, the required computational time will be nearly

proportional to the total slot number.



58

MAIN PROGRAM

Read parameters, inlet and initial
conditions

A

Print parameters, inlet and initial data
on screen and write them onto file

icount=0

(& g

t =10 + (icount)dt

A

CALL RUNGE

No ——

|
Yes

v

Write output data, i.e. air temperature,
humidity, amount of adsorbed and solid
temperature, at present time onto file




Yes
4

CALL ROTATE

t = tprint?

|
Yes

v

Write output data, i.e. air temperature,
humidity, amount of adsorbed and solid
temperature, at present time onto file

icount = icount + 1 %YGS?
STOP



RUNGE SUBROUTINE

START

Assign step size (h)

v

mm = max no. of the
integrated variables

N
Xold(m) = X(m)
form=1tomm

v

=1

-
bl

N

CALL ODE OF
- ADSORPTION PROCESS
- DESORPTION PROCESS
- ROOM PROCESS

'

K (m) =F(m)*h
form=1tomm

st n<3? Nol
X(m) = X(m)+(K,(m))/2 X(m) = X(m)+K(m)
form=1tomm form=1tomm
v
n=n+1

X(m) = Xold + (K (m)+2*K,(m)+2*K,(m)+K,(m))/6
form=1tomm

RETURN
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ROTATE SUBROUTINE

START

j = Mslot

.

»

i=i+l

v

NN = 4*(i-1)

MM = NN+Ncell*4*(j-1)

No

4

S(NN+1) = X(MM+1)
S(NN+2) = X(MM+2)
S(NN+3) = X(MM+3)
S(NN+4) = X(MM+4)

Yes
h 4

i=J1

S(Ncell*4+MM+1) = X(MM+1)
S(Ncell*4+MM+2) = X(MM+2)
S(Ncell*4+MM+3) = X(MM+3)
S(Ncell*4+MM+4) = X(MM+4)

No

<

Yes

R
L §=0 ]

i=i+l
No
v
X(NN+1) = S(NN+1)
X(NN+2) = S(NN+2)
X(NN+3) = S(NN+3)
X(NN+4) = S(NN+4)
Yes

RETURN
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CHAPTER 5

VALIDATION OF ADSORPTION ISOTHERMS AND
DYNAMIC MODELS

The reliability of the adsorption isotherms and mathematical models used to predict
simultaneous heat and mass transfer in the rotary dehumidifier and process room is the
most important requirement for the simulation work. As shown in appendix A, a
correlation for the adsorption isotherms and air properties. Consequently, the first section
of this chapter is dedicated to the validation of the obtained correlations for water vapor
adsorption isotherms on silica gel and zeolites against published experimental data. Then
the validation of the mathematical model of the rotary-honeycomb dehumidifier described
in section 4.2 through 4.3 will be carried out by comparing the computed results with
published experimental data of Kodama et al. (1993, 1994).

The reliability of the process room model for water evaporation and room air
circulation has been investigated and confirmed by Prawarnwit (1997) in conjunction with
the development of a dynamic model for the absorption-type rotary honeycomb
dehumidifier by comparison with experimental data obtained from an existing process
room in a modern beverage. Therefore, the reliability of the process room model for use in

the same process room is omitted here.

5.1 Validation of adsorption isotherms

The potential theory for adsorption equilibrium is applied to water vapor adsorption
on silica gel coated on a ceramic fiber sheet and on zeolite-13X. For micropore adsorption,
Dubinin-Astakhov relation can precisely predict the adsorption equilibrium as described in
the following section. The details of the determination of the equilibrium correlations for
both silica gel and zeolite-13X, however, are expressed in Appendix A.1.
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5.1.1 Water vapor adsorption on silica gel coated on ceramic fiber

sheet

The equilibrium adsorption isotherms obtained in the present study for water vapor
adsorption on silica gel coated on ceramic fiber sheet have been compared with
experimental data of Wolf and Schlinder (1999) at the reported temperatures of 288, 303,
318 and 333 K, respectively. The isotherms are presented not only in terms of partial
pressure in Figure 5.1a but also in terms of relative humidity (RH) as shown in Figure
5.1b.

0.30

2 0.25 4

4

=

(@2

=

A ©)

o =

D: ¥

@) /

X O

i & Texp =288 K

pd O Texp=303K

2 A Texp=318K

o O Texp=333K

<§( — Tcal =288 K
=== Tcal =303 K
=== Tcal =318 K

= Tcal =333 K
0.00 50.00 100.00 150.00 200.00

PARTIAL PRESSURE (mmHQg)

Figure 5.1a Comparison of adsorption isotherms of water vapor on silica gel coated on
ceramic fiber sheet between experimental and calculated data (amount

adsorbed vs. partial pressure of water vapor)



64
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Figure 5.1b Comparison of adsorption isotherms of water vapor on silica gel coated on
ceramic fiber sheet between experimental and calculated data (amount adsorbed vs. relative

humidity)

In Figure 5.1a and 5.1b, it is seen that the amount of water adsorbed on silica gel
increases nearly linearly as partial pressure of steam or relative humidity of air increases.
In addition, the adsorbed amount rapidly decreases substantially when temperature rises
above 318 K. The obtained Dubinin-Astakov correlation for water vapor adsorption on
silica gel gives accurate prediction, although the relative errors are higher at very low

adsorption level, as shown in Tables 5.1-5.4.
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Table 5.1 Comparison of water vapor adsorption isotherm on silica gel coated on ceramic
fiber sheet at 288 K

Partial | Total amount adsorbed (Kguw/Kgda) Relative
pressure error
(mmHg) ‘ Experimental data ‘ Calculated data (%)

1 1.917 | 0.04824 | 0.05165 | 7.07

| 3.834 | 0.08541 | 0.08978 1511

| 5.112 | 0.10791 ~10.11293 | 4.66

| 6.390 | 0.13385 1°0.13494 1 0.81

| 8.946 | 0.18159 | 0.17648 -2.82

| 11.502 | 0.21816 | 0.21565 -1.15

| 12.780 10.23257 | 0.23455 1 0.85

Table 5.2 Comparison of water vapor adsorption isotherm on silica gel coated on ceramic
fiber sheet at 303 K

el N i v

AN Bt

Partial 1| Total amount adsorbed (kgu/Kgda) Relative

pressure ) ! error

(mmHg) ‘ Experimental data ‘ Calculated data (%)
| 2.869 1 0.02756 1 0.02911 | 5.62
| 6.376 | 0.05116 | 0.05690 | 7.21
| 9.564 | 0.08197 | 0.07996 | -2.45
| 13.390 | 0.10251 | 0.10605 | 3.46
| 15.940 | 0.12358 | 0.12276 | -0.67
| 19.128 1.0.14790 1'0.14305 | -3.28
| 22.316 1 0.17042 | 0.16281 | -4.47
| 25.504 | 0.18934 1 0.18212 | -3.81
| 28.692 | 0.20933 | 0.20104 | -3.96
| 31.880 | 0.22213 | 0.21962 | -1.13
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Table 5.3 Comparison of water vapor adsorption isotherm on silica gel coated on ceramic
fiber sheet at 318 K

Partial | Total amount adsorbed (Kgw/Kg4a) Relative
pressure [ [ error
(mmHg) ‘ Experimental data ‘ Calculated data (%)

| 7.20 | 0.02756 | 0.02713 - 1.56
| 15.12 | 0.05116 | 0.05215 | 1.94
| 21.60 | 0.07332 ] 0.07140 -2.62
| 29.52 | 0.09224 1 0.09402 | 1.93
| 36.01 | 0.11300 1011197 | -0.87
| 43.21 | 0.12990 : | 0.13148 | 1.22
| 50.41 1 0.15330° | 0.15059 - 177
| 58.33 1 0.17240 || 017125 | -0.67
| 64.81 1019150 | 0.18790 | -1.88
| 72.01 | 0.20700 | 0.20618 | -0.39

Table 5.4 Comparison of water vapor adsorption isotherm on silica gel coated on ceramic
fiber sheet at 333 K

- TENTA T

Partial l Total amount adsorbed (kgw/Kgaa) Relative
pressure . ! error
(mmHg) | Experimental data ‘ Calculated data (%)
| 14.96 | 0.02666 10.02322 | -12.90
| 28.42 | 0.04414 | 0.04196 | -4.92
| 44.88 | 0.06612 | 0.06395 | -3.28
| 65.82 - [ 0.08863 | 0.09104 | 2.72
| 74.80 | 0.10413 | 0.10243 | -1.63
| 83.78 | 0.10822 | 0.11372 15.08
| 104.72 1 0.13673 1 0.13970 1217
| 134.64 | 0.17961 | 0.17614 | -1.93
| 149.60 | 0.19276 | 0.19412 1 0.71
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5.1.2 Water vapor adsorption on zeolite-13X coated on ceramic fiber

sheet

Similarly, Dubinin-astakhov correlation is applied to the equilibrium adsorption
isotherms of water vapor on molecular sieve zeolite-13X. The experimental data of Hines
and Ghosh of Gas Research Institute, United State (Hines and Ghosh, 1993) are used for
comparison with calculated data at 288, 298 and 308 K. The relations between the amount
of adsorbed water and partial pressure or relative humidity are presented in Figures 5.2a

and 5.2Db, respectively.
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Figure 5.2a Comparison of adsorption isotherms of water vapor on zeolite-13X
between experimental and calculated data (amount adsorbed vs. partial

pressure of water vapor)
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Figure 5.2b Comparison of adsorption isotherms of water vapor on zeolite-13X

between experimental and calculated data (amount adsorbed vs. relative humidity)

From Figure 5.2a and 5.2Db, it is seen that the shape of each isotherm belongs to
Type | isotherm as classified by Brunauer (1940) in chapter 2. Here the amount of
adsorbed water increases rapidly when relative humidity is below 10% and then gradually
approaches saturated value. As expected, a temperature increase reduces the adsorption
capacity of zeolite-13X. The -consistency between the calculated isotherm data and
experimental data are within an average relative error of + 10%. Tables 5.6 to 5.7 list their

numerical values and relative errors.



Table 5.5 Comparison of water vapor adsorption isotherm on zeolite-13X at 288 K

Partial | Total amount adsorbed (kgw/Kgda) Relative
pressure ] error
(mmHg) ‘ Experimental data ‘ Calculated data (%)
| 0.40 | 0.15 | 0.1514 | 0.95
| 1.00 1 0.19 1 0.1760 | -7.37
| 1.40 1 0.20 1 0.1860 | -7.00
| 2.40 1 0.21 - | 02032 | -3.24
| 3.90 1 0.22 02201 | 0.03
| 4.45 | 0.22 ~10.2249 | 2.22
| 5.00 1022 : | 0.2292 419
| 6.10 1023 , | 0.2368 | 297
| 7.00 w023 £//1 \ 1 0.2422 | 5.32
| 7.60 0248 £7) | 02455 | 231
| 9.40 | 024 = | 0.2543 | 5.94
1 10.20 Wo.28 £ 1. T % 4\0%5K | 3.07

Table 5.6 Comparison of water vapor adsorption isotherm on zeolite-13X at 298 K

A NS T PN N

Partial f| ‘Total amount of adsorbed (kgw/kgua) Relative

pressure ¥ error

(mmHg) ,liExperimentaI data ‘ Calculatec[ data (%)
1 0.45 1 0.15 101309 | -12.74
1 2.20 1 0.19 1 0.1714 | -9.79
1 3.40 1 0.20 | 0.1845 | -7.73
| 4.50 10.20 | 0.1935 | -3.23
1 5.30 1 0.20 | 0.1990 | =0.50
| 6.70 1 0.21 | 0.2071 [-1.39
1 7.80 10.21 1 0.2125 119

9.20 0.22 0.2185 - 0.66
| | | |

12.70 0.22 0.2308 4.93
| | | |

14.00 0.23 0.2347 2.04
| | | |

15.40 0.23 0.2385 3.71
| | | |

16.30 0.24 0.2408 0.35
| | | |
| 17.00 | 0.24 | 0.2426 | 1.07

|

| 18.60 1 0.24 | 0.2463




Table 5.7 Comparison of water vapor adsorption isotherm on zeolite-13X at 308 K

Partial \ Total amount adsorbed (kgw/Kgga) Relative
pressure error
(mmHg) Experimental data Calculated data (%)
1 0.90 | 0.14 | 0.1255 1 -10.39
1 2.00 1 0.16 1 0.1443 1-9.79
1 3.40 1 0.17 | 0.1584 | -6.81
| 5.70 1 0.18 - 101735 | -3.63
| 7.80 1 0.19 101833 | -3.53
1 9.30 1 0.19 ~10.1890 | -0.51
| 11.40 1020 : | 0.1959 -2.04
| 13.00 1020 | | 0.2005 | 0.24
1 16.00 020" </ | . |[0.2079 | 3.97
| 18.60 L0214 £/ — 02135 | 1.67
| 21.60 1021 / /| 1 0.2192 | 4.37
| 23.00 021 /[ | 0.2216 | 553
| 27.60 0224 &/ 0 |[0.2288 | 4.01
| 28.40 1022 1] 0.2300 | 453
1 30.00 1022 | 0.2322 | 5.54
| 31.60 1023 10.2343 | 1.88
|

| 31.80 1 0.23 = 1 0.2346
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5.2 Validation of the rotary honeycomb dehumidifier model

In this section, validation of the dehumidifier model in the case of silica gel coated
honeycomb rotor is carried under various operating conditions. The simulation results are
validated against experimental data. Kodama et al. (1993,1994) published in Chemical
Engineering Journal of Japan. In their experiments, a commercial rotary honeycomb
dehumidifier made by Seibu Giken Co., Ltd., Japan, was used. The parameters and
properties of the rotary dehumidifier and humid air for validation in this chapter are
detailed in Table 5.8.

Table5.8 Parameters and properties of the silica gel coated honeycomb rotary dehumidifier

used for validation

SIZE OF THE ROTARY DEHUMIDIFIER
Diameter of rotor (D) 0.32 m
Length of rotor (L) 0.2 m
Cross sectional area of a slot (Ac) 3.49x10° [ m’
Cross sectional area of the gas phase in a slot (A,) 2.88 x10° m°
Cross sectional area of the solid phase in a slot (As) 6.11 x10”' m°
Hydraulic diameter of a slot 1.44 x10° m
PROPERTIES OF HONEYCOMB ROTOR
Specific heat of adsorbent (Cpsp) 0.92 kJ/(Kgga-K)
Specific heat of water (Cpy) 4.187 kJ/(Kgga-K)
Specific heat of ceramic fiber (Cpsn) 1.20 kJ/(kgga-K)
Bulk density of rotor (ps) 250 kg/m?
Density of ceramic fiber (psn) 185 kg/m®
Mass fraction of adsorbent 0.70 (-)
Specific surface area of the honeycomb (a) 3000 m°/m*
Void fraction of the honeycomb () 0.825 -)
PROPERTIES OF HUMID AIR
Specific heat of dry air (Cpga) 1.005 kJ/(KQga-K)
Specific heat of water vapor (Cpy) 1.820 kJ/(Kgda-K)
Latent heat of vaporization at 273 K (o) 2501.3 kJ/(KQda-K)
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Since humid air of constant humidity is fed through the dehumidifier at a constant
rate, the simulated outlet air properties soon approach the same steady state regardless of
the assumed initial conditions. The results are then compared with the experimental data of
Kodama et al. which also at the steady state. At first, section 5.2.1, is earmarked at
showing the typical manner of steady state approach for dehumidification using the
honeycomb rotor. In order to minimize computational time while and providing sufficient
accuracy in the prediction, the effect of the main model parameters, i.e. the thickness of a
stationary partition plate between the adsorption and regeneration zones (Muick), and the
number of cells (N¢) in each slot are next investigated. Then relevant results are presented
and discussed in section 5.2.2. Finally detailed validation of the dynamic rotary
dehumidifier model, which are divided into three parts, that is, validation of the average
outlet air humidity of the adsorption zone, the angular profile of the air humidity and the
temperature distribution in the dehumidifier are carried out in section 5.2.3-5.2.5,

respectively.

5.2.1 The manner of steady state approach for the dehumidifier model

A typical case used to illustrate the manner in which the steady state of the model is
approached employs the simulation parameters, and the initial and inlet conditions listed in
Tables 5.9 and 5.10, respectively.

Table 5.9 Model parameters used to-illustrate the steady-state approach of a silica gel coated
honeycomb rotary dehumidifier

SIMULATION PARAMETERS
The number of cells in each slot (Ncey) 10 cell
Total number of slots (Msjot) 120 slot
Number of slots for the adsorption zone (Mggs) 90 slot
Number of slots for the regeneration zone (Meq) 30 slot
Step size (At) of integration 0.006 sec
Display time interval 300 sec
Final simulation time (t) 3600 sec
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Table 5.10 Operating conditions used to illustrate the steady-state approach of a silica gel
coated honeycomb rotary dehumidifier

INITIAL CONDITIONS

Local amount of moisture adsorbed in the adsorbent (Wy) | 0.001 kgw/KQsp
Local air humidity in the slots (Ho) 0.0001 kgw/KQga
Local solid temperature in the slots(Ts) 293.15 K

Local gas temperature in the slots (Tao) 293.15 K

INLET CONDITIONS

Inlet humidity of the adsorption zone (Hin ads) 45x10° kgw/KQda
Inlet gas temperature of the adsorption zone (Tain ads) 297.30 K

Inlet humidity of the regeneration zone (Hin req) 5x10* Kgw/KQda
Inlet gas temperature of theregeneration zone (Tain req) 413.15 K

Inlet air velocity of the adsorption zone (Vin.ads) 1.0 m/s
Inlet air velocity of the regeneration zone (Vin req) 1.0 m/s
Rotational speed of the rotor (o) 3.3 rph

The simulation results on the steady state approach are illustrated as a function of
time in Figures 5.3 through 5.5. It is seen that the average amount of adsorbed moisture
and average humidity of the dehumidified air, i.e. the outlet air of the adsorption zone,
increase almost linearly from their initial values to the steady state in approximately 800
seconds. In contrast, the average temperature of the dehumidified air increases rapidly and
overshoots in approximately 200 seconds and then gradually decreases to the steady state
in about 800 seconds. Since fresh adsorbent is used and the initial air and adsorbent
temperatures are low, the initial -high adsorption rate and massive release of heat of
adsorption in the adsorption zone causes an abrupt increase in the average air temperature.
Then a continuous accumulation of the-amount of adsorbed moisture not only decrease the
rate of adsorption but also results in higher air humidity and gradual decline in the air
temperature at the outlet of the adsorption zone. In conclusion, the above-mentioned
transient behavior is typical of the start-up of the honeycomb rotary dehumidifier with

fresh adsorbent.
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5.2.2 Effect of main model parameters

The investigated model parameters which are the thickness of a stationary partition
plate between the adsorption and regeneration zones, and the number of cells in each slot
are presented and discussed in sections 5.2.2.1 and 5.2.2.2, respectively. Both parameters

are investigated independently using the same operating conditions as listed in Table 5.11.

