A STUDY OF A DESICCANT AIR DEHUMIDIFIER REGENERATED
BY HOT AND COLD WATER HEATER

MR. PICHET LERTBOONKANKIT
ID: 55300700532

A THESIS SUBMITTED AS A PART OF THE REQUIREMENTS
FOR THE DEGREE OF MASTER OF ENGINEERING
IN ENERGY TECHNOLOGY AND MANAGEMENT

THE JOINT GRADUATE SCHOOL OF ENERGY AND ENVIRONMENT
AT KING MONGKUT’S UNIVERSITY OF TECHNOLOGY THONBURI

2ND SEMESTER 2014

COPYRIGHT OF THE JOINT GRADUATE SCHOOL OF ENERGY AND ENVIRONMENT



A Study of a Desiccant Air Dehumidifier Regenerated by Hot and Cold Water Heater

Mr. Pichet Lertboonkankit
ID: 55300700532

A Thesis Submitted as a Part of the Requirements
for the Degree of Master of Engineering
in Energy Technology and Management

The Joint Graduate School of Energy and Environment

at King Mongkut’s University of Technology Thonburi

2" Semester 2014

Thesis Committee

...... Tedame O

( Prof. Dr. Surapong Chirarattananon ) Advisor
........ @ L\/L“/

( Asst.Prof.Dr. Pattana Rakkwamsuk ) Member

158
SR © 0 S P R O
( Asst.Prof.Dr. Pipat Chaiwiwatworakul ) Member

-

L

( Assoc. Prof. Dr. Supachart Chungpaibulpatana ) External Examiner



Thesis Title: A Study of a Desiccant Air Dehumidifier Regenerated by Hot and Cold
Water Heater

Student’s name, organization and telephone/fax numbers/email
Mr. Pichet Lertboonkankit
The Joint Graduate School of Energy and Environment (JGSEE)
King Mongkut’s University of Technology Thonburi (KMUTT)
126 Pracha Uthit Rd., Tungkru, Bangkok 10140, Thailand.
Telephone: 0-8198-56909
Email address: skyin-myhigh@hotmail.com

Supervisor’s name, organization and telephone/fax numbers/email
Prof. Dr. Surapong Chirarattananon
The Joint Graduate School of Energy and Environment (JGSEE)
King Mongkut’s University of Technology Thonburi (KMUTT)
126 Pracha Uthit Rd., Tungkru, Bangkok 10140, Thailand.
Telephone: 02-8729014-5 extn 4128

Email: surapong@jgsee.kmutt.ac.th



Topic: A Study of a Desiccant Air Dehumidifier Regenerated by Hot and Cold Water
Heater
Name of student: Mr. Pichet Lertboonkankit Student ID: 55300700532

Name of Supervisor: Prof. Dr. Surapong Chirarattananon

ABSTRACT

A desiccant dehumidifier regenerated by hot and cold water heater system has been
installed and experiments were carried in a hot and humid climate (Thailand). A Desiccant
coated on a heat exchanger system can handle latent and sensible loads by removing the
moisture by an adsorption process when supplying cold water from a chiller and desorption
by supplying hot water from a heater. Influence of operation parameters including air inlet
temperature, air inlet humidity, cycle time, inlet air velocity, and water flow rate on
system. Performance are analyzed in term of moisture adsorption (D,g), moisture
desorption (D), thermal coefficient of performance (COPy,), moisture removal capacity
(MRC), Moisture removal regeneration (MRR), Dehumidification effectiveness (Egen) and
regeneration effectiveness (Eg). The system could reduce the temperature of the delivered
air by about 8°C while the humidity ratio was reduce by 0.005 kg./kgq. equivalent to 20%
relative humidity reduction.
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CHAPTER 1
INTRODUCTION

1.1 Rationale/Problem statement

In a tropical climate, a air-conditioning (AC) systems are used to remove sensible
and latent heat from building spaces. Conventionally, mechanical dehumidification using
cooling coil to cool down the ambient air below it dew-point temperature for remove the
moisture in ambient air. However, a cooling coil of an air condition system can handle
sensible load and latent load by condensation dehumidification but the coefficient of
performance (COPy,) of the system is limited to very low. It is energy-inefficient for using
this system to dehumidification.

Nodaways, there are many solutions to solve this problem, such as using a rotating
desiccant wheel to adsorb moisture from the air. A reheating process is needed to raise
again the temperature of the over cooled air before supply air into the building space. The
novel desiccant dehumidification method has been proposed. So far, various types of
desiccant dehumidifiers such as liquid desiccant, solid desiccant have been developed and
widely adopted to dehumidification system.

In this study, the experiments of a desiccant air dehumidifier was regenerated by
hot and cold water heater, is proposed and investigated experimentally under the natural
hot and humid climate conditions. The system was installed at a laboratory building at
King Mongkut’s University of Technology Thonburi, Bang Khun Tien Campus, Thailand.
A series of dehumidifier can continuous work in dehumidification and regeneration on the
same time. A heater supplies hot water for regeneration process and a chiller supply cold

water for dehumidification process. The performance of a system also discussed.

1.2 Literature Review

Nowadays, there are various dehumidifications for the dehumidified humidity of
the air before supplying it to the space. Some researchers conducted investigations on
different desiccant components, desiccant wheels, etc. for dehumidification. But there are
consumed more energy for regenerated desiccant before dehumidifier. However, many



researchers developed desiccants coated on heat exchangers (DCHE) to solve this
problem.

1.2.1 Performance of cross-flow and counter-flow regenerators

Liu et al. studied the effects of air and desiccant inlet parameters on the regenerator
performance and comparisons between present cross-flow regenerators and other counter-
flow ones. The comparison results show moisture removal rate increases with increasing
air flow rate, desiccant flow rate and desiccant inlet temperature, decreases with air inlet
humidity ratio and desiccant inlet concentration, and changes little with air inlet
temperature. Regenerator effectiveness increases with desiccant flow rate and inlet
concentration, decreases with air flow rate and desiccant inlet temperature, and is affected
little by air inlet temperature and humidity ratio. The impacts of air and desiccant inlet
parameters show similar tendency with those previously reported for counter-flow
regenerators. Dimensionless mass transfer correlation is calculated in the present study,
which is correlated by Reynolds number, Schmidt number, flow rate ratio of desiccant to
air, and water content of the desiccant. A good agreement is shown between the predicted
values and experimental data with the correlation coefficient of 0.962 [1].

1.2.2 Effect of various parameter indices

Abdalla et al. studied the performance of an internally cooled dehumidifier
using Triethylene Glycol as a desiccant. During the experimental investigation, the
dehumidifier inlet parameters, including air flow rate, humidity ratio, temperature,
desiccant flow rate, and temperature are varied. The effect of these variables on the
moisture condensation rate and dehumidifier effectiveness was studied. It is found that the
moisture condensation rate increases with increasing the inlet air flow rate, inlet air
humidity ratio, desiccant flow rate, and desiccant solution concentration. While the
dehumidifier effectiveness increases with increasing desiccant flow rate and
concentration. The dehumidifier effectiveness decreases with increasing inlet air flow rate
and humidity ratios [2].

Jia et al. has been experimentally the dehumidification performances of the
composite desiccant wheel was tested and compared with those of the silica gel wheel. The
test results indicate that the moisture removal capacity of the new composite desiccant
wheel, on average, is bigger than that of the traditional silica gel wheel by 50%, in that
high hygroscopic LiCl embedded in the pore channels of the silica gel improves its

moisture adsorption capacity. The moisture removal capacity and DCOP are affected by



the inlet air humidity, obviously. They increase with an increase in inlet air humidity.
Especially the composite desiccant wheel possesses evident dominance at low relative
humidity. Higher regeneration temperature results in more moisture removal capacity for
the two desiccant wheels. However, there are different optimal regeneration temperatures
for them. The optimal regeneration temperature of the composite desiccant wheel is lower
than that of the silica gel wheel [12].

1.2.3 Desiccant coated on heat exchanger

Nowadays, a solid desiccant component named “desiccant coated on heat
exchanger (DCHE)” is developed. In this component, a solid desiccant material is coated
on the surface of a fin-tube sensible heat exchanger, and then cooling water inside the tube
can keep cool down the passed process air in dehumidification process. There are many
current researches on silica gel coated on heat exchanger and study the influence of major
parameters on system performance in term of optimum cycle time and thermal COP.

Ge et al. fabricated two desiccants coated on heat exchangers with silica gel and
polymers. It is found that this desiccant-coated fin-tube heat exchanger well overcomes the
side effect of adsorption heat which occurs in desiccant dehumidification process, and
achieves good dehumidification performance under given conditions, with bigger transient
as well as average moisture removal and longer effective dehumidification time [3].

Ge et al. conducted research based on the whole desiccant cooling system utilizing
two DCHEs by simulation. It is found the operation time in dehumidification process is a
crucial factor for cooling capacity of DCHE system, which can be enhanced by eliminating
the initial period with higher outlet air temperature, the largest cooling power of DCHE
system increase from 2.6 kW to 3.5 kW by eliminating first 50 s of operation time under
ARI summer condition. Also, DCHE system can only provide cooling power after a short
operating duration from the initial dehumidification process [4].