Table 5.11 Operating conditions used to investigate the effect of model parameters on the

silica gel coated honeycomb rotary dehumidifier

INITIAL CONDITIONS

Local amount of moisture adsorbed in the adsorbent (Wy) | 0.001 kgw/kQsh
Local air humidity in the slots (Ho) 0.0001 Kgw/KQga
Local solid temperature in the slots(Tsp) 293.15 K

Local gas temperature in the slots (Tao) 293.15 K

INLET CONDITIONS

Inlet humidity of the adsorption zone (Hin ads) 45x10° Kgw/KQga
Inlet gas temperature of the adsorption zone (T ain ads) 297.30 K

Inlet humidity of the regeneration zone (Hin req) 5x 10 Kgw/KQda
Inlet gas temperature of theregeneration zone (Tain req) 413.15 K

Inlet air velocity of the adsorption zone (\Vin ads) 1.0 m/s
Inlet air velocity of the regeneration zone (Vin req) 1.0 m/s
Rotational speed of the rotor (o) 6.6 rph

5.2.2.1 Thickness. of the stationary partition plate between the

adsorption and regeneration zone

In this section the effect of the thickness of the stationary partition plate between
the adsorption and regeneration zone is investigated. In certain designs of the rotary
dehumidifier, a small number of the slots between the adsorption and regeneration zone do
not allow any air to pass through. For the sake of simplicity in simulation, the number of
these “dead” may be assumed to be negligible, that is, Mgic = 0. Nevertheless, the validity
of the assumption will be examined by comparing the results between Mu,ick = 0 and with
Muick = 4 as well as with experimental data. The model parameters used in the case of

Minick = 0 and Mick = 4 are listed in Tables 5.12 and 5.13, respectively.
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Table 5.12 Model parameters used to investigate the effect of Mgy on the silica gel

coated honeycomb rotary dehumidifier with Mk = 0

MODEL PARAMETERS FOR Mthick =0

The number of cells in each slot (Ncenr) 20 cell
Total number of slots (Mot 120 slot
Number of slots for the adsorption zone (Mags) 90 slot
Number of slots for the regeneration zone (M) 30 slot
Closed Slot (Minick) 0 slot
Step size (At) of integration 0.006 sec
Display time interval 300 sec
Final simulation time (tr) 3600 sec

Table 5.13 Model parameters used to investigate the effect of Muick on the silica gel

coated honeycomb rotary dehumidifier with Mick = 4

SIMULATION PARAMETERS FOR Mtuick = 4

The number of cells in each slot (Ncep) 20 Cell
Total number of slots (Msjor) 120 slot
Number of slots for the adsorption zone (Mags) 90 slot
Number of slots for the regeneration zone (Meq) 26 slot
Closed Slot (Minick) 4 slot
Step size (At) of integration 0.006 sec
Display time interval 300 sec
Final simulation time (t) 3600 sec

The results of the two cases of simulation are compared with the experimental data

(Kodama et al., 1994) in Figures 5.6 and 5.7. In Figure 5.6, the angular profiles of the air

humidity at the outlet of the adsorption zone for Mick = 0 and Muick = 4'are represented by

solid and dotted lines, respectively. Graphically, both simulated profiles show a close

resemblance. In addition, the close agreement of the angular profiles of the air temperature

at the outlet of the adsorption zone between Mk = 0 and Minick = 4 as well as with the

experimental data are observed in Figure 5.7. Accordingly, Muick Will be set as zero in all

subsequent simulations of the rotary dehumidifier.
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5.2.2.2 The number of cells in each slot

Theoretically and conceptually, the plug flow model has been shown to be
equivalent to the model of a series of equal-volume CSTR’s in which an infinitely large
number of completely mixed cells, each of infinitely small thickness, are connected in
series. For practical reason, the plug flow model of each slot will be approximated in this
study by an equivalent CSTR model consisting of a finite number of N cells in series. To
minimize computational time while maintaining sufficiently accurate prediction, the
appropriate value Ny (10, 20 and 25) will be obtained by comparison with experimental
results (Kodama et al., 1994) in this section. The model parameters used to investigate the
effect of Neen (Ncenn = 10, 20 and 25) are listed in Tables 5.14 through 5.16, respectively.

The simulated results for the case of Ny = 10, 20 and 25 are shown and compared
in Figures 5.8, 5.9 and 5.10. Figure 5.8 presents the comparison of the angular profiles of
the outlet air humidity from the adsorption zone for the three cases of Ncey. The humidity
profile for Ncen = 10 cells is obviously a bit different from the profiles for Neey = 20 and 25.
Similarly, in Figure 5.9, the angular profile of the air temperature at the outlet of the
adsorption zone for N¢e = 10 shows a slight difference from the profiles for N¢e = 20 and
25. However, all of the three simulated profile in Figure 5.9 are consistent with the
experimental data. In addition, the close resemblance between the three simulated results
and the experimental data of the angular temperature profiles in the axial or flow direction
in the slots of the dehumidifier are observed in Figure 5.10. Since N¢ = 10 gives results
that only slightly differ from the cases of N¢ = 20 and 25 but agree equally well with the
experimental results, Neey-10 will be adopted .in all subsequent simulations of the rotary
dehumidifier.
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Table 5.14 Model parameters used to investigate the effect of N¢e on the honeycomb

rotary dehumidifier (Nge = 10)

MODEL PARAMETERS FOR Ncgi L =10

The number of cells in each slot (Nceir) 10 cell
Total number of slots (Mgjor) 120 slot
Number of slots for the adsorption zone (Mggs) 90 slot
Number of slots for the regeneration zone (M) 30 slot
Step size (At) of integration 0.006 sec
Display time interval 300 sec
Final simulation time (tf) 3600 sec

Table 5.15 Model parameters used to investigate the effect of N¢e on the honeycomb

rotary dehumidifier (N = 20)

MODEL PARAMETERS FOR Ncgr L =20

The number of cells in each slot (Ncer) 20 cell
Total number of slots (Msjor) 120 slot
Number of slots for the adsorption zone (Mggs) 90 slot
Number of slots for the regeneration zone (M) 30 slot
Step size (At) of integration 0.006 sec
Display time interval 300 sec
Final simulation time (t) 3600 sec

Table 5.16 Model parameters used to investigate the effect of N on the honeycomb

rotary dehumidifier (Ngeii = 25)

SIMULATION PARAMETERS FOR Ncg L = 25

The number of cells in each slot (Ncey) 25 cell
Total number of slots (Msjot) 120 slot
Number of slots for the adsorption zone (Mggs) 90 slot
Number of slots for the regeneration zone (Meq) 30 slot
Step size (At) of integration 0.006 sec
Display time interval 300 sec
Final simulation time (t) 3600 sec
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'figure 5.10 Comparison of the angular profiles of slot air temperature between the
 experimental data and the 3 simulated results (N=10, 20 and 25) at various
dimensionless lengths a) Z = 0.0, b) Z=0.2,¢) Z=0.4,d) Z2=0.6,e) Z =

0.8and ) Z=1.0
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Figure 5.10(cont.) Comparison of the angular profiles of slot air temperature between the

experimental data and the 3 simulated results (N=10, 20 and 25) at
various dimensionless lengths a) Z=0.0,b) Z=0.2,¢) Z=04,d) Z
=0.6,e)Z=08and)Z=1.0



INITIAL CONDITIONS
' Local amount of moisture adsorbed in the adsorbent (W) | 0.001 kgw/kgsy
|| Local air humidity in the slots (Hy) 0.0001 kegw/Kgda
| Local solid temperature in the slots(Tso) 293.15 K
| Local gas temperature in the slots (Tap) | 293.15 K
- v INLET CONDITIONS
Inlet humidity of the adsorption zone (Hin ags) 45x%x 107 kgw/Kgaa
Inlet gas temperature of the adsorption zone (Taiy ads) 297.30 K
Inlet humidity of the regeneration zone (Hip reo) 5x 107 kgw/kgda
Inlet gas temperature of the regeneration zone (Tain reo) 413.15 K
Inlet air velocity of the adsorption zone (Vip ads) 1.0 m/s
Inlet air velocity of the regeneration zone (Vip reg) 1.0 1 m/s
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~5.2.3 Validation of the average humidity of the dehumidified air

In this section, the simulation results for the three cases of the rotational speed, i.e.

"".3.3, 6.6 and 13.2 rph, have been substantiated against the corresponding experimental data.
‘ ‘ The average humidity of the dehumidified air and the air humidity profile at the outlet of
‘ the adsorption zone for the three rotational speeds are shown in Figures 5.11 to 5.13,

respectively. Next the effect of. the rotational speed on the average humidity of the
«dehumidified air and the dehumidification efficiency is illustrated in Figures 5.14 and 5.15,

respectively. All simulation cases in this section use the same operating conditions, except

~the rotational speed, as listed in Table 5.17.

~ Table 5.17 Operating conditions used to validate the average humidity of the dehumidified

air from the silica gel coated honeycoinb rotary dehumidifier

In Figures 5.11 to 5.13, it is seen that sufficiently good accuracy of the predicted

“average humidity of the dehumidified air is obtained at each rotational speed because the _

relative errors with respect to the inlet humidity are small. To confirm this assertion, the

average humidity of the dehumidified air and the dehumidification efficiency vs. the

rbfa_tional' speed are compared with their experimental results in Figures 5.14 and 5.15,

_respectively. In addition to their close agreement, an optimal value of the rotational speed,

which ranges from 6 to 8 rph, is obtained. At the optimal value, the efficiency can reach

90% or higher. On the other hand, an efficiency as low as 70% will be obtained when the

rotational speed is too slow as seen in Figure 5.15. Further investigation into the effect of the

rotational speed will be carried out and discussed in the next chapter.
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5.2.4 Validation of the two-dimensional distribution of the slot air

temperature in the rotary dehumidifier

In this section, two-dimensional distributions of the slot air temperature in the
angular and axial directions in the rotary dehumidifier are validated with the published
experimental data (Kodama et al., 1994). The operating conditions are as listed in section
5.2.3 and the simulated distributions for the rotational speeds of 3.3, 6.6 and 13.2 rph are
presented in Figure 5.16 and 5.18, respectively. The 6 angle ranges from 0° to 270° and
270° to 360°, for the adsorption and regeneration zone respectively. Here, Z denotes the

dimensionless length of the rotor or slot.

As seen in Figures 5.16 to 5.18, consistently good agreements between the
simulated results (solid lines) and the experimental results (dots) are observed for all of the
cases. However, some apparently significant discrepancies are noticeable at the outlet of
the regeneration section (Z = 0) when the experimental data at the outlet of regeneration
zone are always less than the simulated results. The discrepancies may be ascribed to the
mixing gas of the exhaust and the much cooler ambient air in the experiments, thus,
resulting in lower measured values of the outlet air temperature. In addition, the properties
of the silica gel used in the experiments are not identical to those used in the simulation. In
conclusion, no matter what the causes of the local discrepancies are, the present
dehumidifier model still predicts accurate local values for the entire adsorption zone as

well as gives accurate predictions for the overall performance of the rotary dehumidifier.

To understand the local heat transfer phenomena in the rotary dehumidifier, let's
consider and discuss Figure 5.17 in more detail. As seen in Figures 5.17a) to 5.17f) for the
case of 6.6-rph-rotational speed, the angular. distribution of the air temperature in the
adsorption section is essentially flat at the inlet of the adsorption section (Z = 0) except at
the borderline between the adsorption and regeneration sections. As the rotor slowly turns,
the remaining hot air carried over from the regeneration section will gradually be replaced
by the cooler humid room air. The time required for the replacement process is the time it
takes the rotor to turns from 0°-10°. This explains why the sharp temperature gradient at Z

= 0 and 0 close to zero begins to gradually broaden up to 6 = 10° as Z increases to unity or
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the outlet. As expected, the higher the rotational speed, the broader the temperature
gradient as Z approaches unity.

Similarly, it is seen from Figures 5.17a) to 5.17f) that the angular temperature
distribution of the hot regeneration air at 413.15 K is essentially flat at the inlet of the
regeneration section (Z = 1) except at 6 = 270°-285°. As the rotor slowly turns from 6 =
270°, the remaining relatively cool air carried over from the adsorption section will
gradually be replaced by the hot regeneration air while its thermal energy is used to desorb
the moisture from the adsorbent. The large amount of heat of desorption required explains
why the temperature of the regeneration air drops significantly as it approaches the outlet
(Z = 0). To ensure adequate desorption of the adsorbed moisture the outlet air temperature
at 0 = 360° should remain sufficiently high. If the rotational speed is too fast, there will not
be enough time to achieve adeguate desorption of the moisture and the dehumidification
efficiency will start to decrease. On the contrary, if the rotational speed is too slow, then
the adsorbent will become saturated before it reaches the regeneration section. As a result

the dehumidification efficiency again decreases.
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Figure 5.16 Comparison of the angular distributions of the slot air temperature between

the experimental and simulated results at 3.3 rph and various dimensionless

lengths:a) 2=0.0,b) Z=0.2,¢)2=04,d)Z=0.6,e) Z=08and f) Z=1.0
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5.2.5 Validation of angular distributions of the temperature and humidity
of the dehumidified air

To ensure high accuracy and reliability of the model, the simulation results on the
angular distribution of the temperature and humidity of the dehumidified air are also
validated with the detailed experimental data of Kodama et al.(1993) in this section. Two
main factors are investigated. One is the variation of the rotational speed in the range of 3.5
to 28 rph as shown in Figures 5.19 to 5.28. The other is the variation of the inlet air
humidity in the range of 0.0030 to 0.0142 kg./kgq, as shown in Figures 5.29 to 5.36. In the
Figures, the solid lines represent the simulation results and the dots the experimental
results. The initial conditions used are summarized in Table 5.18. The inlet conditions for
the rotational speed and the inlet air humidity are listed in Tables 5.19 and 5.20,

respectively.

Table 5.18 Initial conditions used to validate the effect of the rotational speed and the inlet

air humidity on the silica gel coated honeycomb rotary dehumidifier

INITIAL CONDITIONS
Local amount of moisture adsorbed in the adsorbent (W;) | 0.001 kgw/KQsp
Local air humidity in the slots (Ho) 0.0001 Kgw/KQga
Local solid temperature in the slots(Tsp) 293.15 K
Local gas temperature in the slots (Tao) 293.15 K

Table 5.19 Inlet conditions used to validate the effect of the rotational speed on the silica

gel coated honeycomb rotary dehumidifier

INLET CONDITIONS
Inlet humidity of the adsorption zone (Hin ads) 45x 107 kgw/KQda
Inlet gas temperature of the adsorption zone (Tain ags) 297.30 K
Inlet humidity of the regeneration zone (Hin req) 5x 10 kgw/KQda
Inlet gas temperature of the regeneration zone (Tain req) 413.15 K
Inlet air velocity of the adsorption zone (Vin ads) 1.0 m/s
Inlet air velocity of the regeneration zone (Vin req) 1.0 m/s
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Table 5.20 Inlet conditions used to validate the effect of inlet air humidity on the silica gel
coated honeycomb rotary dehumidifier

INLET CONDITIONS
Inlet gas temperature of the adsorption zone (Tain ads) 297.30 K
Inlet humidity of the regeneration zone (Hin req) 5x 10™ kgw/KQda
Inlet gas temperature of the regeneration zone (Tain req) 413.15 K
Inlet air velocity of the adsorption zone (Vin ads) 1.0 m/s
Inlet air velocity of the regeneration zone (Vin req) 1.0 m/s
Rotational speed () 6.0 rph

As seen in Figures 5.19 to 5.36, the simulated results on both the angular distribution
of the temperature and humidity of the dehumidified air agree reasonably very well with the
corresponding experimental data. Since the properties of the silica gel used in the
experiments and the simulations may not be identical, some discrepancies in the angular

distributions are not unusual.

Considering the angular humidity profiles of the dehumidified air, high values of the
outlet humidity are always observed in range of 6 = 0° to15°, sometimes, extending to 30°.
As the rotor slowly turns, the relatively hot humid air carried over from the regeneration
section will gradually be replaced by the cooler humid room air. The adsorption capacity of
the adsorbent decreases as the temperature increases. Since the air replacement and cooling
process take some time to achieve, the outlet air humidity remains relatively high in the
region of small 6. Such behavior depends on the rotational speed of the rotor as shown in
Figures 5.19 to 5.28. For instance, high air humidity the region of small 6 values extends to
approximately 90° in the case of 28-rph rotational speed in spite of only 15° for the 3.5-rph
rotational speed. In addition, the gradual broadening of the high humidity region in terms of
0 is pronounced especially at high inlet humidity and low rotational speed. Accordingly, the
dehumidification efficiency will significantly decrease if the operating conditions are not

suitable.

The effect of the rotational speed on the angular profile of the temperature of the

dehumidified air has already been discussed and will be omitted here.



103

yd1 §¢ 18 S)NsaI pajenuils pue [JUSLIAAXS, UsamIaq 18 PIIPIUNYSP Y} JO AJPIny a1} Jo uonnquusip aensue Jo uostreduwo’) 61's auanJy

(SHLIOHAA) [0] ATONV

0LT STT 081 GE1 06 % 0
- + 0000
:
- 2000 O
—]
= <
700°0 %= =
- & o
i
e I
L& C
- 9000~ Z
9
vy
INOH JO NOLLDIAHYd L s000
| NOF] JO VIV 'dXHd [ | m
uiH ALIAIANH LHINI DAV — | =



104

ydI ¢*¢ Je s)NSaI PJR[NWIS pure [BIUSWLISAXD U9M1aq J1e pafIprunyap ot Jo arnjeradurs) oy jo uopnquisip mendue Jo uosuedwo) 07°S dandig

0LC

$CC

(SEEYDHAA) [0] A1ONV

081

Sel

06

L—

|
|

I -

l.

NOILLV IOAILS =

LNHNTHHdXH

o

|

09¢

00¢

Ove

08¢

0Cy

09¥

D IV AAAIdINNHAA

A0 FANLVIHINAL




105

4dI 4 18 SINSII pajernIuls puk [BIULWIHIAXS UdaMIa] 112 PAYIPIUNYSP 9y} Jo AIPIuny oy} Jo uonnqrysip rensue jo QOmtmaE_ou_ 17°S 2an81y

(sHTAD4AA) [6] A TONY
0LT STe 081 SEl 06 Sy 0

] 1 ; .
O = 000°0 ;
-
-
- 200°0 =
P00'0 = =
- & o
T
Eogles
o C
- 9000 — Z
9
. "]
INOH JO VIVA ‘WIS —— 006 =
INOH JO VIVA 'dXd © m
Ul ALIATANH LAINI DAV — =

L 010°0



106

ydx ' Je SINSDI peje[nIIS PUL [BIUSWLIAAXS U99M]Aq JIB PAIPIUMYap 2y} Jo mjesadwa) 1) Jo TONNqQIISIp 1en3ue Jo uostredwo)) 7z's aansiy

(STTIOAQ) [6] ATONV
0LT ST 081 SET 06

q _‘_ il 7_ T B S ﬂ . 09¢C
i f\ w ,_ _ _ et _ o e | _ L
_ _ _ _ _ | ,
| Y SRt il W~ X | L 00¢€
¢ | a=be T % 1% | e |

CD IV A4IdIdINNHad
A0 TINLVIAdNAL

| | |
— | NOLLVINNIS — |- —t——1— .

| INTNIYEdXE © |- }_ - B ;




107

ydr z°9 18 symsal pajernwis pue [ejuswiedxe usamioq 1e EEEE::% a3 Jo LQyrprwmy a3 Jo uonnqrysip sendue jo uosuedwo)) ¢z 9anSL|

0L¢

(SHEYOAA) [0] ATONY
06

¢ee 081 Gel

4%

MOH JO VIVA WIS =
MoH Jo VIvVd dXH

UIH ALIAIANOH LAINI "DAV . —

000°0
- Noo._o
- ¥00°0
- 90070

- 80070

01070

(*P33/3Yy)
A1V AAAIAINNHAd 40 ALIAINNH




% ydI Z'9 1e S)NSaI paje[niuls pue [eIuswIadXs Usamiaq J1e payIPIUNYSp oY) Jo dmeradws) A} Jo uonhquysIp fepndue Jo uosueduior) pz's a.unsny

- (saganda (o] 41ONV
0LT STT 081 - ser 06 S¥ 0

.,. [ i_ 4 ﬂ __ _. | L H 1 ” O@N
|
| — == SuRss— i — — — R
4\ m ‘ ‘ ,, 7

1| AR -
|

g
—| NOILVINNIS =— || _#

INANAdXH @ | -

(3D ¥V AIAIAINNHAU
A0 DINLVIAINAL

09




109

qdr ¢'Z1 38 SHNSAI POJR[NWIS PUB [BIUSTUHAAXS UI3MIS] ITe PAYIPIAINYSp oY) Jo Apruny oyl Jo uonnqrystp endue jo uosuedwo)) g7°s 3ngLy

(SATIODAA) [6] A TONV

0LT ST 031 SEl 06 o 0
e E—— , 000°0
e
-
. <
- 20070 5
=
-
L5000 = S
_ @ o
o™
~ T
L
L9000 © 2
>
. oy
O JO VIVU 'NIS . 7
. - 800°0 =
N0 JO VIVA 'dXd © >
uIg A LIADANH LI INI DAV: — =

01070




110

§'Z1 Je s)nsar pajejnwis pue [ejuswiedxa ussmiaq Ie payIprunyap oyl jo amjeredwe) oy Jo uonnquysip remue Jo uosmedwo)) 97'¢ aandig

(SETIOAA) [0] ATONVY
0L  STT 081 GET 06 St 0

fi [ 1 i i 1 A
T — T

-+

8

]
?