Ge et al. studied solar powered desiccant coated heat exchanger cooling systems
which can provide satisfied supply air to the conditioned indoor space from 8:00 to 17:00
in June and July, the highest cooling powers are 2.9 kW and 3.5 kW, and corresponding
solar COP are 0.22 and 0.24, respectively[5].

Zhao et al. has experimentally set up a desiccant dehumidification unit in which a
silica gel coated fin-tube heat exchanger is installed and investigated. In this unit, two
silica gel coated heat exchangers (SCHE) are adopted and switched to provide continuous

dehumidification capacity. Meanwhile, hot water from vacuum tube solar collector is used



to regenerate silica gel. System performance is evaluated in terms of moisture removal
mass and thermal COP. Influences of major parameters on system performance are tested
and analyzed under Shanghai summer conditions. It was found that system performance is
affected significantly by cycle time between dehumidification and regeneration, and
optimal cycle time is 600 sec under test conditions [6].

Y. Jiang et al. has been experimentally set up built to test and compare the dynamic
performance of SGCHE and CCHE. Influences of main operation parameters including
water temperatures and inlet air conditions on system performance are analyzed in terms
of average dehumidification capacity (Dayg) and thermal coefficient of performance
(COPy,).Experimental results show that CCHE has better dehumidification performance
compared with SGCHE. In addition, precooling before dehumidification process is found
to be advantageous to both D,y and COPy, [8].

1.3 Research Objectives

The objective of this study is to conduct a theoretical and experimental study on a
desiccant dehumidification system that is regenerated by conducted heat from hot water.
The specific objectives of the study are:

e to fabricate air dehumidifiers comprising solid desiccants deposited on water to

air heat exchangers

e toconduct theoretical and experimental studies of the fabricated dehumidifiers
1.4 Scope of Research Work
In this study, a desiccant system was constructed at a laboratory building at King

Mongkut’s University of Technology Thonburi, Bang Khun Tien Campus. The experiment

was conducted in a real tropical climate.



CHAPTER 2
THEORIES

2.1 Moist Air Properties

The study of desiccant dehumidifier requires knowing properties of process airs
under different states. The following summarizes a set of formulas that can be applied for
determining at acceptable accurate level properties of the air when two other properties are
known. An alternative approach of using Psychometric chart is presented next.

2.1.1 Calculation of Moist Air Properties

Moist air in the atmosphere is a binary mixture of dry air and a small amount of
water vapor in equilibrium at a given temperature and pressure. The pressure is relatively
low so that the behavior of dry air, water vapor or the mixture can all be examined under
ideal gas law.

a) Pressure

According to Dalton’s law, the total pressure exerted by a gas mixture is the sum of

partial vapor pressure of each component:

pP=p,*p, (2.1)

where

p is the total pressure exerted by the mixture

pa and p,, are partial pressure exerted by dry air and water vapor respectively

In the given volume V (m®) of the binary mixture at absolute temperature T (K),

the following relationships are obtained according to the ideal gas law:

m,RT e
—_a ans 2.2
PV (2.2)
and,
m,RT
p, V=— (2.3)

M,



where

m, is mass of the dry air in the volume, kg

m,, is mass of the water vapor in the volume, kg

R is the universal gas constant, 8.315 kJ/ (kmol-K)

M is the molecular weight of dry air, 28.9645 kg/ kmol

M,y is the molecular weight of water vapour, 18.01528 kg/ kmol

b) Humidity ratio

The humidity ratio or the absolute humidity (w) of moist air at a given condition is

the ratio of the mass of water vapor to the mass of dry air contained in the same volume:

_ m,, (kg water vapor in the mixture)

2.4
m, (kg dry air in the mixture) (2.4)
From equation (2.2) and (2.3), we obtain
M,, p
=~ 5 25
M, p, (2.5)
18.01528 p,,
B X 2.6
289645 p, (2.6)
0.62198 p
W= ——— 2.7)
p-p,,

The relationship between the humidity ratio and the relative humidity is expressed
as

0.621989,,
W= 22 T Py (2.8)
P-Dwby
where p = 101.325 kPa at standard condition.