-
\O
QN

e 6 o
S L G B .~
- .\lfsi | |

I

NN ‘_
NOLLV'TNAIS |
| INTANIIAdXT @ |-

B

(D NIV QALIIAdINNHAd
J0 HINLYIAdNAL




111

‘g& 8 Ye SI[NSAI PIJR[NIIIS PUE [EJUSWILIZAXS USIMIO] JIE POYIPINYSP oU3 JO ANprny ay3 Jo uonnquusip mwngue jo uosuedwo)) £z°g sandig

(SHTIOAQ) [0] ATONVY

0LT ST 081 Sel 06  Sp 0
5§ = R . 000°0
<
- 200°0 =B
=
=<
L H000 = B
- o
5 E
. £ C
- 9000 = 2
O
&
MOH JO VLV ‘IS 000 =
INOH JO VILVA 'dXd ® v m
Ul ALIQINNH LA INI DAV — =

0100




(@]
—{
—

ydz §7 e S[NSaI pajeINUIS pue [BjustiIedx usomidq Ik PARFIPIINYSp 3y} jo mjerodus) ay3 Jo uonnqrystp temdue Jo uosteduoy) gz°s oanSig

(SqE¥OaQ) [6] A TONY

0LC ¢l¢C 081 el 06 Sy 0
i [} ] [ { w [ O@N
| ]
-.-\Lﬁi e | N I
I il z% || | | ._ 00¢
® % —0 | |
_ o= s |
- -+ 0t€
| |
1[|I|: — 4 _
- _ + 08¢
|
| NOILVINIAIS == - 0CV
| INANIAdXE @ |

(D IV ddIdIdINNHAd

- JO HYOLVIddNAL




113

EP3Y/MBY €00°0
= "'H 1© S}[NSal paje[nuwils pue Eucoﬁtuaxu U59M)9q Iie PAIJIPIWNyYLp oY) Jo AIprauny ot o uonnquusip remndue jo uosuedwo)) ¢z°S 2Ny

(saTaoad) [o] ATONY

0LT $TT 081 GET 06 St 0
‘ Ay = 000°0

<
m\F 20070 S
—
<
a2
- £00°0 fay o
£

V4.
e =
- 9000 <& Z
>
]
MoH JO VIVA IS —— . ]
. - 800°0 »,
MO JO VIVA 'dXd @ >
U A LIATNNH LA INI DAV = =

01070




114

P3N/M3Y £00°0
= EE 18 SJ[NSOI PJE[NUWIS puB [RJUAWLIAAXS UdamIaq I8 palIpruunyap sy} jo armjeraduws) oy Jo uonnqrusip semdue yo uosuedwo)) ¢ 4nsig

(SATIOAA) [0] ATONV
0L SZT 081 GET 06 P 0

EEEERENNSS

NOILVINNIS = | |
INAATIAdXd @ | | iﬁ

D ¥IV AdIAIdINNHAA
A0 N LVIAdNAL




115

PPEN/MBY £400°0
= W] B S)[NSQI POILINUIS PUE [BIUstTiodXs UsdMIaq 118 PaIPIINySp S} JO AJIpruiny ay) Jo uonnguisip remaue Jo uostedwo)) ¢S sangiy

(SATIOAM) [0] A TONV
0LC ST 081 SET 06

_ : i 000°0 |
] ] > m
<
- 200°0 m
l
<
®
B L . ey
— 00°0 z o
m/ ™
fagillan
& C
- 9000 £
=
sy
INOH JO V.LVA IS — b oo =
- WMOHJO VLIV dXHd H m
U ALIAIANH LAINI DAV: — =

- 01070




116

] EPEY/MEY 10070
= "H Je S}NSAI PIJB[NWIS PUB [BIUSWLIAAXS UsoM]aq IE PIyIPILUNYSp dy)} JO srmjeraduwa) ) Jo uoinqrisIp rem3ue jo uospedwo)) zg'g oandiy

(SH7IOdQ) [0l A TONV

0LT STt 081 Sl 06 st 0
—
SRREEN N
L] S
3 o
O 9 [ e Yi=ee [T aniinie
| | el

D M1V AAIAIAINNHAd
A0 N LV IAdNAL

| NOLLVIOWIS — |||
INTATIddxT © |




117

PN/ €L00°0

= U 18 S)[nsal paje[nwuls pue eIuowIodxd uoamiaq Ire paljIprunyap oyl Jo Aupruny ay; jJo uonnquisip Jeyndue jo uosuedwo)) ¢¢°¢ dandiyg

- (STTIDAQ [6] ATONV
0LT $TT 081 el 06 % 0

i § 1 , § - - i . OOO.O
<

- 200°0 o

]

<

o o~ m

TR0 = E

m/ .o

& T

& C

- 9000 < 2

o

2

INOH JOo V.IVA IS - 3000 =
NOH JO VIVA 'dXd H >
Ul ALIAINNH LI INI ‘DAV: — =

010°0




118

3NN €L00°0

— U] 1B S)[NSAI PAJR[NIWIS puk [RIusWLIAdX UsamIaq IIe PIJIpPTINyYap ayl Jo amyeradwo) oy jo uonnqrysip Jemdue jo uostredwo)) p¢*S aanSiy

(SaTIDHdA) [6] ATONVY

0L 7T 081 GET 06 St 0
092
00 g
usl
F
1)49 m =
35
=5
o
08¢ > m
B S I = O
NOILVIONIS=— | | | L | 4 _ N 174
| LNINIadXd @ 4 ﬁ S |

09t




119

EPBN/MEBY TH10°0

= Y] 1B SI[NSSI PIIR[NIWIS PUB [RIUSWILISdXS U09M]aq 118 PILJIPIUWNYSP 87} JO ANprumyy oy} Jo uonnquysip remdue jo uosuedwo)) ¢¢'s sy

0LC

(SHTAOAA) [0] ATONV
ST 081 GET 06

Mo Jo VIV IS
0[] JO VIVA ‘dXd ©

U] A LIAIANNH LJINI DAV =

- 910°0

0200

- (PB/"8)
AV ddJIdINNHEd AO A_LI(IH/\HI_H




120

= "'H] J© S][Nsal PIIB[NWIS PUE [BIUSWLIIAXD Usom]dq Ie payIprunyap 3y} Jo 838_09:8 ot1 Jo uopnqLysIp re[nSue Jo vostredwoy) 9¢°¢ dandiy

0LC

(SHTIDAA) [6] ATONY

EPEY/MBY TH10°0

| INHNTHAdXH @

¥

¢l 081 Cel 06 9% 0
—t—t : =] ﬂ 092
| _" |

HERER A 006
® o | o | T
\\*w\ —— #l _ —O
_ |
T J_f IAT i3 1143
- |
— T ﬂ ) 4 | 08¢
1t
NOLLY INNIS — |- 0TH

— L oo¥

D) MV A4IAIAINNHAd -

dO HANLVIIdNHL




CHAPTER 6

RESULTS AND DISCUSSION

The investigation on the effects of rotational speed, regenerative temperature, mass
velocity of humid room air, mass velocity of hot regenerative air and axial length of the
rotor on the performance of the rotary honeycomb dehumidifier is presented in this
chapter. In the first section, the principle of the experimental design described in appendix
D is used to identify the significant effects. Then the performance of both the rotary silica
gel and zeolite-13X coated honeycomb dehumidifier and the phenomena of simultaneous
heat and mass transfer inside the rotary honeycomb dehumidifier under various conditions
will be presented in section 6.2 and 6.3. Consequently, the optimal operating conditions of
both the rotary silica gel and zeolite-13X coated honeycomb dehumidifiers are determined.
Moreover, the application of the silica gel and zeolite-13X coated honeycomb rotary
dehumidifier in the process room of a modern beverage factory in Thailand has been
proposed and compared with the lithium chloride coated honeycomb rotor in the last

section.

6.1 Identification of significant effects

Since the number of factors considered in this-experiment is moderately large, say k
> 4, the number of runs required for the analysis is large even though using the principle of
the 2* factorial experiment. Thus the fractional factorial design is useful for this situation.
The screening experiments are performed at early stage in order to identify the factors that

have little or no effect.

In this study, we have investigated 5 main effects as follows:
- Rotational speed of rotor (o)
- Regenerative temperature (Treg)

- Mass velocity of humid air (Gwags)



- Mass velocity of regenerative hot air (Gwyeg)

- Length of rotor (L)

where
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GWags = Hin ads*Gaads (kgwlmz's) (6.1)
GWreg = Hin,reg*Gareg (kgW/mZS) (62)
The ranges of such main effects are shown in Table 6.1
Table 6.1 Maximum and minimum values of main effects
Main effect
Range

A = (P B = Treg C = GWads D = GWreg E = L

Minimum (-) 4.4 373 0.00405 0.00045 0.10

Maximum (+) 28.0 433 0.01620 0.00150 0.25

At first, the one-half of factorial design method has been used to get the significant

variables. Thus only a half of 2° treatment combination or 16 runs, say, the case of a, b, c,

d, e, abc, abd, abe, acd, ace, ade, bcd, bce, bde, cde and abcde, are tested. As experimental

design principle (Mongomery, 1984), the name of treatment combination such as a, b, abc,

abcde, etc. is indicated that the presented corresponding a capital Latin letter is maximum

or high value and the other are minimum or low value. For example, the case of a consists

of maximum value of A factor, minimum value of B, C, D and E factor.

To investigate the significant effects, parameters and properties used in this section

are summarized in Table 6.2.
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Table 6.2 Parameters and properties used to investigate the factors influencing the
dehumidification performance of the silica gel coated honeycomb rotary

dehumidifier.

SIZE OF A SILICA GEL COATED HONYCOMB ROTARY DEHUMIDIFIER
Diameter of rotor (D) 0.32 m
Length of rotor (L) 0.20 m
Cross sectional area of a slot (A.) 3.49 x10° | m*
Cross sectional area of the gas phase in a slot (Aq) 2.88x10° | m’
Cross sectional area of the solid phase in a slot (Ass) 6.11 x10" | m*
Hydraulic diameter of a slot 1.44 x107 | m

PROPERTIES OF HONEYCOMB ROTOR
Specific heat of adsorbent (Cpsp) 0.92 kJ/(Kgga-K)
Specific heat of water (Cpy) 4.187 kJ/(Kgga-K)
Specific heat of ceramic fiber (Cpsn) 1.20 kJ/(Kgga-K)
Bulk density of rotor (ps) 250 kg/m’
Density of ceramic fiber (psh) 185 kg/m®
Mass fraction of adsorbent 0.70 ()
Specific surface area of honeycomb (a) 3000 m*/m’
Void fraction of the honeycomb (g) 0.825 )
PROPERTIES OF HUMID AIR
Specific heat of dry air (Cpga) 1.005 kJ/(Kgda'K)
Specific heat of water vapor (Cpy) 1.820 kJ/(Kgga-K)
Latent heat of vaporization at 273 K (o) 2501.3 kJ/(Kgga-K)
SIMULATION PARAMETERS
The number of cells in each slot (Ncenr) 10 cell
Total number of slots (Mgor) 120 slot
Number of slots for the adsorption zone (Mags) 90 slot
Number of slots for the regeneration zone (Meq) 30 slot
Step size (At) of integration 0.006 sec
Display time interval 300 sec
Final simulation time (t) 3600 sec
INITIAL CONDITIONS

Local amount of moisture adsorbed in the adsorbent (W) | 0.001 Kgw/KQsp
Local air humidity in the slots (Hp) 0.0001 kgw/KQda
Local solid temperature in the slots (Tsp) 291.15 K
Local gas temperature in the slots (Tao) 292.15 K
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For the simulated results, the dehumidification efficiency of the silica gel coated
honeycomb rotor in the case of the a, b, c, d, e, abc, abd, abe, acd, ace, ade, bcd, bce, bde,
cde and abcde treatment combination, the so-called 2> factorial design, are shown in
Table 6.3.

Table 6.3 Dehumidification efficiency of the silica gel coated on honeycomb rotor in the
case of the one-half of fractional treatment combinations

Treatment
_ Dehumidification efficiency (%)
combinations

A 63.44

B 70.76

(2 35.97

D 72.51

E 90.98

Abc 73.72

Abd 77.89

Abe 36.89

Acd 62.91

Ace 48.13

Ade 35.56

Bcd 37.27

Bce 65.84

Bde 95.90

Cde 66.40

Abcde _ 6244

For. the analysis-of significant effects, the estimation of the treatment effects on
normal probability paper has been easily applied in this study. Principally, the estimated
effects are ordered from the smallest to the largest effects as presented in Table 6.4 for the
2°7 factorial design of the dehumidification using the silica gel coated honeycomb rotor.
To clearly observe, the plot of the probability of each effect against the estimated effects,
which is calculated using equation (D.15), on the normal probability paper are then
illustrated in Figure 6.1.



Table 6.4 Ordered effects of the 2° factorial design

Order (q) Pq Treatment effects | Estimated effects (I;)
1 0.0333 BCD+AE -24.70
2 0.1000 C+ABDE -11.40
3 0.1667 A+BCDE -9.33
4 0.2333 ABE+CD -1.81
5 0.3000 ACD+BE -0.60
6 0.3667 ADE+BC 0.87
7 0.4333 E+ABCD 0.96
8 0.5000 BCE+AD 1.01
9 0.5667 ABC+DE 1.47
10 0.6333 D+ABCD 3.14
11 0.7000 ACE+BD 3.43
12 0.7667 CDE+AB 4.62
13 0.8333 B+ACDE 5.60
14 0.9000 ABD+CE 7.28
15 0.9667 BDE+AC 19.76

125
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Figure 6.1 The plot of the ordered effects on the dehumidification efficiency of the silica
gel coated honeycomb rotor on normal probability paper in the case of the 2°

factorial design
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For the one-half fractional factorial design, each point represents the combined
two-effects and significant effects will not lie along the straight line (Montgomery, 1984).
Since high order interaction is negligible as mentioned in appendix D.2.2, only A, C and
AC interaction effects are, of course, significant. However, the AE and BCD interaction
effects are ambiguous. Consequently, we have tested the other half of the 2° factorial
design. The results of that test are shown in Table 6.5 and 6.6 including Figure 6.2. For
simplicity, the estimated effects can be calculated using Yate’s method as presented in
appendix E. As similar to the 2°* design, it is found that A and C main effects as well as
AC and AE interactions are significant effects. However, CE interaction is probably a
significant effect.

In conclusion, rotational speed, mass velocity of the humid air, the interaction of
rotational speed and mass velocity of the humid air, rotational speed and length of the rotor
are significant effects on the dehumidification performance of the silica gel coated
honeycomb rotor. In contrast, the interaction of mass velocity of the humid air and length
of the rotor is probably a minor effect on such a system. Of course, mass velocity of
regenerative hot air and regenerative temperature insignificantly effect on the system.
Accordingly, only three variables have been studied. Moreover, the analysis of variance,
the so-called ANOVA, is ensured the investigation as described in appendix F. Preferably,
it can indicate the flexible significant effect depending on the situation or significance of

system.
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Table 6.5 Dehumidification efficiency of the silica gel coated honeycomb rotor in the

case of the 2° factorial design

Treatment Dehumidification efficiency
Number of run combinations (%)
1 (1) 70.53
2 a 63.44
3 b 70.76
4 C 35.97
5 d 72.51
6 e 90.98
7 ab 75.80
8 ac 59.23
9 ad 66.02
10 ae 35.49
11 bc 36.19
12 bd 72.76
13 be 94.78
14 cd 37.01
15 ce 63.84
16 de 92.78
17 abc 73.72
18 abd 77.89
19 abe 36.89
20 acd 62.91
21 ace 48.13
22 ade 35.56
23 bcd 37.27
24 bce 65.84
25 bde 95.90
26 cde 66.40
27 abcd 78.62
28 abce 60.73
29 abde 36.47
30 acde 49.30
31 bcde 67.96
32 abcde 62.44
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Table 6.6 Ordered effects on the dehumidification performance of the silica gel coated

honeycomb rotor for the 2° factorial design

Order (q) Pq Treatment effects | Estimated effects (1;)
1 0.0161 AE -24.88
2 0.0484 C -11.44
3 0.0806 A -9.30
4 0.1129 ABE -2.24
5 0.1452 BE -1.05
6 0.1774 ADE -0.76
7 0.2097 DE -0.58
8 0.2419 ACDE -0.27
9 0.2742 BDE -0.12
10 0.3065 ABCDE -0.06
11 0.3387 BCDE -0.03
12 0.3710 BD -0.02
13 0.4032 ABDE 0.03
14 0.4355 ABD 0.12
15 0.4677 AD 0.13
16 0.5000 ABCD 0.16
17 0.5323 CDE 0.18
18 0.5645 BCD 0.19
19 0.5968 CD 0.44

20 0.6290 ACD 0.45
21 0.6613 E 0.80
22 0.6935 BCE 0.88
23 0.7258 ABCE 1.30
24 0.7581 BC 1.63
25 0.7903 D 1.84
26 0.8226 ABC 2.05
27 0.8548 ACE 3.45
28 0.8871 AB 4.44
29 0.9194 B 5.87
30 0.9516 CE 7.16
31 0.9839 AC 19.88
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Figure 6.2 The plot of the ordered effects on the dehumidification performance of the
silica gel coated honeycomb rotor on normal probability paper in the case of

the 2° factorial design
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6.2 Effect of significant factors

Three significant factors, i.e. rotational speed, mass velocity of the humid air and
length of the rotor, as well as their interactions are investigated in this section. The
operating conditions for all cases are listed in Table 6.7. In this study, the humid air with
Ha = 0.0045 kgw/kgga is sent through the adsorption section of the rotor and the
regenerative hot air entering the inlet of the regeneration section are kept constant at 413 K
and 4.25x10™ kg./m?s, respectively, since the regenerative temperature in the range of 393
to 433 K and the mass velocity of the hot air in the range of 3.2 x10™ to 1.28 x10 kgw/m’s

are insignificant effect on the dehumidification as illustrated in appendix G.

Table 6.7 Operating conditions used to investigate the significant factors influencing the
dehumidification performance of the silica gel coated honeycomb rotary

dehumidifier.
MASS VELOCITY | LENGTH OF
CASE ng;ég '(OR%')- OF HUMID AIR | THE ROTOR (?illlefamg/laf)
(x10° kg,,/m?s) (m) '
35 5.40 0.20 SG-CASE-01
Speed-SG- 6.2 5.40 0.20 SG-CASE-02
Effect 12.5 5.40 0.20 SG-CASE-03
28.0 5.40 0.20 SG-CASE-04
6.2 4.05 0.20 SG-CASE-05
Gads-SG- 6.2 5.40 0.20 SG-CASE-02
Effect 6.2 6.75 0.20 SG-CASE-06
6.2 8.10 0.20 SG-CASE-07
6.2 5.40 0.10 SG-CASE-08
Length-SG- 6.2 5.40 0.15 SG-CASE-09
Effect 6.2 5.40 0.20 SG-CASE-02
6.2 5.40 0.25 SG-CASE-10
35 4,05 0.20 SG-CASE-11
6.2 4.05 0.20 SG-CASE-05
12.5 4.05 0.20 SG-CASE-12
28.0 4.05 0.20 SG-CASE-13
Speed& 35 5.40 0.20 SG-CASE-01
Gads-SG- 6.2 5.40 0.20 SG-CASE-02
Effect 12.5 5.40 0.20 SG-CASE-03
28.0 5.40 0.20 SG-CASE-04
35 6.75 0.20 SG-CASE-14
6.2 6.75 0.20 SG-CASE-15
12.5 6.75 0.20 SG-CASE-16
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Table 6.7(cont.) Operating conditions used to investigate the significant factors
influencing the dehumidification performance of the silica gel coated

honeycomb rotary dehumidifier.