¢) Specific volume



The specific volume (v), m*kg dry air of a moist air mixture is the volume of that
mixture per unit mass of dry air:

v=—o0 (2.9)
From the equation (2.2), this can also be expressed as

_ RTabs

V= (2.10)
p,Ma

Writing pa = p-pv, and substituting M, = 28.9645 in the last expression gives

V= RTabs
(28.966)(p-p,,)

(2.11)

Substituting the value for the universal gas constant R, and the last expression is
reduced to

0.2871T, . ,
v=————, m’/kg dry air (2.12)
(p-p,,)

d) Relative humidity

The relative humidity (¢w) of moist air at a given temperature and pressure is the

ratio of the existing partial vapor pressure (p,) to the saturation pressure at the same
temperature and pressure (Pys):

Bo= — (2.13)

This quantity has no unit and is often expressed in terms of percentage.

e) Saturation vapor pressure

Under a given pressure, the maximum vapor pressure, or saturation vapor pressure
is related to the temperature. From ideal gas law this relationship is given as:



6834.27

Py (Tabs)= exp [53.5224- -5.17 ln(TabS)] , kPa (2.14)

abs

A similar relationship is given by ASHARE (ASHARE, 2009) for temperature
range of 0- 200°C as:

P, (Tabs)= €Xp [TC:) + Cot C3Typet CyTo+ CsTop ot C6ln(Tabs)] ,kPa (2.15)
where

C;  =-5.8002206 x 10°

C, =-5516256

C;  =-4.8640239 x 107

C, =4.1764768 x 107

Cs  =-1.4452093 x 10°®

Cs = 6.5459673

f) Wet bulb temperature

The wet-bulb temperature of air is measured by a thermometer whose bulb is
covered by a muslin sleeve which is kept moist with distilled and clean water, freely
exposed to the air and free from radiation.

g) Enthalpy of moist air

The enthalpy of moist air is the sum of the enthalpy of each constituent. The

enthalpy of dry air h, is given as

kJ
hy=Ca(T-To), (2.16)

where

Ca is the specific heat capacity, kJ/ (kg.K) of dry air

T is its (dry bulb) temperature

Tr is the reference temperature

In SI unit, Tg is at 0°C. For the normal temperature range (0-100°C), the value of

Cais 1.006 kJ/ (kg.K). Therefore, the enthalpy of dry air can be expressed as



h,=1.006T K 2.17
a~ - 4 kg ( * )

The enthalpy of water vapor h, comprises the enthalpy of water vapor at the
reference temperature hy = 2501 kJ/ kg, and the enthalpy of superheated vapor at T:

kJ
h=hyt G T, (2.18)

where C,, is the specific heat capacity of the superheated vapor. Its value is given
as 1.805 kJ/(kg.K). The enthalpy of moist air (h) is then given as

h=h,+ Wh, (2.19)

h=1.006T+W(2501+1.805T), kJ/kg dry air (2.20)

h) Dew-point temperature

The dew point temperature of a moist air is the saturation temperature reached
when the air is cooled down without moisture added or extracted from it. The dew-point
temperature can be calculated from the partial vapor pressure p, of the given moist air
using the following relationship (ASHARE, 2009): Between dew points of 0 and 93°C,

Tgy=6.54+14.526In(p, )+0.7389[In(p, )]*+0.09486[In(p, )]'+0.4569(p, )*'***, °c
(2.21)

2.1.2 Psychrometric Chart

Psychrometric charts as shown in Figure 2.1 are constructed to assist in obtaining
value of a property of moist air. If two property values of the moist air are given, so the
state of moist air is exactly known. The chart can be used to find all other property values
of a given moist air condition by the following:

e Humidity ratio

e Enthalpy

e Specific volume

e Dry-bulb temperature

e Wet-bulb temperature
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Figure 2.1 Psychrometric chart

2.2 Desiccant Dehumidifier types

Air dehumidification can be achieved by two methods: (I) cooling the air below its
dew point and removing moisture by condensation, or (2) sorption by a desiccant material.
Desiccants in either solid or liquid forms have a natural affinity for removing moisture. As
the desiccant removes the moisture from the air, desiccant releases heat and warms the air,
i.e., latent heat becomes sensible heat. The dried warm air can then be cooled to desired
comfort conditions by sensible coolers (e.g., evaporator coils, heat exchangers, or
evaporative coolers). To re-use the desiccant, it must be regenerated or reactivated through
a process in which moisture is driven off by heat from an energy source such as electricity,

waste heat, natural gas, or solar energy.
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Figure 2.2 Solid-Desiccant-Wheel Dehumidifier (Munters Cargocaire)

For industrial applications, solid desiccant cycles use dual-column packed-bed
dehumidifiers; however, the most appropriate dehumidifier configuration for air-
conditioning applications is the rotary wheel . The air to be dehumidified enters the system,
comes into contact with the desiccant wheel, and exits the dehumidifier hot and dry. The
wheel is then rotated so that the desiccant portion that has picked up moisture is exposed to
hot reactivation air and its moisture removed.