MASS VELOCITY LENGTH OF
CASE F;ggé‘g I(%lgﬁl‘;‘ OF HgJMID éIR THE ROTOR (?illlgrfamﬁlc\jﬂaltz)
(x10° kg,/m=s) (m)
28.0 6.75 0.20 SG-CASE-17
Speed& 35 8.10 0.20 SG-CASE-18
Gads-SG- 6.2 8.10 0.20 SG-CASE-19
Effect 12.5 8.10 0.20 SG-CASE-20
28.0 8.10 0.20 SG-CASE-21
3.5 5.40 0.10 SG-CASE-22
6.2 5.40 0.10 SG-CASE-08
12.5 5.40 0.10 SG-CASE-23
28.0 5.40 0.10 SG-CASE-24
35 5.40 0.15 SG-CASE-25
6.2 5.40 0.15 SG-CASE-26
12.5 5.40 0.15 SG-CASE-27
Speed& 28.0 5.40 0.15 SG-CASE-28
Length-SG-
Effect 35 5.40 0.20 SG-CASE-01
6.2 5.40 0.20 SG-CASE-02
12.5 5.40 0.20 SG-CASE-03
28.0 5.40 0.20 SG-CASE-04
3.5 5.40 0.25 SG-CASE-29
6.2 5.40 0.25 SG-CASE-30
12,5 5.40 0.25 SG-CASE-31
28.0 5.40 0.25 SG-CASE-32
6.2 4.05 0.10 SG-CASE-33
6.2 5.40 0.10 SG-CASE-08
6.2 6.75 0.10 SG-CASE-34
6.2 8.10 0.10 SG-CASE-35
6.2 4.05 0.15 SG-CASE-36
6.2 5.40 0.15 SG-CASE-26
6.2 6.75 0.15 SG-CASE-37
Gads& 6.2 8.10 0.15 SG-CASE-38
Length-SG-
Effect 6.2 4.05 0.20 SG-CASE-05
6.2 5.40 0.20 SG-CASE-02
6.2 6.75 0.20 SG-CASE-06
6.2 8.10 0.20 SG-CASE-07
6.2 4.05 0.25 SG-CASE-39
6.2 5.40 0.25 SG-CASE-10
6.2 6.75 0.25 SG-CASE-40
6.2 8.10 0.25 SG-CASE-41
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6.2.1 Effect of rotational speed

In Figures 6.3 and 6.4, they show the optimal value of rotational speed for the silica
gel coated honeycomb rotary dehumidifier that ranges from 6 to 10 rph. At optimal value,
the dehumidification efficiency can reach more than 90%. Below 6 rph the efficiency
rapidly decreases as the rotational speed decreases and becomes as low as 35% at 3.5 rph
since the moisture loading in the region 6 = 150°- 270° exceeds the maximum adsorption
capacity as seen in Figure 6.7. In contrast, above 10 rph the efficiency gradually decreases
and becomes as low as 55% at 28 rph since the range of the cooling down the hot, newly
regenerated adsorbent at faster rotating is wider from only 45° at 3.5-rph to 225° at 28-rph
as seen in Figure 6.8. So the ineffective area caused by high temperature increases with the
rotational speed of the rotor that ranges from 3.5 rph to 28.0 rph. Consequently, the
average temperature of the dehumidified air significantly increases with the rotational
speed, particularly, in the range of 3 to 10 rph as shown in Figure 6.5. In this case, the
power required by heater at various the rotational speeds are constant as shown in Figure
6.6 because the regenerative temperature and the mass velocities of the hot air are kept

constant at 413 K and 4.25x10* kgw/m?s, respectively.

Furthermore, the phenomena of heat and mass transfer inside the silica gel coated
rotary dehumidifier at different rotational speed are investigated as shown in Figures 6.9 to
6.20. These figures illustrate the two-dimensional angular distributions of the air humidity,
the air temperature, the adsorbed moisture and the solid-phase temperature for 3.5, 6.2,
12.5 rph of the rotational speed. The simultaneous adsorption and desorption process of the
rotary dehumidifier are represented in the region 6 = 0°- 270° and 270°- 360°, respectively.
In the adsorption zone, the humid air is sent to the dehumidifier at Z = 0 and most of the
humidity is then adsorbed at nearly inlet. Thus the adsorbed moisture in each slot gradually
decreases with the depth of the slot as seen in the region 6 = 0°- 270° of Figures 6.15 to
6.17. In the regeneration zone (6 = 270°- 360°), the hot regenerative air is counter flow to
the dehumidifier at Z = 1.0 in order for driving out the adsorbed moisture. Thus the
adsorbed moisture gradually decreases from 6 = 270° to 360° as seen in Figure 6.15 to
6.17. However, the rotational speed effects on the two-dimensional distributions of
adsorbed moisture on silica gel coated honeycomb rotary dehumidifier. At 3.5-rph of

rotational speed, most of the adsorbed moisture is driven out in the region 6 = 270°- 330°
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as shown in Figure 6.15. It can indicate that the rotational speed is too low since some
useless slot in the region 6 = 330°- 360° are observed. In the case of 6.2 rph, the adsorbent
through the rotor are sufficiently dried in the region 6 = 270°- 360° as shown in Figure
6.16. It can be assure the optimum condition. For high rotational speed as seen in Figure
6.17, it is seen that the adsorbent could not be adequate for driving out the adsorbed
moisture. So it indicates that the rotational speed is too high. Similar to the angular
distributions of the slot-adsorbed moisture, the air humidity in the slot of the regeneration
zone of the rotary dehumidification are dried out within the region 6 = 270°- 330° at 3.5
rph and in the region 6 = 270°- 360° at 6.2 rph. Whereas, at 12.5 rph, the regenerative slot
at 6 = 360° is still humid.

Since the angular distributions of the slot-air temperature in Figures 6.12 to 6.14
and the solid-phase temperature in Figures 6.18 to 6.20 are resemblant at the same as
rotational speed of the rotor, only the air temperature profiles are discussed here in details.
From Figure 6.12, it is seen that the temperature in the early region, i.e. 6 = 0°- 45°, for all
depth (Z = 0-1) is very high because of the hot, newly regenerated adsorbent. Whereas
little increasing the air temperature as the depth of the slot for adsorption zone is caused by
heat of adsorption. For the regeneration zone, the air temperature decreases from the inlet
side (Z = 1) to the outlet side (Z = 0) since it is used to drive out the adsorbed moisture on
the adsorbent. In this case, at 3.5 rph, the temperatures for all depth at the region 6 = 330°-
360° are constant at the inlet value, 413 K, since the slots are dry. It indicates that the
rotational speed is too low. At the optimal rotational speed as shown in Figure 6.13, the
temperatures for all depth are equal only at 6 = 360°. For too high rotational speed, the
temperature at 6 = 360° still decreases from-the inlet side (Z = 1) to the outlet side (Z = 0)

as shown in Figure 6.14.
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6.2.2 Effect of mass velocity of humid air

As expected, one significant factor influencing the dehumidification efficiency is
the mass velocity of the humid air, which is proportional to the moisture loading. In Figure
6.21, it is seen that the efficiency nearly linearly decreases from 95 to 70 % approximately
as the air mass velocity G, increases from 4.05x10° to 1.62x107 kgw/(m?s). As the
moisture loading increases, it begins to exceed the maximum adsorption capacity of the
dehumidifier and the dehumidification efficiency drops linearly with G,,. The slight drop in
the outlet air temperature in Figure 6.23 can be attributed to the higher capacity of the air
stream as G,, increases. While the power required by heater at various mass velocities of
the humid air are constant as shown in Figure 6.24 since the regenerative temperature and
the mass velocities of the hot air are kept constant at 413 K and 4.25x10™ kg,/m?’s,
respectively.

Figure 6.25 illustrates how the local humidity of the dehumidified air changes with
0 at various mass velocities of the room air. Similarly, Figure 6.26 shows the angular
profile of the dehumidified air temperature at different mass velocities. In Figure 6.25 the
local humidity profile of dehumidified air at 4.05x107 kgw/(m?s) is essentially zero over
the region 6 = 45°-135° because the adsorption capacity of the dehumidifier is big enough
for the applied moisture loading. In addition, increasing the mass velocity of the humid air
at 8.10x10°® kgy/(m?s), the zero region of the local humidity profile of the dehumidified air
reduces to 6 = 45°-60°. In Figure 6.26 the outlet air temperature drops more rapidly in the
region 6 = 0°- 60° as G, increases because the air has higher heat capacity to cool down
the hot, newly. regenerated adsorbent ‘while" little. moisture -adsorption takes place at

relatively high adsorbent temperature.

Moreover, the phenomena of the heat and mass transfer in the rotary dehumidifier
at various mass velocities of the humid air can easily be investigated in details as shown in
Figures 6.27 - 6.34 that illustrate the two-dimensional angular distributions of the air
humidity, the air temperature, the adsorbed moisture and the solid-phase temperature
inside the rotor for G, = 4.05x107 and 8.10x107 kg,/(m?s). In the adsorption zone (6 = 0°-
270°), the hot adsorbent initially has to be cooled down in order for dehumidification to

become effective.
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6.2.3 Effect of length of the rotor

In Figure 6.35, it is seen that increasing length of the rotor, L, from 0.10 to 0.25 m.
rapidly increases the dehumidification efficiency from 70 to 95 %. While the temperature
of the dehumidified air linearly increase from 310 to 325 K as shown in Figure 6.37. The
higher temperature of the dehumidified air is caused by the extending of the cooling region
in the adsorption zone as shown in Figure 6.39. As expected, longer rotor takes long time
to cool down the hot, newly regenerated adsorbent through the rotor. However, the regions
are slightly different, say, 6 = 0°- 45° for the 0.10-m and 6 = 0°- 90° for 0.25-m. Since
longer rotor gives higher adsorption capacity, the nearly zero region of the local humidity
profile of the dehumidified air in Figure 6.38 are extended from 6 = 45° to 6 = 150°.

The two-dimensional profiles of the air humidity, the air temperature, the adsorbed
moisture and the solid-phase temperature inside the silica gel coated rotary dehumidifier
are shown in Figures 6.40 to 6.51 in order to investigate the phenomena of the heat and
mass transfer in the rotary dehumidifier at different lengths of rotor. If the air humidity and
adsorbed moisture profiles in the regeneration zone (6 = 270°- 360°) as shown in Figure
6.40 and 6.46, respectively, drops to zero before 6 = 360°, then it means the rotor is too
short. In contrast, if the profiles drop to zero at 6 = 360° as shown in Figure 6.41 and 6.47,

then it means the rotor has the optimal length.
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6.2.4 Interaction-effect of rotational speed and mass velocity of humid air

Figure 6.52 illustrates that increasing the mass velocity of the humid air increases
the optimal rotational speed of the rotor because the adsorbent at high moisture loading
requires less time to reach the maximum capacity. Consequently, at high rotational speed,
the dehumidification efficiency increases with the mass velocity of the humid air. In
contrast, at low rotational speed, higher the air mass velocity decreases the efficiency as
low as 60% approximately. While the dehumidification efficiency reach 95% at the

optimal operating condition. Such a relation can be briefly presented in Table 6.8.

Table 6.8 The relation of the optimal rotational speed and mass velocity of the humid air
for the silica gel coated rotary dehumidifier

MASS VELOCITY OF HUMID AIR | OPTIMAL ROTATIONAL SPEED
(kgu/m®s) (RPH)
0.00405 6-7
0.00540 6-10
0.00675 10-13
0.00810 11-14

Since the rotational speed is proportional to the mass velocity of the humid air, the
correlation between (Gw/¢) and the dehumidification efficiency is established as shown in
Figure 6.53. In Figure 6.54, the average temperatures of the «dehumidified air are
considered for various conditions. As mentioned above, cooling times for the varied
rotational speeds of the rotor are significantly different. It means that high rotational speed
may require the long region (6 = 0°- 225°) for cooling down the hot regenerated adsorbent
that being turn to the adsorption zone and low rotational speed may merely require short
region (6 = 0°- 45°). Accordingly, the average temperature of the dehumidified air at low
rotational speed is always less than high rotational speed at constant the air mass velocity.
In contrast, increasing the air mass velocity decreases the average temperature of the

dehumidified air because of the higher heat capacity.



187

SSEW SNOLTBA 18 JSIJIPIUNYSp AIeI0I qUIOOASUOY PaYL0d 128 OIS SY1 JO AOUSIOLJO UONEOLIPINYSp Y3 uo poads [BUOnLIOI JO 19311 7§°9 dandiy

0¢

Ire pruuny JO SO100[PA

(HDD) dd4ds TYNOLLY.LOY
0T Gl 01 S

0180070 = SPB°MD) =)=
€L900°0 = SPB'MD = 1=
07$00°0 = Spe’MD) -
€0¥00°0 = SPe°MD ==

0¢

oY

0¢

09

0L

03

06

001

(%) ADNAIDIAIHA NOLLY OIAIATNNHHAC




188

ILIprunyep A1ej01 qUIOdAUOY PaRod [a3 BOI[IS 9y} J0] AOUSIOLJS UOTBOLIPIUNYSp oy pue (d/40) JO UOTR[OLIOd oYL £6°9 aanig
279
€200°0 02000 $T00°0 0100°0 ~ §000°0 00000
_ | | [ . O
VET €T - XPYTE]S + X60+1 - XTI+AT + XpI+HL - XLT+HT + X61+HT- =4 | o]

= 07
- 0€
)
- 0§
09
- 0L
- 08
- 06

(%) XDNE[IDH:IH NOLLVOIAIAINNHAJ

001



189

ITE PIUNY JO SONIO0AA SSBW SHOLIBA Y& IS IpIunap

£18101 qUOOASUOY PaYROO [9F BOI[IS Ul WOL I POYIPIUNYSp oy} Jo amjeradws) 988108 ) uo pasds [BUONEIOI JO 100177 pS'9 aandig

(HIY) Addds TVNOILLY.LOY
0¢ ¢ 0¢ . Cl 0l ¢ 0
[ [ 1 1 1 [ 1 | P | § ] i [l i | 1L [ 1 1 ] [l [l I [ i 1 [ i [ O@N
01800°0 = SPB*ML) wyem 037
SL900"0 = SPEMD =
0¥500°0 = SPB‘MD) sz - m M
S0¥00°0 = SPE'MD) —Om - 00€ M T
e
- ove D
]

09¢



190

6.2.5 Interaction-effect of rotational speed and length of the rotor

Figure 6.55 shows the interaction-effect of the rotational speed and length of the
rotor on the dehumidification efficiency of the silica gel coated honeycomb rotary
dehumidifier. It is seen that the optimal rotational speed will be higher when the rotor is
shorter as concluded in Table 6.9. At the optimal rotational speed, the dehumidification
efficiency is more than 90% and especially reaches 95% at L = 0.25 m. Since the length of
the rotor is proportional to rotational speed, the correlation between 1/(L-¢) and the
dehumidification efficiency is established as shown in Figure 6.56. Figure 6.57 illustrates

that increasing length of the rotor increases the temperature of the dehumidified air.

Table 6.9 The relation of the optimal rotational speed and length of the rotor for the silica

gel coated rotary dehumidifier

LENGTH OF ROTOR (m) OPTIMAL ROTATIONAL SPEED (RPH)
0.10 11-14
0.15 10-13
0.20 6-10
0.25 6-7
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6.2.6 Interaction-effect of mass velocity of humid air and length of rotor

In Figure 6.58, it is seen that the dehumidification efficiency linearly drops when
mass velocity increases. The efficiency decreases rapidly from 80% to 55% for the short
rotor and decreases gradually from 95% to 90% for the long rotor. In conclusion, the air
mass velocity has significant effect on the efficiency when the rotor is too short. In
contrast, at very long rotor, the efficiency decreases from approximately 95% to 90% when
the air mass velocity increases from 0.00405 to 0.0081 kgw/m’s. Thus the short rotor is
ineffective at high air mass velocity. In Figure 6.59, the effects of mass velocity of the
humid air and the length of the rotor on the efficiency can be correlated as (G/L) vs. the
efficiency. In addition, the relation of the average temperature of the dehumidified air and
mass velocity of the humid air at various lengths of the rotor is presented in Figure 6.60. It

is seen that the temperature only depends on axial length of the rotor.

In conclusion, three factors, say, L, Gy, and ¢ significantly effect on the
dehumidification efficiency. Thus their correlation is established in general term in order to
easily obtain the optimal rotational speed at various operating condition as shown in the
Figure 6.61.
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6.3 Effect of adsorbent

Another significant factor investigated in this study is the adsorptive capacity,
which depends on the type of adsorbent. In air-conditioning and -drying systems, both of
silica gel and zeolites are well known as a commercial solid-desiccant, even though their
structures, pore size and adsorptive capacity are different as mentioned in section 2.3. To
obtain high dehumidification performance as well as low operating cost, zeolite-13X and
silica gel that are type I and IV isotherm of Brunauer, respectively (Ruthven, 1984) have
been carried out under various conditions. Since all above investigation uses silica gel as
desiccant, the optimal operating condition and the dehumidification performance of a
zeolite-13X coated rotary dehumidifier is only presented in this section.

In the case of the zeolite-13X coated rotary dehumidifier, the regenerative
temperature, the rotational speed and the mass velocity of the humid air are varied to get
the optimal operating condition. The operating conditions used for investigation the
zeolite-13X coated honeycomb rotary dehumidifier are listed in Table 6.10. In this study,
the humid air is sent through the adsorption section of the 20-m of rotor at 293.15 K and

hot air entering the inlet of the regeneration section is kept constant at 4.25x10™ kgu/m?s.

Table 6.10 Operating conditions used for investigation the zeolite-13X coated honeycomb

rotary dehumidifier.

MASS

REGENERATIVE.|{ ROTATIONAL | VELOCITY | . o\ \yve
CASE TEMPERATURE SPEED OF HUMID (filename.dat)

(K) (RPH) AIR (x10° '

kgw/m?s)

Treg-ZE. 413 6 10.8 ZE-CASE-01
Effoct 453 6 10.8 ZE-CASE-02
523 6 10.8 ZE-CASE-03
453 3 10.8 ZE-CASE-04
Speed-ZE- 453 6 10.8 ZE-CASE-02
Effect 453 12 10.8 ZE-CASE-05
453 18 10.8 ZE-CASE-06
453 6 5.04 ZE-CASE-07
Ggﬁeif 453 6 10.8 ZE-CASE-02
453 6 16.2 ZE-CASE-08




200

Table 6.10(cont.) Operating conditions used for investigation the zeolite-13X coated
honeycomb rotary dehumidifier.

MASS

REGENERATIVE | ROTATIONAL | VELOCITY | L o\ anie
CASE TEMPERATURE SPEED OF HUMID (filename.da0)

(K) (RPH) AIR (x10° '

kgw/m?s)

413 3 5.04 ZE-CASE-09
453 3 5.04 ZE-CASE-10
523 3 5.04 ZE-CASE-11
413 6 5.04 ZE-CASE-12
Treu& 453 6 5.04 ZE-CASE-07
Spege y 523 6 5.04 ZE-CASE-13
ZE-Effect 413 12 5.04 ZE-CASE-14
453 12 5.04 ZE-CASE-15
523 12 5.04 ZE-CASE-16
413 18 5.04 ZE-CASE-17
453 18 5.04 ZE-CASE-18
523 18 5.04 ZE-CASE-19
413 6 5.04 ZE-CASE-12
453 6 5.04 ZE-CASE-07
523 6 5.04 ZE-CASE-13
Treg& 413 6 10.8 ZE-CASE-01
Gads-ZE- 453 6 10.8 ZE-CASE-02
Effect 523 6 10.8 ZE-CASE-03
413 6 16.2 ZE-CASE-20
453 6 16.2 ZE-CASE-08
523 6 16.2 ZE-CASE-21
453 3 5.04 ZE-CASE-10
453 3 10.8 ZE-CASE-04
453 3 16.2 ZE-CASE-22
453 6 5.04 ZE-CASE-07
Cads 453 6 10.8 ZE-CASE-02
sﬁei y 453 6 16.2 ZE-CASE-08
_ZE-Effect 453 12 5.04 ZE-CASE-15
453 12 10.8 ZE-CASE-05
453 12 16.2 ZE-CASE-23
453 18 5.04 ZE-CASE-18
453 18 10.8 ZE-CASE-06
453 18 16.2 ZE-CASE-24
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In Figure 6.62, the dehumidification efficiency linearly increases as the
regenerative temperature increases from 413 to 453 K and is nearly constant at 98%
approximately when the regenerative temperature is above 453 K. However, both the
dehumidified air temperature and power required by heater are higher when the
regenerative temperature increases as seen in Figure 6.64 and 6.65. Consequently, the
optimal regenerative temperature for the case of zeolite-13X is approximately 453 K,
which is consistent with the commercial data of NCI MFG Inc., Scottsboro, Alabama USA
(www.ncifg.com). From Figures 6.68 to 6.79, the two-dimensional profiles of the air
humidity, the air temperature, the adsorbed moisture and the solid-phase temperature are
presented to investigate the performance of the zeolite-13X coated honeycomb rotary

dehumidifier under various the regenerative temperatures.

For the effect of the rotation speed, Figures 6.80 and 6.81 show the optimal value
of the zeolite-13X rotor, which is approximately 3-6 rph. The optimal rotational speed in
this case is a few less than the case of the silica gel rotor. At optimal condition, the
dehumidification efficiency reaches nearly 100% for the zeolite-13X honeycomb rotor
while the silica gel honeycomb rotor gives approximately 90% as shown in Figure 6.4.
However, the power required by heater of the case of zeolite-13X is higher than the case of
the silica gel rotor since the optimal regenerative temperature of the zeolite-13X rotor is as
high as 453 K. Figure 6.83 shows that the zeolite-13X rotary dehumidifier requires the
power about 1.4 kW. While the silica gel rotary dehumidifier requires only 0.85 kW as
shown in Figure 6.6. In addition, the average temperature of the dehumidified air of the
case of the zeolite-13X rotor is more than the case of the silica gel at the optimal condition
as shown in Figure 6.82 and 6.5. Similar to the silica gel rotor, the angular distributions of
the humidity and the temperature of the dehumidified air under various rotational speeds

are illustrated in Figure 6.84 to 6.85, respectively.

Figure 6.86 illustrates that above 0.010 kg,/m?s increasing the mass velocity of the
humid air decreases the dehumidification efficiency. Although the air mass velocity is very
high, the efficiency is still more than 95%, which is much more than the case of the silica
gel rotor as shown in Figure 6.26. Consequently, the zeolite-13X coated rotary
dehumidifier should be applied when moisture loading is large. In addition, the angular
distributions of the dehumidified air humidity and temperature under various the mass

velocities are shown in Figures 6.90 and 6.91, respectively.
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Figure 6.92 shows the interaction effect of the regenerative temperature and the
rotational speed on the dehumidification efficiency. It is seen that the regenerative
temperature insignificantly effects on the efficiency at low rotational speed. In contrast,
decreasing the regenerative temperature ranges from 523 to 413 K rapidly drops the
efficiency from 90% to 70% at 18-rph. Similarly, it effects on the dehumidified air
temperature at high rotational speed as shown in Figure 6.93. At 18 rph, increasing the
regenerative temperature from 413 to 523 K increases the dehumidified air temperature
from 330 to 370 K. Whereas the dehumidified air temperature are constantly about 320 K
at 3-rph.

Figure 6.94 illustrates that the regenerative temperature significantly effects on the
dehumidification efficiency when the mass velocity of the humid air is very high. At
0.0162 kgu/m?s, the efficiency rapidly drops from nearly 100% to approximately 80% as
the regenerative temperature decreases from 523 to 413 K. The interaction effect of the
regenerative temperature and the air mass velocity on the dehumidified air temperature is

insignificant as shown in Figure 6.95.

Figure 6.96 shows the effect of the mass velocity of the humid air on the optimal
rotational speed. At very high mass velocity, the range of the optimal rotational speed is
narrower, say, the optimal value reduces from 3-6 rph at 0.0054 kg,/m?s to only 5-6 rph at
0.0162 kgw/m?s. In Figure 6.97, it is seen that increasing the air mass velocity increases the
average temperature of the dehumidified air at below 9 rph whereas gradually decreases
the temperature at above 9 rph. Since zeolite-13X has high adsorptive capacity, very high

humid air can be effectively dried even though the rotational speed is low.

In conclusion, three factors, i.e., L, Gy -and ¢, significantly effect on the
dehumidification efficiency of the zeolite-13X rotor. Similar to the case of the silica gel,
their correlation is established in the general term, (3600-Gy)/(L-@), in order to easily
obtain the optimal rotational condition at various the operating condition as shown in
Figure 6.98.
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6.4 Comparison of the performance of the silica gel, zeolite-13X and
lithium chloride coated honeycomb rotor used in the dynamic

dehumidification system

In commercial building and even residential unit, a rotary dehumidifier is used to
dehumidify the humid room air continuously in the closed process room. Accordingly, the
dynamic behavior of the sorbent-coated rotary dehumidifier has been investigated. In this
section, the ambient conditions and the size of the room in a well-known beverage factory
in Thailand (Prawarnpit, 1997) are necessary. Then the dehumidification performance of
both of the silica gel and zeolite-13X coated honeycomb rotary dehumidifier are compared
with the case of lithium chloride, which has been investigated by Tanthapanickoon and

Prawarnpit (2000), under normal and rain condition.

The operating conditions for each rotor are listed in Table 6.11. Parameters and
properties of the rotary dehumidifier and the closed process room used in the dynamic
dehumidification system as well as the initial condition are presented in Table 6.12 and

6.13, respectively.

Table 6.11 Operating conditions of the silica gel and zeolite-13X coated honeycomb rotary

dehumidifier used in the dynamic dehumidification system.

ROTATIONAL REGEN. VELOCITY VELOCITY FILE NAME
CASE SPEED TEMPERAUTE OF HUMID OF HOT AIR (filename.dat)
(RPH) (K) AIR (m/s) (m/s) '
SG- > ™~ 10 05 SG-Normal
Normal -Case
ZE- 12 453 1.0 05 ZE-Normal
Normal -Case
SG-Rain 12 393 1.0 0.5 SG-Rain
-Case
ZE-Rain 12 453 1.0 0.5 ZE-Rain
-Case
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Table 6.12 Parameters and properties of the rotary dehumidifier and the humid room used

in the dynamic dehumidification system

SIZE OF THE ROOM WITH WET FLOOR
Length of the room 7.50 m
Cross sectional area of the room 36.0 m°
Surface area of the room 45.0 m*
SIZE OF THE ROTARY DEHUMIDIFIER
Length of rotor (L) 0.10 m
Cross sectional area of a slot (A.) 290x10° | m’
Cross sectional area of the gas phase in a slot (Ag) 2.26 x10° m°
Cross sectional area of solid phase (Ass) 6.38x107 | m’
Hydraulic diameter of a slot 1.67 x107 m
PROPERTIES OF HONEYCOMB ROTOR
Specific heat of silica gel (Cpsp) 0.92 kJ/(Kgea-K)
Specific heat of zeolite-13X (Cpsp) 1.05 kJ/(KQda-K)
Specific heat of water (Cpy) 4.187 kJ/(Kgga-K)
Specific heat of ceramic fiber (Cpgp) 1.20 kJ/(Kgga-K)
Bulk density of rotor (psp) 250 kg/m?
Density of ceramic fiber (psp) 185 kg/m?
Mass fraction of adsorbent 0.70 ()
Specific surface area of the honeycomb (a) 3000 m*/m°
Void fraction of the honeycomb (g) 0.78 ()
PROPERTIES OF HUMID AIR
Specific heat of dry air (Cpga) 1.005 kJ/(Kgga-K)
Specific heat of water vapor (Cpy) 1.820 kJ/(Kgga-K)
Latent heat of vaporization at 273 K (o) 2501.3 kJ/(KQda-K)
SIMULATION PARAMETERS
The number of cells in each slot (Ncen) 10 cell
Total number of slots (Mgjo) 120 slot
Number of slots for the adsorption zone (Mgs) 90 slot
Number of slots for the regeneration zone (Myeq) 30 slot
Step size (At) of integration 0.006 sec
Display time interval 900 sec
Final simulation time (t) 57600 sec




Table 6.13 Initial conditions for the dynamic dehumidification system
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INITIAL CONDITIONS FOR THE ROOM

Average amount of water on the floor (W) 0.46 kgw/m*

Average humidity in the room (Ho;) 0.022 Kgw/KQda

Temperature on the floor (Twg,) 300.15 K

Gas temperature in the room (Tag,) 301.15 K

Equilibrium water on the floor (We) 0.001 kgu/m*

Critical water on the floor (Wc¢,) 0.1 kguw/m*

Air velocity in the room (V,) 0.06 m/s
INITIAL CONDITIONS FOR ROTARY DEHUMIDIFIER

I(_V?/c(:)z;ll amount of moisture adsorbed in the adsorbent 0.23 Kgu/K st

Local air humidity in the slots (Ho) 0.022 Kgw/KQga

Local solid temperature in the slots(Tsg) 303.15 K

Local gas temperature in the slots (Tao) 302.15 K

Inlet air humidity and temperature at any time for normal and rain conditions

(Prawarnpit, 1997) are illustrated in Figure 6.99 and 6.100, respectively.
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From Figure 6.101, as time increases, the dehumidified air humidity gradually
decreases until the floor becomes dry, and it then drops faster since the air humidity in
room is lesser. Among the investigated honeycomb rotors, the zeolite-13X coated
honeycomb rotary dehumidifier give the highest efficiency because of its very large
adsorptive capacity. Since the temperature of hot air used for the regeneration of the
zeolite-13X rotor is very high, say, 453 K, high temperature is observed in the early region
of adsorption zone, 6 ~ 0°-60°. Consequently, the average temperature of the
dehumidified air from the zeolite-13X rotor is the highest as shown in Figure 6.102.
Similarly, as time increase, the humidity of the room air gradually decreases until the floor

becomes dry. Then the profiles are rapidly drop as shown in Figure 6.103 and 6.104.

In Figure 6.105, it is seen that the water on the wet concrete floor linearly decreases
until the floor becomes dry. The zeolite-13X coated rotary dehumidifier can quickly dry
out the wet floor in the room within 3 hr while the silica gel and lithium chloride rotors
require 6 and 10 hr, respectively. Since the optimal regeneration temperature in the case of
zeolite-13X adsorption is the highest, the heater in this case consumes the highest power
compared with the cases of silica gel and lithium chloride as seen in Figure 6.106. On the
other hand, the times that the wet floor becomes completely dry are at 19.00 p.m., 22.00
p.m. and 2.00 a.m. for the zeolite-13X, silica gel and lithium chloride rotor, respectively.
As the results, the minimum total energy consumption by the heater are 9800 kJ, 12100 kJ
and 13670 kJ for the zeolite-13X, silica gel and lithium chloride rotor, respectively, as seen
in Figure 6.103.

Figures 6.108 to 6.111 show the effect of ambient condition, i.e. normal and rain
conditions on the dehumidification performance of the various honeycombs. It is seen that
the rotary dehumidifiers used under the rain condition dry the wet floor in the process
room slower than the normal condition approximately 30 minutes. However, the humidity
and temperature profiles of the dehumidified air in both conditions are similar.
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CHAPTER 7

CONCLUSIONS

7.1 Conclusions

A simple unsteady-state model for the rotary honeycomb lithium chloride coated
absorption-type dehumidifier has successfully been extended to the case of adsorption
using silica gel and zeolite coated honeycombs. The present model is shown to accurately
predict not only the overall dehumidification performance but also the phenomena of
simultaneous heat and mass transfer inside the honeycomb of the dehumidifier. The air
temperature and humidity profiles inside the rotary dehumidifier are compared and found

to agree well with experimental data published by Kodama, A. et al. (1993,1994).

Factors possibly influencing the dehumidification performance of the rotary

adsorption-type dehumidifier are as follows:

1. Mass velocity of the hot regenerative air that ranges from 4.50x10™ to 1.50x10°
kgw/(m*s) has insignificant effect on the dehumidification efficiency.

2. For a silica gel coated rotary dehumidifier, the regenerative temperature that
ranges from 373 to 433 K insignificantly affects the dehumidification efficiency.
Particularly, the efficiency remains rather constant at approximately 90% when the
temperature ranges from 393 to 433 K but rapidly decreases when the temperature drops
below 373 K. Consequently, the optimal regenerative temperature for the case of silica gel
is about 393 K. In contrast, the dehumidification efficiency for the zeolite-13X coated
rotary dehumidifier reaches nearly 100% when using the optimal regenerative temperature
of 453 K.

3. The dehumidification efficiency decreases rapidly below 5 rph and drops
gradually above 15 rph. So the optimal rotational speed of the rotor is approximately 6 to
14 rph depending on the length of the rotor and mass velocity or humidity load of the
humid air. As expected, the optimal rotational speed gradually increases when either the

rotor becomes shorter or the air mass velocity becomes higher.



258

4. At the optimal condition, increasing the mass velocity of the humid room air
from 4.05x10° to 1.62x10? kgw/(m?s) decreases the dehumidification efficiency almost
linearly from 95% to 70% and from nearly 100% to 95% for the silica gel and zeolite-13X
coated rotary dehumidifiers, respectively.

5. As the rotor becomes longer, the dehumidification efficiency rapidly increases
from 75% at 0.10-m length to 95% at 0.25-m length. At low mass velocity of the humid
air, the length of the rotor has insignificant effects on the efficiency, which varies from 80
to 95%. In contrast, the efficiency varies in a wide range from 55 to 90% at high mass
velocity of the air

6. For each type of adsorbent, the dehumidification efficiency is found to be a
function of the dimensional groups (3600-Gy)/(L-¢) and from Figures 6.61 and 6.98 the
optimal operating rotational speed (¢) are approximately (300-G,/L) and (100-G,/L) for

the silica gel rotor and the zeolite-13X rotor, respectively.

Finally, both of the silica gel and zeolite-13X coated honeycomb rotary
dehumidifiers are simulated in conjunction with a closed process room with wet floor in a
modern beverage factory in Thailand in order to investigate and predict the
dehumidification performance and the dynamic evaporation process on the wet floor at
various conditions as well as to compare the results with the case of lithium chloride
absorbent (Prawarnpit, 1997). The results show that the lithium chloride, silica gel and
zeolite-13X coated honeycomb rotor can dry out the water on the wet floor within 10 hr, 6
hr and 3 hr, respectively and the minimum total energy consumption by heater for the case
of zeolite-13X adsorption is the lowest. Consequently, the zeolite-13X coated rotary

dehumidifiers are suitable for drying out the wet floor in this study.

7.2 Recommendation

Both the original (Prawarnpit, 1997) and the present mathematical models are
applicable only to the case of the adsorption of water vapor from a gas stream. So the

author recommends some interesting extension of the model as follows:

1. Modify the model to cover the case of different single adsorbates, more
specifically, a volatile organic compound (VOC), carbon dioxide (CO;) and so on.
2. Extend the mathematical model to cover the case of simultaneous adsorption of

the two adsorbates, for example, an air pollutant and water vapor.
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APPENDIX A

BASIC CALCULATION

A.1 Calculation of adsorption equilibrium

A.1.1 Water vapor adsorption on silica gel

The total amount of adsorbed moisture on silica gel coated on ceramic fiber sheet at
various temperatures that is predicted using the following correlation has been compared
with experimental data of Wolf and Schlunder (1999) as shown in Figure A.1.1 and Table

A.1.1. High accuracy of the correlation can be observed.

3854

0 T T1.3074
T

(A.1.1)

Table A.1.1 Comparison of the total amount adsorbed on silica gel coated on ceramic fiber

sheet between experimental and calculated data at various temperatures

Total amount adsorbed (kgw/Kgga) Relative error
Temperature (K) .
Experimental data ' Calculated data (%)
\ 288 ] 0.2326 ] 0.2347 | 0.9003
| 303 | 0.2221 | 0.2196 . -1.1273
\ 318 \ 0.2070 \ 0.2062 | -0.3980
| 333 | 0.1928 | 0.1941 | 0.7050
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A Experimental data
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Figure A.1.1 Comparison of the relation of total amount adsorbed on silica gel coated on
ceramic fiber sheet and temperatures between experimental and calculated

data

For gas adsorption on micropore adsorbent, the Dubinin-Astakhov relations can be
completely predicted. The amount of adsorbed moisture, W, is a function of adsorption
potential (A), activation energy (E), temperature (T) and total amount of adsorbed moisture

(W,) as shown in equation A.1.2.

W = Woexp(—%j (A.1.2)

and
A =- (RT)(In(RH)) (A.1.3)

The parameters E and m, which depend on an adsorbate-adsorbent system, can be

estimated as follows:

In(ln(vv\\/; D =m(InA-InE) (A.1.4)
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In (ln (Wo/W)) = (1.0074) Ink - 8.0662

In (n (Wo/W))

Irds

Figure A.1.2 The plot of In (In(Wo/W)) vs. In A for water vapor adsorption on silica gel

coated on ceramic fiber sheet

From Figure A.1.2, it is seen that E and m are 3001.87 J/mole and approximated 1,

respectively. Thus, the isotherm of water vapor adsorption on silica gel coated on ceramic

fiber sheet is

W= Woexp[m) (A.1.5)

T1.3074

(RT/3001.87)
Al (385.4 (INRH)) ] (AL6)
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A.1.2 Water vapor adsorption on zeolite-13X

For zeolite-13X adsorption, the correlation of the total amount of adsorbed

moisture on silica gel coated on ceramic fiber sheet is

W 28505

0 12311
T

(A.1.7)

Table A.1.2 Comparison of the total amount adsorbed on zeolite-13X between

experimental and calculated data at various temperatures

Total amount adsorbed (kgw/Kgga) Relative error

| |
Temperature (K) [
| ‘ (%)
| |
|
|

Experimental data Calculated data

] 288
|
|

|
© 026 B 0.2674 -0.98
298 P 0.27 | 0.2564 5.04
308 [ 0.23 | 0.2462 -7.04
& Experimental data
0.35
E 0.3 - = A
';g -‘N
8 ~ 0251 -
LE: [N}
EE (LWL EV_V.V. ¥, SN
5 o Wo =285.05T 1231
§ 015 o = Q
=
- @Y N11 ODMOON VI I OFILJ 1DVILI
DDS T T T T T
280 300 320 340
Temperature (E)

Figure A.1.3 Comparison the relation of the total amount adsorbed on zeolite-13X and

temperature between experimental and calculated data
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The prediction of the total amount adsorbed on silica gel coated on ceramic fiber
sheet at various temperatures using equation A.1.7 has been compared with experimental
data of Hines and Ghosh (1993) as shown in Figure A.1.1 and Table A.1.1. Although the

relative errors are found at higher temperature, the accurate prediction is observed.

Since the Dubinin-Astakhov relation is used to determine the equilibrium
adsorption isotherm of water vapor on zeolite-13X, the parameters E and m for this system

are estimated using Figure A.1.4.

0 - gy i

(RGO W) = (0.992 InA-9.586
g =oamalhe

In {IndWol W)
.

Iy

Figure A.1.4 The plot of In(In(Wo/W)) vs. In A for water vapor adsorption on zeolite-13X

From Figure A.1.4, it is seen that E is 14586.0 J/mole and m is approximated 1.
Consequently, the correlation of the equilibrium adsorption isotherm of water vapor on

zeolite-13X is given in equation A.1.8

Tl.2311

(RT/14586)
W (285.05 (In(RH)) J (AL18)
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A.2 Calculation of heat and mass transfer coefficient

A.2.1 Heat transfer coefficient

For flowing though very small slot of rotary dehumidifier, heat transfer coefficient
(hg) is estimated using the correlation for internal flow with low Reynold number (Re)

(Incropera, 1985) as follows:

w3 0.14
NU = 1.86*[M—dlj [ij (A.2.1)
L Hs
e = U Koy (A.2.2)
d,

A.2.2 Mass transfer coefficient

In this study, the external film resistance is a limiting rate for water vapor
adsorption on adsorbent-coated honeycomb rotor as approved in appendix C. Therefore,
the mass transfer coefficient (ki) is predicted using Lewis Relation (Perry, 1958) as

follows:

Kp=—— (A.2.3)

where CH = (1.005+1.802*H) (A.2.4)
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A.3 Calculation of vapor pressure of water

The correlation of vapor pressure of water (Perry, 1958) is

7258.2

P = exp(68.756 —( j— (7.3037 x InT)+ (4.1653x10° [T )] (A.3.1)

The vapor pressure is in mmHg, and temperature is in Kelvins. This correlation

accurately predicts in range of 273.16 to 647.13 K.

A.4 Calculation of relative humidity of air

In the atmosphere, air contains some water vapor or moisture and is referred to as
atmospheric air. By contrast, air that contains no water vapor is called dry air. In
dehumidification operations, it is often convenient to treat air as a mixture of water vapor
and dry air since the composition of dry air remains relatively constant but the amount of
water vapor changes as a result of condensation and evaporation from oceans, rivers,
showers, and even the human body. Consequently, the usual basis for engineering
calculations is a unit mass of vapor-free gas or dry air. Also, it is assumed that mixtures of

gas and vapor follow the ideal-gas laws.

The amount of water vapor in the air can be specified in various ways. Probably the
most logical way is to specify directly the mass of water vapor present in a unit mass of dry
air. This is called absolute or specific humidity (alsocalled-humidity ratio) and is denoted
by H. So defined, humidity depends only on the partial pressure of the vapor in the mixture
when the total pressure-is fixed. If the partial pressure of water vapor-is P, mmHg, the

humidity ratio is
P
H = /v w A4l
. (A4.1)

If (MW),, and (MW)4, in equation (A.4.1) is replaced by 18.015 and 28.97
kg/kmol, respectively, humidity ratio can be easily calculated by the following equation
(Mccabe, 1993).



272

(0.622)P,,)
= Too-r) (A.4.2)

By contrast, P,, can be calculated by rearranging the above equation as follows:

__(H)(7e0)
" (0.622+H) (A43)

Alternatively, the amount of water vapor in the air can be specified by based on
saturated air. It is called relative humidity, RH, which is defined as the ratio of the partial
pressure of the vapor to the vapor pressure of the liquid at the gas temperature. It is usually
expressed on a percentage basis, so 100% humidity means saturated gas and 0% humidity

means vapor-free gas. By definition

RH = %100 (A.4.4)

sat

A.5 Calculation of specific volume of humid air

Specific volume of humid air, V4, is the total volume of a unit mass of dry air plus
whatever vapor it may contain at 1 atm and the gas temperature. From the gas laws, Vy in

Sl unit is related to humidity and temperature by the following equation (McCabe, 1993)

vH:(22-4>(T)( HLXY J (A5.1)
213 | (MW),,  (MW),

Replace (MW)g4, and (MW),, in the above equation by 28.97 and 18.015 kg/kmol,

respectively to obtain

V, =

(22.4)(T)(18.015 + 28.97Hj (A5.2)

273 | (18.015x 28.97)

where Vy is in m3/kg and T is in Kelvins.
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A.6 Calculation of properties of air

A.6.1 Viscosity of air

The correlation for viscosity of air, which is a function of temperature, is

determined by the following equation.

T 0.65
Moo= H (E?T%j (A.6.1)

Here u, = 0.0000172 N/m-s

A.6.2 Conductivity of air

Conductivity of air is predicted using the following correlation.

15
(- ( ¥ j 8.2784 (T) (A62)
860.4115 )\ (T +125) )\ 273
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APPENDIX B

FORTH ORDER RUNGE-KUTTA METHOD

In this study, the mathematical model consists of the set of the ordinary differential
equations (ODES). To solve the simultaneous equations, the 4™ order Runge-Kutta method
is generally used as expressed in the following equation. Since the investigation focuses on
four variables, i.e., W, Ts, H and Ta that are represented by X;, X;, Xz and X,

respectively, only four equations are necessarily presented.

At
Xl,n+l = 6 ( 1x1+2K2x1+2K3x1+K4xl)
At
KXo = 6 (lez +2K,x, +2K;x, + K4,><2)
(B.1)
At
X3,n+l = F(K1x3 +2K2x3 +2K3x3 + K4X3)
At
X4,n+1 = F(Kl X4 2K3,x4 + K4,X4)

Here, K denotes the Runge-Kutta constant and can be estimated as follows:

dFl(tnixll'XZ,X3’X4)

Kig = dt
sz(tnyxl'-Xz,Xs’X4)
i = dt
dFa(tn ' Xll-xz,xa’x4)
Kixg = dt
dF,(t, . X, X, X5, X,)
K1,><4 =

dt
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dFl tn +At’xln At.Kl’Xl ! 2,n At'Kl‘XZ 3,n +At‘K1’X3 4n +At Kl‘X4
2 2 2
Kax dt
At-K At-K At-K At-K
dFZ tn + Al ’Xln g 142N + o 3,n + = 4,n R
’ 2 2 2 2
Kax; dt
At-K At-K At-K At-K
dF3 t, +§7X1n g Aon t = an T g an T “r
2t 2 2 2 2
Kaxs dt
At-K At-K At-K At-K
dl:4 tn +§'X1n l’Xl ’ 2,n e g2 3,n g 4n + e
2 - 2 2 ’ 2 2
Kaxe = dt
At-K At- K At-K At-K
dFl tn + At len + s ’ 2,n k-t 3,n + - 4,n 2
' 2 ' 2 2 2
Kox dt
At-K At - K At-K At-K
sz tn +§’x1n == 1 N2 2 an T “ an T 2
2 2 : 2 2 2
Kox, = dt
At-K At-K At-K At-K
dF3 tn +§’X1n = ' 2,n 2 3,n + 2YX3 4,n + 2%
2 2 2 2 2
Kaxs dt
e +§,X1n . ALKy, .. At-K,y, - At Koy ) At-K,y,
2. - 2 ’ 2 2 2
Koxa dt
ARy (t, + AL X, + ALKy, X, ALK X + ALK X, + ALK, )
Kax = dt
dF, (t, + At X, + At-Kyy X, + AKX, + AKX, + ALK, )
Kaxe = dt
AR (t, + AL X, +At-Kyy X, +At-Kyyo Xg +At-Kyy X, +At-Kyy, )
Kaxs = dt
< dF, (£, + AL X, + ALKy, X, + ALKy Xo +At-Kyy X, +At-Ky,, )
4Xg ~

dt
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APPENDIX C

THE DETERMINATION OF LIMITING RATE OF ADSORPTION

As mentioned in chapter 2, the overall mass transfer coefficient, ko, presented in

eqaution 2.22 consists of external film and intraparticle mass transfer resistance

/// R,
-1
koa kia 15¢,D,

(2.22)

In fact, the overall terms can be estimated using only one of external film and
intraparticle mass transfer coefficient or combined term as express in the above equation. It
depends on the difference of the order of magnitude between those terms. So, this section
is dedicated to verify the significant term for the calculation of mass transfer coefficient in

honeycomb rotary dehumidifier.

The typical adsorbent, zeolite-13X, coated honeycomb rotor has been examined in
this section. The investigated zeolite-13X powder coated honeycomb has a particle size in
range of 1-10 um (Macriss, 1977), that is, mean particle size is about 5 um and the
porosity of 0.334 (Takeuchi, 1976).  Pore diffusion of zeolite-13X is determined by

Knudsen diffusion empirical (Suzuki, 1990) as mentioned in section 2.5.2.

D, =9700*r,./[(T/MW,) (2.18)

Where &, is porosity of adsorbent particle (-)

D, s pore diffusivity (cm?/s)
o is pore radius (cm)
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The external film mass transfer coefficient for passing air through the slot is given
by using Lewis Relation (Perry, 1958) as discussed in appendix A.2.2. When the term of
external and intraparticle mass transfer coefficient are substituted in equation 2.22, the

overall term will be obtained as shown in Table C.1.

Table C.1 The calculated results of the overall, external and intraparticle mass transfer
coefficient for various diameters of adsorbent particle at 298.15 K

~ 15¢. D | ,
2r, (A) k.a | sz : : kya Ref.
| P |
' e I
10.0 72.46 ' 3.95x10* : 72.33 Yang, 1987
F A/ ) 4 NN Hines and Ghosh,
41.7 72.46 | 16.48 x 10 | 72.43 1993

In conclusion, the external film resistance is a limiting control rate of mass transfer
in a zeolites-coated honeycomb rotary dehumidifier. Similarly, it is satisfy to silica gel

coated honeycomb rotor since powder form is used for coating honeycomb.
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APPENDIX D

PRINCIPLE OF EXPERIMENTAL DESIGN

Factorial designs are widely used in experiments involving several factors where it is
necessary to study the joint effect of these factors on a response. A general factorial design
is that of k factors, each at only two levels. These levels may be quantitative, such as two
values of temperature, pressure, or time; or they may be qualitative, such as two machines,
two operators, the “high” and “low” levels of a factor, or perhaps the presence and absence
of a factors. A complete replicate of such a design requires 2x2x-----x2 = 2 observations

and is called a 2" factorial design.

D.1 The principle of the 2 factorial design

The 2¥ design is particularly useful in the early stages of experimental work, when
they are likely to be many factors investigated. It provides the smallest number of
treatment combinations with which k factors can be studied in a complete factorial
arrangement. Because there are only two levels for each factor, we must assume that the

response is approximately linear over the range of the factor levels chosen.
D.1.1 The two-factor of the 2 factorial design

The first design in 2% series is one with only two factors, say A and B, each run at
two levels. This design is called a 22 factorial design. The levels of the factors may be
arbitrarily called “low” and “high”. As an example, consider an investigation into the
effect of concentration of reactant and the presence of catalyst on the reaction time of a
chemical process. Let concentration be factor A, and let the two levels of interest be 15%
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and 25%. Catalyst is factor B, with the high level denoting the presence of the catalyst and

the low level denoting its absence. Assuming three replicates, the data from this

experiment are displayed below.

Table D.1 Example of the data experiment of 3 replicates

Treatment Replicate

combination | p| | i Total
A low, B low 28 25 27 80
A high, B low 36 32 32 100
A low, B high 18 19 23 60
A high, B high 31 30 29 90

By convention, we denote the effect of a factor by a capital Latin letter. Thus, “A”

refers to the effect of factor A, “B” refers to the effect of factor B, and “AB” refers to the

AB interaction. The treatment combinations in this design are usually represented by

lowercase letters, as shown in Figure D.1. We see from the figure that the high level of any

factor in the treatment combination is denoted by the corresponding lowercase letter, and

the low level of a factor in the treatment combination is denoted by the absence of the

corresponding letter. Thus, a represents the treatment combination of A at the high level

and B at the low level, b represents A at the low level and B at the high level, ab represents

both factors at the high level and (1) is used to denote both factors at the low level. This

notation is used throughout the 2 series.

(1) = 80 a =100
| |
[

ow High
Factor A

Figure D.1 Construction of treatment combinations of the 22 design
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Define the average effect of a factor as the change in response produced by a change
in the level of that factor, averaged over the levels of the other factor. Also, the lowercase
letters (1), a, b and ab now represent the total of all n replicates taken at the treatment
combination, as illustrated in Figure D.1. Now the effect of A at the low level of B is [a-
(1)]/n and the effect of A at the high level of B is [ab-b]/n. Averaging these two quantities
yields

1
A = —[ab+a-b-(1)] (D.1)
2n

The average B effect is found from the effect of B at the low level of A (i.e., [b-
(1)]/n) and at the high level of A (i.e., [b-(1)]/n) as

B = i[ab-a+b—(1)] (D.2)
2n

Define the interaction effect AB as the average difference between the effect of A at
the high level of B and the effect of A at the low level of B. Thus,

AB = L[ab—a—b+(1)] (D.3)
201

Alternatively, we may define AB as the average difference between the effect of B at
the high level of A and the effect of B at the low level of A. This will also lead to equation
D.3.

These formulas for the effects of A, B and AB may be derived by another method.
Note that the effect of A, equation D.1, is found by comparing the two treatment
combinations on the right-hand side of the square in Figure D.1 with the two treatment
combinations on the left-hand side. Also, the effect of B, equation D.2, is found by
comparing the two observations on top of the square with the two observations on the
bottom. Finally, the interaction effect AB is the sum of the right-to-left diagonal treatment
combinations in the square [ab and (1)] minus the sum of the left-to-right diagonal

treatment combination (b and a).
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Kempthorne (1952) and Anderson and McLean (1974) call the total effect of A as

“Contrasta”. From equation D.1, a contrast of A is

Contrasta = ab+a-b-(1) (D.4)

Similarly, Contrastg and Contrastag can be defined, respectively, as

Contrastg ab-a+b-(1) (D.5)

Contrastag ab-a-b+(1) (D.6)

Conveniently, it can write down the treatment combinations in the order (1), a, b, ab.
This is referred to as standard order. Using this standard order, we see that the contrast

coefficients used in estimating the effects are

Table D.2 Algebraic signs for calculating effects in the 22 design

Treatment Factorial effect
combination | A B AB
(1) + - : +
a + + - -
b + - + -
ab + + + +

The contrast coefficients for estimating the interaction effect are just the product of
the corresponding coefficients for the two main effects. The contrast coefficient is always
either +1 or -1, and a table of plus and minus signs such as in Table D.2 can be used to
determine the proper sign for each treatment combination. The column headings in table
D.2 are the main effects, say A and B, the AB interaction, and 1, which represents the total
or average of the entire experiment. Notice that the column corresponding to | has only
plus signs. The row designators are the treatment combinations. To find the contrast for
estimating any effect, simply multiply the signs in the appropriate column of the table by
the corresponding treatment combination and add. For example, to estimate A, the contrast

is—(1) + a—b + ab, which agrees with equation D.1.
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D.1.2 The three-factor of the 2 factorial design

Suppose that three factors, A, B and C, each at two levels, are under study. The
design is called a 2° factorial, and the eight treatment combinations can now be displayed
graphically as a cube, as shown in Figure D.2. We can write the treatment combinations in
standard order as (1), a, b, ab, c, ac, bc and abc. Note that these lowercase letters also

represent the total of all n observations taken at that particular treatment combination

Hig

Factor C ab 1 High

0 Factor B
Low,0 (1) Low

0 FactorA 1
Low High

Figure D.2 Construction of treatment combination of the 2° design

The seven degrees of freedom between the eight treatment combinations are
associated with the main effects of A, B, and C; the two-factor interactions AB, AC, and
BC; and the three-factor interaction ABC. Consider estimating the main effect A. the effect
of A when B and C are at the low level is [a-(1)]/n. Similarly, the effect of A when B is at
the high level and C is at the low level is [ab-b]/n. The effect of A'when C is at the high
level and B is at the low level is [ac-c]/n. Finally, the effect of A when both B and C are at

the high level is [abc-bc]/n. Thus, the average effect of A is just the average of these four,

or
1
A = —[a-(1)+ab-b+ac-c+abc- bc]
4n
1
= —[a+ab+ac+abc- (1)-b-c- bc] (D.7)

4n
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From the above equation, it is shown that the effect of A is a contrast between the
four treatment combinations in the right face of the cube (where A is at the high level) and

the four in the left face (where A is at the low level).

In similar manner, the effect of B is a contrast between the four treatment

combinations in the front face of the cube and the four in the back. This yields

1
B = —J[b+ab+bc+abc - (1)-a- ¢ - ac] (D.8)
4n
The effect of C is a contrast between the four treatment combinations in the top face

of the cube and the four in the bottom, that is,

1
C = — Jctac+hbc+abc - (1)-a- b - ab] (D.9)
4n
When C is at the low level, the effect of the AB interaction is the average difference
in the A effect at the two levels of B, that is, {[ab — b] — [a — (1)]}/(2n). When C is at the
high level, the AB interaction is [(abc — bc) — (ac — ¢)] /(2n). The average AB effect is just

the average of these two, or

1
AB = —Jab-b - a+ (1) +abc- bc —ab+c] (D.10)
4n

Similarly, we find the average effects of AC and BC as

1
AC = —J(1)-a+b-ab-c+ac- bc+ abc] (D.11)
4n
1
and BC = — [(1)+a-b-ab-c-ac+ bc + abc] (D.12)
4n

The ABC effect is defined as the average difference between the AB interaction for

the two different levels of C. Thus,

1
ABC = —Jabc-bc-ac+c-ab+b+a-(1)] (D.13)
4n



284

In equation D.7 through D.13, the quantities in brackets are contrasts in the treatment
combinations. A table of plus and minus signs can be developed from the contrast
constants and is shown in Table D.3. Signs for the main effects are determined by
associating a plus with the high level and a minus with the low level. Once the signs for the
main effects have been established, the signs for the remaining columns can be obtained by
multiplying the appropriate preceding columns, row by row. For example, the signs in the
AB column are the product of the A and B column signs in each row. The contrast for any

effect can be obtained easily from this table.

Table D.3 Algebraic signs for calculating effects in the 2° design

Treatment Factorial effect
combination | A B AB C AC BC ABC
(1) + - - + - + + -

a + + - - - - + +

b + - + - - + - +
ab + £ + + - - - -

C + - - + + - - +
ac + + - - + + - -
bc + - + - + - + -

abc + + + + + + + +

Table D.3 has several interesting properties as follows:

- Except for column |, every column has an equal number of plus and minus signs.

- The sum of products of signs in any two columns is zero.

- Column I multiplied times any column leaves that column unchanged. That is, |
is an identity element.

- The product of any two columns yields a column in the table. For example, AxB

= AB and AB'x B=AB*= A

We see that the exponents in the products are formed by using modulus 2 arithmetic
(the exponent can only be zero or one; if it is greater than one, it is reduced by multiples of
two until it is either zero or one). All of these properties are implied by the orthogonality of

the contrasts used to estimate the effects.
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D.1.3 The general k-factor of the 2 factorial design

The methods of analysis may be generalized to the case of a 2 factorial design, that

is, a design with k factors each at two levels. The statistical model for a 2 design would

k! k!
include k main effects,; ——— two-factor interactions, ——— two-factor
(k —2)! 2! (k — 3)! 3!

interactions, ..., one k-factor interaction. That is, for a 2% design the complete model would
contain 2k-1 effects. The notation introduced earlier for treatment combinations is also
used here. For example, in a 2° design abd denotes the treatment combination with factors
A, B, and D at the high level and factors C and E at the low level. The treatment
combinations may be written in standard order by introducing the factors one at a time;
each new factor being successively combined with those above it. For example, the
standard order for a 2*design is (1), a, b, ab, ¢, ac, be, abc, d, ad, bd, abd, cd, acd, bed, and
abcd.

To estimate an effect, we must first determine the contrast associated with that effect.
This can always be done by using a table of plus and minus signs, such as table G.3.
However, for large values of k this is awkward, and we prefer an alternate method. In

general, we determine the contrast for effect AB...K by expanding the right-hand side of
Contrastag. x = (@x1)(b£1)..... (k£ 1) (D.14)

In expanding equation D.14, ordinary algebra is used with “1” being replaced by (1)
in the final expression. The sign in each set of parentheses is negative if the factor is
included in the effect, and positive-if the factor isnot included. For example, the contrast

for AB of the 22 factorial design is

Contrastag. = (@a—1)(b-1)(c+1)

= [abc+ab+c+ (1)—ac — bc — a — b]

Once the contrasts for the effects have been computed, we may estimate the effects

according to

2
AB..K = —k(ContrastAB_,K) (D.15)

n2

where n denotes the number of replicates.
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D.2 Method of analysis of the factorial design
D.2.1 The analysis of variance

D.2.1.1 The two-factor of the 2 factorial design

The simplest types of factorial design involve only two factors or sets of treatments.
There are 2 levels of factor A and 2 levels of factor B, and these are arranged in a factorial
design; that is, each replicate of the experiment contains all 4 treatment combinations.
Assume there are n replicates of the experiment, and let y;, represent the observation
taken under the i™ level of factor A and the j™ level of factor B in the m™ replicate. The
data will appear as in Table D.4. The order in which the 4n observations are taken is

selected at random, so that this design is a completely randomized design.

Table D.4 Data arrangement for a 2° factorial design

Factor B
Factor A
Cow (1) High (2)
Low (1) (V1)1 (Y11)2,---(Ya)a (Y12)1,(Y12)2:- - (Y12)n
High (2) (Y21)1.(Y21)2,.--(Ya1)n (V22)1,(Y22)2,--- (Y22)n

In the statistical approach, the observations may be described by the linear

statistical model

Yim = p+ i By + (tB)ij + &ijm (G.16)
where i = 12;j =12;and m = 12,...,n
u is the overall mean
Ti is the effect of the i"" level of factor A
Bi is the effect of the ] level of factor B

(tB)ij 1s the effect of the interaction between t; and B;

€ijm is a random error component
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The objective of this method is to test appropriate hypothesis about the treatment
effects and to estimate them. For hypothesis testing, the model errors are assumed to be
normally and independently distributed random variables with mean zero and variance ¢
that is assumed constant for all levels of the factor. The treatment effects are defined as

a b
deviations from the overall mean, so ZTi =0 and Zﬂj =0 . Similarly, the interaction
i=1 j=1

a

b
effects are fixed and defined so that Z(r[)’)ij = Z(Tﬂ)ij =0 . Since there are n

i=1 i=1

replicates of the experiment, there are 4n total observations.
In the two-factor factorial, both factors (or treatments), A and B, are of equal interest.
Specifically, we are interested in testing hypotheses about the equality of the treatment

effects of factor A, say

Ho: T1=T2 = 0

(D.17a)
H;: atleastone t;# 0
and the equality of the treatment effects of factor B, say
Ho: Bi=P2= 0
(D.17b)

H;: atleastone ;=0

We are also interested in determining whether A and B treatments interact. Thus,

we also wish to test

Ho: () =0 forall i, j
(D.17¢)

Hi: atleastone (tf); = O

These hypotheses are tested using a two-factor analysis of variance, say F-tests.
Consequently, it is necessary to compute the statistical values, that is, sum of squares and

mean squares.
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Let y;. denote the total of all observations under the i level of factor A, y; denote
the total of all observations under the j™ level of factor B, yij denote the total of all

observations in the ij™ cell, and y.. denote the grand total of all the observations. Define

y.,¥,,y,;,and y as the corresponding row, column, cell, and grand averages.
Expressed mathematically

2 n y
Y. = Zzy,,.m Vo= i=12

(D.18)
=1 m=I on
2 n — y/

y, = XXy, oy, .= j=12 (D.19)
. i=1 m=1 2]’1
N 7/ yij.

Yy T zy,-,-m TR BN i = 12and j = 1,2 (D.20)
m=1 n
2 2 n — y

y. = 2Xuypl oveoo= = (D.21)

i=1 j=1m=1

The total corrected sum of squares may be written as

2220, — v ) = 222y, =y )t (y, —y)

+(yij, = Ve Y _y) + (yl-jm _yij,)]2

= n)(y, —y. ) + 2'12( v, =y ) (D.22)

YDy, =y, — v+ v )

i=1 j=I

+2 220, =)

i=1 j=1m=I

The total sum of squares has been partitioned into a sum of squares due to factor A
(SSa), a sum of squares due to factor B (SSg), and a sum of squares due to error (SSg).
From the last component on the right-hand side of equation D.22, we see that there must be

at least two replicates (n >2) to obtain an error sum of squares. We may write equation
D.22 symbolically as
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SSt = SSa + SSg + SSpg + SSe (D.23)

The number of degrees of freedom associated with each sum of squares is shown in
Table D.5

Table D.5 The number of degrees of freedom of the 22 factorial design

Effect Degrees of freedom (d.f)
A 1
B 1
AB interaction 1
Error 4(n-1)
Total 4n-1

Each sum of squares divided by its degrees of freedom is a “mean squares”. The

expected values of the mean squares are

SS 2 - 2
EMS,) = E| —"|=0 +2n). T (D.24)
(df),
SS D ~ 2
EMS,) = E| —" | =0 +2m) [ (D.25)
@f),
SS 4z 5 2) 2 5
EMS,z) = E =0 +n), D f )i (D.26)
(d1) 48 i=1j=1
SS, ,
EMS,) = E =0 (D.27)
(df),

Notice that, if the null hypotheses of no treatment effects of factor A, B and AB
interaction are true, then MSa, MSg, MSag, and MSg all estimate 2. However, if there are
differences between treatment effects of factor A, then MSp will be larger than MSe.
Similarly, if there are treatment effects of interaction present, then the corresponding mean
squares will be larger than MSg. Therefore, to test the significance of both main effects and
their interaction, simply divide the corresponding mean square by the error mean square.
Large values of this ratio imply that the data do not support the null hypothesis. That

means the treatment effects that have large ratio are significant.
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If we assume that the model is adequate and that the error term eijm are normally and
independently distributed with constant variance o, then each of the ratios of mean
squares MSa/MSg, MSg/MSg, and MSas/MSk are distributed as F with (d.f.)a, (d.f.)s, and
(d.f.)as numerator degrees of freedom, respectively, and (d.f.)e denominator degrees of
freedom, and the critical region would be the upper tail of the F distribution. The test

procedure is usually summarized in an analysis of variance table, as shown in Table D.6.

Table D.6 The analysis of variance table for the 22 factorial design

Source of Sum of Degrees of Mean square Fo
variation squares freedom
A SSA 1 MSA = SSA MSA/MSE
B SSB 1 MSB = SSB MSB/MSE
AB SSas 1 MSag = SSas MSas/MSg
Error SSe 4(n-1) MSg = SSg / 4(n-1)
Total SSt 4n-1

Computational formulas for the sums of squares in equation D.27 may be obtained

easily. The total sum of squares is computed as usual by

> y2 2

7T ij. Y.
SSEAIN R (D.28)

n 4n

=]

The sums of squares for main effects are

5 2 2
e Yi.o Y.
SSy = — (D.29)
;=1 2n 4n
2 2
2
Vi y
e J-
SSp = Yoot (D.30)
=1 2n 4n

In form of factorial design nomenclature, say (1), a, b and ab, it is easily to obtain
SSa and SSg as follows:
2
(Contrast ;)

Sy =—"—"— (D.31)
4n
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2
(Contrasty )
SSp = ——— (D.32)
4n

Similarly, we can compute SSag as follows:

2
(Contrast 4 )
SS,p = , (D.33)
n

We may compute SSg by subtraction as

SSg = SSt - SSpg = SSa - SSg (D.34)

D.2.1.2 The three-factor of 2 factorial design

Consider the three-factor analysis of variance model
Yijm = o+ T+ By +ym £ (1B)i + (wn)ik + (BY)im + (tBY)ijm + &ijmi (D.35)

where i =12; j=12; m = 12and I=12,...n

Assuming that A, B, and C are fixed, the analysis of variance table is shown in table
D.7. The F-tests on main effects and interactions follow directly from the expected mean

squares.

Table D.7 The analysis of variance table for the 2° factorial design

Source of Sum of Degrees of Mean square Fo
variation sguares freedom
A SSA 1 MSA = SSA MSA/MSE
B SSB 1 MSB = SSB MSB/MSE
C SSC 1 MSC = SSC MS(:/MSE
AB SSas 1 MSag = SSas MSas/MSg
AC SSAC 1 MSAC = SSAC MSAc/MSE
BC SSgc 1 MSgc = SSgc MSgc/MSg
ABC SSABC 1 MSABC = SSABC MSABc/MSE
Error SSe 8(n-1) MSg = SSg / 8(n-1)

Total SSt 8n-1
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We will give the computing formulas for the sums of squares in Table D.7. The total

sum of squares is found in the usual way as

2.2 2 n yZ
SSp =2 2 X Zyijm;—; (D.36)

i=1j=Im=11=1I 8n

The sums of squares for main effects are found from the totals for factors A(yi..),
B(y;.), and C(y.m) as follows :

2
(Contrast ;)
A (D.37)
8n
%)
(Contrast p )
BLE A0 (D.38)
8n
%
(Contrast - )
AN S T (D.39)
8n

Similarly, the two- and three-factor interaction sum of squares of the 2° factorial

analysis are found from

S5 5 = (Contrz;tAB )2 (D.40)
S5 o = (Contr::AC )2 (D.41)
S8 e = (ContrZZtBC )2 (D.42)
and SS g = (Contm;ABC s (D.43)

The error sum of squares may be found by subtracting the sum of squares for each

main effect and interaction from the total sum of squares as follows:

SSe = SSt-SSag — SSac — SSec — SSasc (D.44)
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D.2.1.3 The general k-factor of the 2* factorial design

The results for the two- and three-factor factorial design may be extended to the
general case where there are a levels of factor A, b levels of factor B, c levels of factor C
and so on, arranged in a factorial experiment. In general, there will be abc...n total
observations, if there are n replicates of the complete experiment. Once again, note that we
must have at least two replicates (n > 2) in order to determine a sum of squares due to error

if all possible interactions are included in the model.

If all factors in the experiment are fixed, we may easily formulate and test
hypotheses about the main effects and interactions. The test statistics for each main effect
and interactions may be constructed by dividing the corresponding mean square for the
effect or interaction by mean square error. All of these F-tests will be upper-tail, one-tail
tests. The number of degrees of freedom for any main effect is the number of levels of the
factor minus one, and the number of degrees of freedom for an interaction is the product of
the number of degrees of freedom associated with the individual components of the in

interaction.

We may compute the sums of squares of the 2 factorial according to

2
(Contrast )
SSABWK il AB..K (D.45)

k
n2

The analysis of variance for the 2 is summarized in Table D.8.
D.2.1.4 The single replicate of the 2" factorial design

For even a moderate number of factors the total number of treatment combinations in
a 2¥ factorial design is large. For example, a 2° has 32 treatment combinations, a 2° has 64
treatment combinations, and so on. Since resources are usually limited, the number of
replicates that the experimenter can employ may be restricted. Frequently, available
resources only allow a single replicate of the design to be run, unless the experimenter is

willing to omit some of the original factors.



294

Table D.8 The analysis of variance table for the 2" factorial design

Type of Source  Sumof  Degrees Mean square Fo
treatment effect of squares of
variation freedom
k main effect
A SSA 1 MSA = SSA MSA/MSE
B SSB 1 MSB = SSB MSB/MSE
A A A )\ )\
K SSK 1 MSK = SSK MSK/MSE
[k ]Two-factor
2 AB SSaB 1 MSag = SSag MSas/MSE
interactions AC SSac 1 MSac = SSac MSac/MSg
A A N )\ )
JK SSik 1 MS;k = SSik MS;k/MSg
(k JThree-factor
3 ABC SSABC 1 MSABC = SSABC MSAB(;/MSE
interactions ABD SSABD 1 MSagp = SSagp MSagp/MSg
A )\ A A A
1JK SSiik 1 MS 3k = SSi3k MS,;x/MSg
A A A A )\ A

(kJ k-factor
k

interactions ABC..K  SSagc .k 1
Error SSe 2(n-1)

Total SSt n2"-1

MSagc.k = SSasc.k  MSasc.k/MSg

MSe= SSe/[2(n-1)]

With only a single replicate of the 2, it is impossible to compute an estimate of
experimental error, that is, a mean square for error. Thus, it seems that hypotheses
concerning main effects and interactions cannot be tested. However, to estimate the
experimental error, the usual. approach. to the analysis of a-single replicate of the 2% is to
assume that certain high-order interactions are negligible, and combined them as the errors.
We should select the interactions that will make up the error mean square before the data
are analyzed, since testing high-order interactions and taking those that appear small as
error can lead to substantial underestimation of the true experimental error. Usually, the
smallest design for which this procedure is recommended is the 2*. The practice of
combining higher-order interaction mean squares to estimate the error is subject to
criticism on statistical grounds. If some of these interactions are significant, then the
estimate of error will be inflated. As a result, other significant effects may not be detected

and the significant interactions taken as error will be discovered. As a general rule, it is



295

probably unwise to assume two-factor interactions to be zero without prior information. If
most two-factor interactions are small, then it seems likely that all higher-order interactions
will be insignificant also. Experimenters must use both their knowledge of the phenomena
under study and common sense in the analysis of such a design. For example, if in the
analysis of a 2° the main effects of A, B, and C as well as AB and AC are very large, then
it is likely that ABC may be large. Thus, ABC should not be included in the interactions

used as error. Such a decision is best made before ABC is examined.

D.2.2 Estimation of the treatment effects on normal probability paper

When analyzing data from unreplicated factorial designs, occasionally real high-
order interactions occur. The use of an error mean square obtained by pooling high-order
interactions is inappropriate in these cases. A method of analysis attributed to Daniel
(1959) provides a simple way to overcome this problem. Daniel suggests plotting the
estimates of the effects on normal probability paper. The effects that are negligible are
normally distributed, with mean zero and variance o, and will tend to fall along a straight
line on this plot, while significant effects will have nonzero means and will not lie along

the straight line.

For this method, all of the estimation of treatment effects is ordered from the smallest
to the largest effects as shown in Table D.9. To plot on normal probability paper, the

probability of each of effects must be calculated from equation D.46.

P, = (@— 05N, (D.46)

Table D.9 The order of treatment effect for analysis on normal probability paper

Order (q) Treatment effect | Estimate of treatment Pq
effect
1 (ABC...K)smallest The smallest values 0.5/Ng
\Y L% \Y \Y
No (ABC...K)jargest The largest values (No-0.5)/Ng
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D.4 Fractional factorial designs

As the number of factors in a 2 factorial design increases, the number of runs
required for a complete replicate of the design rapidly outgrows the resources of most
experimenters. A complete replicate of the 2° design requires 64 runs. In this design only 6
of 63 degrees of freedom correspond to main effects, and only 15 degrees of freedom
correspond to two-factor interactions. The remaining 42 degrees of freedom are associated

with three-factor and higher interactions.

If the experimenter can reasonably assume that certain high-order interactions are
negligible, then information on main effects and low-order interactions may be obtained by
running only a fraction of the complete factorial experiment. These fractional factorial
designs are widely used In industrial research. A major use of fractional factorials is in
screening experiments. These are experiments in which many factors are considered with
the purpose of identifying those factors (if any) which have large effects. Screening
experiments are usually performed in the early stages of a project when it is likely that
many of the factors initially considered have little or no effect on the response. The factors
that are identified as important are then investigated more thoroughly in subsequent

experiments.

D.4.1 The principle of the one-half fraction of the 2* design

A one-half fraction of the 2¥ design contains 2 runs and is often called a 2**
fractional factorial design. For example, suppose that we were investigating k = 4 factors
(16 runs). In one-half fractional factorial design, it can only be run a half of 2*, that is 8
runs. Then, the results will be ‘analyzed, and then decide on the best set of runs to perform
next stage of experimentation, which might involve adding or removing factors, changing
responses, or varying some factors over new ranges. If necessary to resolve ambiguities,
we can always run the complimentary fraction and complete the 2* design. Consequently,
the fractional factorial designs often leads to great economy and efficiency in

experimentation, particularly if the runs can be made sequentially.
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For the simplicity, consider a situation in which three factors, each at two levels, are
of interest, but the experimenters cannot afford to run all 22 = 8 treatment combinations.
They can, however, afford four runs, so this suggests a one-half fraction of a 2° one-half
fraction of the 23 design is often called a 2** design. The table of plus and minus signs for
the 22 design is shown in Table D.10. Suppose we select the four treatment combinations a,
b, c and abc as our one-half fraction. These treatment combinations are shown in the top
half of Table D.10. We use both the conventional notation (a, b, c,...) and the plus and

minus notation for the treatment combinations.

Table D.10 Plus and minus signs for the 2° factorial design

Treatment Factorial effect
combination | A B 5 AB AC BC ABC

a + + - - - - + +

b + 4 + 5 - + - +

c + - B + - - - +
abc + + + + + + + +
ab + + + - + - - -
ac + + - + - + - -
bc + - + + - - + -
@ T - 2 - + + + -

Notice that the 2°* design is formed by selecting only those treatment combinations
that yield a plus on the ABC effect. Thus, ABC is called the generator of this particular
fraction. Furthermore, the identity element I is also always plus, so the defining relation

for our design is
I = ABC (D.47)

The treatment combinations.in the 2% design yield three degrees of freedom that
we may use to estimate the main effects.” Referring to table we note that the linear

combinations of the observations used to estimate the main effects of A, B, and C are

l, = %(a—b—c+abc) (D.48)
lg = %(—a+b—c+abc) (D.49)

e = %(—a—b+c+abc) (D.50)
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It is also easy to verify that the linear combinations of the observations used to
estimate the two-factor interactions are

lge = %(a—b—c+abc) (D.51)
lpe = %(—a+b—c+abc) (D.52)
g = %(—a—b+c+abc) (D.53)

Thus, Ia = lgc, Iz = lac, and Ic = lag, and consequently it is impossible to
differentiate between A and BC, B and AC, and C and AB. In fact, we can show that when
we estimate A, B, and C we are really estimating A+BC, B+AC, and C+AB. Two or more
effects that have this property are called aliases. Thus, A and BC are aliases, B and AC are
aliases, and C and AB are aliases. We indicate this by the notation

la—>A+BC
|B—)B+AC
lc>C+ AB

The alias structure for this design may be easily determined by using the defining
relation 1 = ABC. Multiplying any effect by the defining relation modulus 2 yields the
aliases for that effect. This yields as the alias of A

Since any effect times the identity I'is just the original effect.. Similarly, we find

the aliases of B and C as

and



299

Now suppose that we had chosen the other one-half fraction. The defining relation
for this design is

| =-ABC (D.54)

The linear combination of the observations, say 174, 15, and | ¢ from the alternate
fraction give us
A—>A-BC
8—>B-AC
t—>C-AB

Thus, when we estimate A, B, and C with this particular fraction, we are really
estimating A-BC, B-AC, and C-AB

In practice, it does not matter which fraction is actually used. The fraction
associated with 1 = +ABC is usually called “the principal fraction”. Both fractions

belong to the same family; that is, the two one-half fractions form a complete 2° design.

Suppose that after running one of the one-half fractions of the 2° design, the other
one was also run. Thus, all 8 runs associated with the full 2° are now available. We may
now obtain de-aliased estimates of all effects by analyzing the 8 runs as a full 2° design in
two blocks of 4 runs each. This could also be done by adding and subtracting the linear
combination of effects from the two individual fractions. All three pairs of linear

combinations are shown in Table D.10.

Table D.10 Three pairs of linear combinations of the 2% design

[ Yo (Ii+17%) Y (Ii-1%)

A “B(A+BC+A-BC)= A % (A+BC-A+BC)= BC
B %»B+AC+B-AC)=B % (B+AC-B+AC)= AC
C % (C+AB+C-AB)= C 1, (C+AB-C+AB)= AB
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D.4.2 Constructing one-half fraction of the 2 design

A one-half fraction of the 2 design may be constructed by writing down the
treatment combinations for a full 2%* factorial and then adding the k™ factor by identifying
its plus and minus levels with the plus and minus signs of the highest-order interaction

ABC...(K-1). Therefore, the 2% fractional factorial is obtained by writing down the full
2% factorial and then equating factor C to the AB interaction. The alternate fraction would

be obtained by equating factor C to the —AB interaction. This approach is illustrated in
Table D .11

Note that any interaction effect could be used to generate the column for the k™
factor. However, using any effect other than ABC...(K-1) will not produce a design of

highest possible resolution.

Table D.11 The two one-half fractions of the 2° design

Full 22 factorial 231 1= ABC 231 | = _.ABC
A B A B C=AB___A B C=-AB
- - - = + - - -
+ - § \ - + - +
- + - + - - + +
+ + + + + + + -




APPENDIX E

THE ESTIMATION OF EFFECTS USING YATES METHOD

Instead of using the table of plus and minus signs to obtain the contrasts for the
effect estimates and the sums of squares, a simple tabular algorithm devised by Yates can
be employed. To use Yates” method, construct a table with the treatment combinations and
the corresponding treatment totals recorded in standard order, which means that each factor
is introduced one at a time by combining it with all factor levels above it. Thus for a 2%, the
standard order is (1), a, b, ab, while for a 2° it is (1), a, b, ab, c, ac, bc, abc. Then follow

this four-step procedure (Hines and Montgomery, 1990):

1. Label the adjacent column (1). Compute the entries in the top half of this column
by adding the observations in adjacent pairs. Compute the entries in the bottom half of this
column by changing the sign of the first entry in each pair of the original observations and
adding the adjacent pairs.

2. Label the adjacent column (2). Construct column (2) using the entries in column
(1). Follow the same procedure employed to generate column (1). Continue this process
until k columns have been constructed. Column (k) contains the contrasts designated in the
rows.

3. Calculate the sums of squares for the effects by squaring the entries in column k
and dividing by 2" for single replication.

4. Calculate the effect estimates by dividing the entries in column k by 2** for

single replication.

Accordingly, the estimated effect investigated in chapter 6 can be found easily as
shown in Table E.1 and E.2.



Table E.1 The estimated effect of the 2° factorial design using Yates' method

Treatment - Treatment | Estimated Sum of
combination Efficiency (%) (1) (2) (3) () ) effect effect squares
(1) 70.53 133.98 280.53 485.64 990.63 1994.14 I - -

a 63.44 146.56 205.11 504.99 1003.50 -148.83 A -9.30 692.17

b 70.76 95.20 289.18 496.70 124.66 93.90 B 5.87 275.55

ab 75.80 109.91 215.81 506.80 -273.48 71.05 AB 4.44 157.77

Cc 35.97 138.53 258.15 58.76 55.37 -182.98 C -11.44 1046.33

ac 59.23 150.64 238.56 65.90 38.54 318.07 AC 19.88 3161.54
bc 36.19 99.92 260.70 -134.21 53.48 26.05 BC 1.63 21.21
abc 73.72 115.89 246.10 -139.27 17.58 32.77 ABC 2.05 33.56
d 72,51 126.47 -2.04 27.29 -148.79 29.44 D 1.84 27.09
ad 66.02 131.67 60.80 28.08 -34.19 2.09 AD 0.13 0.14
bd 72.76 111.98 -1.36 19.80 131.46 -0.28 BD -0.02 0.00
abd 77.89 126.58 67.26 18.74 186.62 1.85 ABD 0.12 0.11
cd 37.01 128.33 -113.39 26.40 5.99 7.04 CD 0.44 1.55
acd 62.91 132.37 -20.82 27.08 20.06 7.24 ACD 0.45 1.64
bcd 37.27 115.70 -116.66 8.20 5.97 2.99 BCD 0.19 0.28
abcd 78.62 130.40 -22.61 9.38 26.80 2.50 ABCD 0.16 0.20




Table E.1 (cont.) The estimated effect of the 2° factorial design using Yates' method

Treatment - Treatment | Estimated Sum of

combination Efficiency (%) (1) (2) (3) ) () effect effect squares
e 90.98 -7.09 12.58 -75.42 19.34 12.87 E 0.80 5.18

ae 35.49 5.04 14.71 -73.37 10.10 -398.14 AE -24.88 4953.55
be 94.78 23.27 12.11 -19.59 7.14 -16.83 BE -1.05 8.85
abe 36.89 37.53 15.97 -14.60 -5.06 -35.90 ABE -2.24 40.28

ce 63.84 -6.49 5.20 62.84 0.79 114.60 CE 7.16 410.38
ace 48.13 5.13 14.60 68.61 -1.06 55.16 ACE 3.45 95.08
bce 65.84 25.90 4.04 92.57 0.68 14.08 BCE 0.88 6.19
abce 60.73 41.36 14.70 94.05 1.18 20.84 ABCE 1.30 13.57
de 92.78 -55.50 12.13 2.13 2.06 -9.24 DE -0.58 2.67
ade 35.56 -57.90 14.27 3.86 4,99 -12.20 ADE -0.76 4.65
bde 95.90 -15.71 11.62 9.40 5.77 -1.85 BDE -0.12 0.11
abde 36.47 -5.11 15.46 10.66 1.48 0.50 ABDE 0.03 0.01
cde 66.40 -57.22 -2.40 2.13 T 2.93 CDE 0.18 0.27
acde 49.30 -59.44 10.60 3.83 1.26 -4.29 ACDE -0.27 0.57
bcde 67.96 -17.10 -2.21 13.00 1.70 -0.46 BCDE -0.03 0.01
abcde 62.44 -5.51 11.59 13.80 0.80 -0.90 ABCDE -0.06 0.03




Table E.2 The estimated effects of the 2* factorial design using Yate's method

combination | MOy 9 | @) @ ® @ | "G | EMfeet | e
(1) 70.53 133.98 280.53 485.64 982.35 - - -
a 63.44 146.56 205.11 496.70 -75.46 A+BCE -9.43 355.87
b 70.76 95.20 258.15 58.76 47.09 B+ACE 5.89 132.59
ab 75.80 109.91 238.56 -134.21 34.60 AB+CE 4.33 74.82
c 35.97 126.47 -2.04 27.29 -95.01 C+ABE -11.88 564.22
ac 59.23 131.67 60.80 19.80 155.41 AC+BE 19.43 1509.58
bc 36.19 111.98 -113.39 26.40 11.53 BC+AE 1.44 8.31
abc 73.72 126.58 -20.82 8.20 15.13 ABC+E 1.89 14.31
e 90.98 -7.09 12.58 -715.42 11.06 E+ABC 1.38 7.64
ae 35.49 5.04 14.71 R -192.97 AE+BC -24.12 2327.31
be 94.78 23.27 5.20 62.84 -7.49 BE+AC -0.94 3.51
abe 36.89 37.53 14.60 92.57 -18.20 ABE+C -2.28 20.70
ce 63.84 -55.50 12.13 2.13 55.83 CE+AB 6.98 194.82
ace 48.13 -57.90 14.27 9.40 29.72 ACE+B 3.72 55.22
bce 65.84 -15.71 -2.40 2.13 1.27 BCE+D 0.91 3.30
abce 60.73 -5.11 10.60 13.00 10.87 ABCE 1.36 7.38
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APPENDIX F

THE ANALYSIS OF VARIANCE (ANOVA)

As mentioned in chapter 6, mass velocity of hot air that is denoted by D for
factorial design is, of course, an insignificant effect. So, this method considers merely four-
factors, say, A, B, C and E.

Assumption of analysis of variance (ANOVA):

- Negligible high-order interaction (3-, 4- and 5-factor interaction)

For ANOVA method principally mentioned in appendix D, sum of squares, degree
of freedom mean squares and Fo are necessary in order to analyze with F distribution
(Montgomery, 1984). Using Table D.8, their estimations can be obtained as shown in
Table F.1.

Table F.1 Analysis of variance of the 2* factorial design for the dehumidification on a

silica gel coated honeycomb rotary dehumidifier

Effect Sum of squares Degree of freedom Mean squares Fo
A 355.87 1 355.87 17.63*
B 138.39 1 132.59 6.57
C 564.22 1 564.22 27.95*
E 7.64 1 7.64 0.38
AB 74.82 1 74.82 3.71
AC 1509.58 1 1509.58 74.79*
AE 2327.31 1 2327.31 115.30*
BC 8.31 1 8.31 0.41
BE 3.51 1 3.51 0.17
CE 194.82 1 194.82 9.65
Error 100.92 5 20.18

Total 5285.59

[EEN
a1
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Since the varied significance of the system, a, will change the significant effects,
we focused on the situation with the differently significance, say, at o = 0.01 and 0.05, as

follows:

For Foo115 = 16.26, the significant effects are A, C, AC and AE interaction, say
rotational speed, mass velocity of humid air, interaction between rotational speed and mass

velocity of humid air and interaction between rotational speed and length of rotor.

For Fogs15= 6.61, the significant effects are A, C, AC, AE and CE interaction, say
rotational speed, mass velocity of humid air, interaction between rotational speed and mass
velocity of humid air, interaction between rotational speed and length of rotor and

interaction between mass velocity of humid air and length of rotor.
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APPENDIX G

THE RESULTS OF INSIGNIFICANT EFFECTS
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APPENDIX H

EXPERIMENTAL AND PREDICTED DATA FOR
MODELING VALIDATION

Table H.1 Experimental and predicted data of dehumidified air humidity and the efficiency

of a silica gel coated rotary dehumidifier at various rotational speeds (Hin =

| P - 8 Dehumidification efficiency
Rotational speed Dehumidified air humidity
(kgw/ kgda) (%)
of the rotor
Experimental Predicted Experimental Predicted
(rph)
data data data data
3.3 1.17E-03 1.34E-03 74.00 70.22
6.6 3.95E-04 4.35E-04 91.22 90.30
13.2 8.66E-04 6.78E-04 80.76 84.93




Table H.2 Experimental and predicted data of air temperature of the silica gel coated rotary dehumidifier at 3.3 rph (Hi, = 0.0045 kgw/kgqa and
Treg = 413 K)

Air temperature (K)

Angle - -
Experimental data Predicted data

of
rotor Z=001|Z=02|Z=04|2=06|Z=081|Z=10| Zz=00 Z=0.2 Z2=04 Z=0.6 Z=0.8 Z=10

10-15 | 320.00 | 400.00 | 402.00 | 403.00 | 404.00 | 405.00 | 297.30 305.87 311.67 323.58 344.15 367.71
30 297.30 | 308.00 | 311.00 | 312.00 | 317.00 | 320.10 | 297.30 303.16 306.91 308.58 309.80 312.38
60 297.30 | 303.10 | 308.50 | 311.80 | 312.20 | 312.00 | 297.30 300.37 303.87 306.42 307.93 308.65
90 297.30 | 301.00 | 305.20 | 308.50 | 310.00 | 310.50 | 297.30 298.99 301.72 304.26 306.25 307.61
120 297.30 | 300.50 | 303.40 | 305.00 | 309.00 | 310.20 | 297.30 298.25 300.28 302.52 304.53 306.18
150 297.30 | 300.20 | 301.00 | 303.00 | 308.20 | 309.00 | 297.30 297.84 299.32 301.19 303.08 304.77
180 297.30 | 300.00 | 300.60 | 301.50 | 305.00 | 307.20 | 297.30 297.61 298.66 300.19 301.87 303.48
210 297.30 | 299.40 | 300.50 | 300.50 | 303.00 | 305.00 | 297.30 297.48 298.21 299.43 300.89 302.39
240 297.30 | 299.00 | 300.20 | 300.00 | 302.00 | 304.00 | 297.30 297.41 297.91 298.87 300.11 301.46
270 297.30 | 298.10 | 300.00 | 300.00 | 301.00 | 302.00 | 297.30 297.38 297.71 298.44 299.49 300.69
300 325.00 | 325.00 | 329.50 | 370.00 | 405.50 | 413.00 | 330.92 339.52 387.90 412.48 413.12 413.14
330 360.00 | 405.00 | 409.20 | 410.50 | 412.00 | 413.00 | 413.03 413.05 413.07 413.10 413.12 413.14
360 408.00 | 408.50 | 409.00 | 410.00 | 412.00 | 413.00. | 413.04 413.05 413.07 413.10 413.12 413.14




Table H.3 Experimental and predicted data of air temperature of the silica gel coated rotary dehumidifier at 6.6 rph (Hj, = 0.0045 kgw/kgq, and
Treg = 413 K)

Air temperature (K)
Experimental data Predicted data

Angle
of

rotor | 7z=00|2Z=02|2Z=04|2=06|2=08|2Z2=10| Z=00 Z=0.2 Z=04 Z=0.6 Z=08 Z=1.0

10-15 | 304.00 | 350.00 | 410.00 | 411.50 | 412.50 | 413.00 | 297.30 322.12 361.09 391.13 405.39 410.67

30 297.30 | 308.00 | 314.00 | 324.00 | 360.00 | 385.00 | 297.30 307.30 320.59 344.83 371.98 392.23

60 297.30 | 305.00 | 311.00 | 312.00 | 312.20 | 313.00 | 297.30 303.44 307.57 310.81 317.06 329.18

90 297.30 | 303.00 | 308.50 | 311.00 | 312.00 | 312.00 | 297.30 301.69 305.65 308.02 309.38 311.04

120 297.30 | 301.50 | 307.00 | 310.00 | 311.50 | 311.50 | 297.30 300.51 304.13 306.77 308.36 309.18

150 297.30 | 300.20 | 305.20 | 308.20 | 311.50 | 311.50 | 297.30 299.68 302.90 305.59 307.49 308.61

180 297.30 | 298.00 | 304.00 | 307.00 | 311.00 | 311.00 | 297.30 299.07 301.89 304.50 306.54 307.96

210 297.30 | 297.80 | 302.50 | 305.00 | 311.00 | 311.00 | 297.30 298.65 301.09 303.57 305.66 307.24

240 297.30 | 297.80 | 302.00 | 304.00 | 309.00 | 311.50 | 297.30 298.30 300.40 302.69 304.76 306.46

270 297.30 | 297.80 | 299.50 | 303.00 | 308.50.| 310.00 | 297.30 298.07 299.86 301.98 303.99 305.73

300 325.50 | 327.50 | 335.00 | 359.00 | 400.50 | 413.00 | 321.91 324.52 334.21 360.31 402.31 412.71

330 328.00 | 342.00 | 388.20 | 408.50 | 412.50 | 413.00 | 337.40 351.85 397.72 411.19 413.00 413.13

360 335.00 | 390.00 | 408.00 | 411.50 | 412.50 | 413.00 | 400.62 409.06 412.67 413.07 413.10 413.13




Table H.4 Experimental and predicted data of air temperature of the silica gel coated rotary dehumidifier at 13.2 rph (Hi, = 0.0045 kgw/kgq. and
Treg =413 K)

Air temperature (K)
Experimental data Predicted data

Angle
of

rotor | 7z=00|2Z=02|2Z=04|2=06|2=08|2Z2=10| Z=00 Z=0.2 Z=04 Z=0.6 Z=08 Z=1.0

10-15 | 315.00 | 322.00 | 338.00 | 391.00 | 408.00 | 412.00 | 297.30 307.24 332.62 369.54 395.88 407.73
30 297.30 | 299.50 | 308.50 | 336.00 | 356.00 | 402.00 | 297.30 302.39 317.10 344.31 374.50 395.65

60 297.30 | 297.50 | 300.00 | 307.00 | 316.00 | 330.00 | 297.30 300.67 306.84 316.86 334.86 358.70

90 297.30 | 297.50 | 298.00 | 305.00 | 309.00 | 312.00 | 297.30 300.16 304.78 309.22 316.00 328.73

120 297.30 | 297.50 | 298.00 | 304.00 | 308.50 | 311.50 | 297.30 299.77 303.87 307.28 310.17 315.06
150 297.30 | 297.50 | 298.00 | 303.00 | 308.00 | 310.00 | 297.30 299.43 303.15 306.41 308.54 310.53

180 297.30 | 297.50 | 298.00 | 302.00 | 307.00 | 309.20 | 297.30 299.15 302.53 305.71 307.85 309.18

210 297.30 | 297.50 | 297.50 | 301.00 | 306.00 | 309.00 | 297.30 298.90 302.00 305.05 307.30 308.64

240 297.30 | 297.50 | 297.50 | 299.50 | 305.00 | 308.00 | 297.30 298.70 301.53 304.47 306.77 308.25
270 297.30 | 297.50 | 297.50 | 299.00 | 304.00.| 307.00 | 297.30 298.51 301.12 303.93 306.25 307.85

300 305.00 | 310.00 | 318.50 | 332.50 | 358.00 | 413.00 | 307.21 311.78 324.10 339.91 368.87 407.36

330 322.50 | 323.00 | 328.50 | 356.50 | 403.00 | 413.00 | 322.77 326.88 341.70 375.38 405.59 412.80

360 323.00 | 325.00 | 338.00 | 390.00 | 408.00 | 412.00 | 330.08 339.10 375.59 405.47 412.21 413.13




Table H.5 Experimental and predicted data of the dehumidified air temperature of the silica gel coated rotary dehumidifier at various rotational
speeds (Hin = 0.0045 kgu/kgda and Tyeq =413 K)

Angle Dehumidified air temperature (K)
of Experimental data Predicted data

rotor 3.5rph 4.4 rph 6.2 rph 12.5rph | 28.0rph 3.5rph 4.4 rph 6.2 rph 12.5 rph 28.0 rph
10-15 391.00 391.00 400.00 411.00 406.00 396.80 405.31 410.28 408.42 393.43

30 329.00 334.00 377.00 406.00 400.00 332.45 357.56 388.03 396.31 382.00
60 317.00 318.00 317.00 369.00 372.00 305.15 306.90 320.81 356.31 359.72
90 315.00 315.00 314.00 326.00 352.00 304.46 304.84 306.03 324.00 340.96
120 313.00 312.00 308.00 314.00 334.00 303.60 304.34 304.91 310.22 326.92
150 312.00 311.00 309.00 311.00 322.00 302.53 303.62 304.57 306.07 317.33

180 312.00 310.00 309.00 311.00 314.00 301.40 302.79 304.17 305.00 311.25
210 308.00 309.00 308.00 310.00 310.00 300.36 301.87 303.64 304.64 307.62
240 307.00 308.00 307.00 310.00 309.00 299.42 301.00 303.06 304.39 305.55
270 305.00 307.00 306.00 310.00 309.00 298.55 300.21 302.42 304.16 304.38




Table H.6 Experimental and predicted data of the dehumidified air humidity of the silica gel coated rotary dehumidifier at various rotational
speeds (Hin = 0.0045 kgw/kgda and Treg =413 K)

Dehumidified air humidity
Angle (kgw/Kgda)
of Experimental data Predicted data

rotor
3.5 rph 4.4 rph 6.2 rph 12.5 rph 28.0 rph 3.5 rph 4.4 rph 6.2 rph 12.5 rph 28.0 rph
10-15 | 2.79E-03 | 2.84E-03 | 2.97E-03 | 5.04E-03 | 7.65E-03 | 1.63E-04 | 2.95E-04 | 5.62E-04 | 3.02E-03 6.95E-03

30 2.16E-04 | 3.38E-04 | 6.75E-04 | 2.05E-03 | 4.05E-03 | 1.73E-05 | 3.52E-05 1.07E-04 | 8.38E-04 4.66E-03

60 2.21E-04 | 3.11E-04 | 2.25E-04 | 4.14E-04 | 1.71E-03 | 5.67E-05 2.65E-05 1.48E-05 1.39E-04 2.12E-03

90 2.34E-04 | 3.11E-04 | 2.34E-04 | 2.34E-04 | 5.63E-04 | 2.32E-04 1.06E-04 | 3.29E-05 5.42E-05 1.13E-03
120 2.70E-04 | 3.60E-04 | 2.70E-04 | 2.70E-04 | 2.79E-04 | 5.52E-04 2.81E-04 | 8.89E-05 5.61E-05 7.37E-04

150 3.38E-04 | 3.60E-04 | 2.25E-04 | 2.25E-04 | 2.48E-04 | 9.56E-04 | 5.44E-04 1.92E-04 | 8.32E-05 5.90E-04

180 7.65E-04 | 4.05E-04 | 2.48E-04 | 2.12E-04 | 2.12E-04 | 1.37E-03 8.61E-04 3.45E-04 1.28E-04 5.49E-04

210 1.22E-03 | 4.50E-04 | 2.48E-04 | 2.12E-04 | 2.48E-04 | 1.77E-03 1.19E-03 5.39E-04 1.89E-04 5.60E-04
240 1.58E-03 | 6.30E-04 | 2.52E-04 | 2.12E-04 | 2.48E-04 | 2.13E-03 1.52E-03 7.61E-04 | 2.65E-04 6.00E-04

270 2.03E-03 | 8.10E-04 | 2.57E-04 | 2.12E-04 | 2.70E-04 | 2.45E-03 1.83E-03 | 9.94E-04 | 3.55E-04 6.27E-04




Table H.7 Experimental and predicted data of the dehumidified air temperature of the silica gel coated rotary dehumidifier at various inlet
humidity (¢ = 6.2 rph and Tyeg = 413 K)

Dehumidified air temperature (K)
Angle Experimental data Predicted data
rg:or Hin = 3.0x10° | Hin=4.3x10° | Hin=7.3x10% | Hin = 14.2x10° | Hiy =3.0x10° | Hiy=4.3x10" | Hip = 7.3x10° | Hiy = 14.2x10°
Kgw/KQda Kgw/KQda Kgw/KQda kgw/kgua kgw/kQuda Kgw/KQda Kgw/KQda kgw/KQda
10-15 395.00 388.00 388.00 394.00 410.25 410.22 409.22 404.35
30 371.00 360.00 360.00 369.00 386.39 387.26 384.54 373.68
60 307.00 322.00 322.00 350.00 316.34 321.96 327.03 335.06
90 306.80 316.00 316.00 342.00 302.68 309.02 316.41 326.42
120 306.20 314.00 314.00 330.00 301.85 307.98 314.41 322.12
150 305.50 313.50 313.50 323.00 301.69 307.43 312.74 319.11
180 305.00 312.00 312.00 316.00 301.52 306.78 311.18 316.75
210 304.50 313.00 313.00 310.00 301.27 306.02 309.80 314.83
240 304.00 310.00 310.00 308.00 300.96 305.28 308.54 313.20
270 303.00 309.00 309.00 306.00 300.60 304.53 307.43 311.78




Table H.8 Experimental and predicted data of the dehumidified air humidity of the silica gel coated rotary dehumidifier at various inlet humidity
(p=6.2rph and Ty = 413 K)

Dehumidified air humidity
(kgw/Kgda)
Ar(;%le Experimental data Predicted data
rotor | Hj, = 3.0x10° | Hin=4.3x10° | Hiy=7.3x10° | Hiy = 14.2x10° | Hip =3.0x10° | Hin = 4.3x10° | Hin=7.3x10° | Hiy = 14.2x10°°
kgW/ kgda kgW/ kgda kgW/ kgda kgW/ kgda kgW/ kgda kgW/ kgda kgW/ kgda kgw/ I(gda
10-15 2.10E-03 3.87E-03 4.53E-03 9.94E-03 3.32E-04 6.02E-04 1.09E-03 3.44E-03
30 3.00E-04 4.13E-04 5.33E-04 1.96E-03 4.88E-05 1.29E-04 3.68E-04 2.12E-03
60 1.53E-04 1.29E-04 2.92E-04 1.70E-03 5.21E-06 2.46E-05 1.65E-04 2.55E-03
90 1.56E-04 2.06E-04 3.43E-04 2.84E-03 1.23E-05 6.21E-05 4.24E-04 4.02E-03
120 1.59E-04 2.58E-04 7.08E-04 5.25E-03 3.31E-05 1.70E-04 9.10E-04 5.22E-03
150 1.65E-04 3.44E-04 1.17E-03 7.10E-03 7.39E-05 3.51E-04 1.45E-03 6.17E-03
180 1.80E-04 3.87E-04 1.90E-03 7.81E-03 1.41E-04 5.91E-04 1.97E-03 6.95E-03
210 1.86E-04 4.73E-04 2.70E-03 8.52E-03 2.37E-04 8.62E-04 2.45E-03 7.62E-03
240 1.89E-04 6.02E-04 3.29E-03 8.95E-03 3.60E-04 1.15E-03 2.89E-03 8.20E-03
270 1.95E-04 7.74E-04 3.65E-03 9.09E-03 5.04E-04 1.42E-03 3.28E-03 8.70E-03
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