Since the air leaving the desiccant is heated because of the release of heat
adsorption, there is a need for cooling the dried air in cooling applications. This can be
accomplished with a sensible heat exchanger such as a heat pipe or with a standard vapor-
compression cooling coil. Figure 2.3 shows schematics of a desiccant air conditioner
incorporating direct-evaporative coolers and a rotary solid-desiccant wheel.

Figure 2.4 is a schematic of a liquid-desiccant dehumidification system. In a liquid
system, there are two separate chambers—one to perform the dehumidification (or
conditioning) and the other to reactivate (or regenerate) the desiccant. The processed air
from the dehumidification chamber enters into the conditioned space. The desiccant,
leaving the dehumidification chamber containing absorbed moisture, goes through a heat
exchanger and down to the regenerator, where heat is added to remove the moisture. The
liquid desiccant is pumped continually between the two chambers when dehumidification

is needed.
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Figure 2.3 Schematic of a Solid-Desiccant Air Conditioner
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Figure 2.4 Schematic of a Liquid-Desiccant Dehumidification System

2.3 Desiccant Dehumidification Applications

Desiccant systems are especially useful when the latent load is high (i.e., when the
latent-to-sensible heat ratio is high), because they remove moisture more economically
than they remove sensible heat. Another desirable situation is when the cost of
dehumidification with a desiccant is lower than the cost of dehumidification with a
refrigeration system. This is where thermal energy comes into the picture: there are

instances where desiccant regeneration done by waste heat, natural gas, or off-peak
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electricity is more economical compared to regular electric refrigeration. Because there is
no need for reheating with desiccant dehumidification systems, another appropriate use is
when conditioned air must be reheated after coming out of a coil to reach a comfortable
dry-bulb temperature. Finally, the use of a desiccant is well-suited to the case where
dehumidification is required at levels below freezing dew-point temperatures. For example,
an ice arena has is a great deal of humidity, but the cooling coil has to cool below the
freezing point. In such an environment, dehumidification with desiccants can play a major

role.

2.4 Performances of Desiccant Dehumidification

To maximize benefit for the desiccant system performance and for proper sizing, a
clear understanding of the variables that affect the performance is essential. There are eight
key parameters which affect the performance of desiccant. The process air expected to
dehumidification before entering the room is called process air and reactivation air is used
to regenerate desiccant after desiccant surface is humid from adsorbing a lot of water.
These parameters include:

e Process air moisture

e Process air temperature

e Process air velocity through the desiccant

e Reactivation air temperature

e Reactivation air moisture

e Reactivation air velocity through the desiccant

¢ Amount of desiccant presented to the reactivation and process airstreams

e Desiccant sorption-desorption characteristics

In any system, these variables change because of weather, and variations in
moisture load moreover, the exact effect of each parameter depends on the type of
desiccant dehumidifier. In discussing desiccant dehumidifier performance, it must be made
on basic assumption at the start to the dehumidifier is operating at equilibrium. In other
words, the total energy on the process side is balanced by the energy in regeneration side.
If the system is not in equilibrium, a desiccant dehumidification will not perform in an
easily predictable manner. Uncontrolled of airflows and temperatures tend to the system is

not in equilibrium.
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2.5 Performance indexes
a) Moisture removal rate (AD)

AD = Da,in - Da,out

Where D,;, and D,,,, are humidity ratio of process air inlet and outlet,
respectively in g/kg

b) Thermal coefficient of performance (COPy,)

Thermal coefficient of performance (COPy,) is used to show the overall energy
efficiency. It is defined as the ratio between average enthalpy exchanged of process air in
efficiency dehumidification process (Qco) and average heat exchanged of water in
effective regeneration process (Qreg). The electrical power input of the fans is neglected for

heat energy is the primary source of energy.

Qcool _ ma(ha,in - ha,out)

COPth = =
Qreg Cpmw (Tw,in - Tw,out)

Where my, is the mass flow rate of water (kg/s),C, is specific heat of water
(kJ/kg-K),and T,, is the temperature of water, m, is the mass flow rate of air (kg/s), hy is
the enthalpy (kJ/kg) of process air.

¢) Moisture removal capacity (MRC)

Moisture removal capacity (MRC) shows the amount of moisture removed in the
air passing the desiccant wheel. MRC is the calculation of the desiccant wheel sorption

rate. The formulation of the MRC is presented as

MRC = ma,deh(VVin - Wout)

Where 1 40, is mass flow rate of dehumidification process air in (kg/s), W in term of
humidity ratio (kgw/Kgga)

d) Moisture removal regeneration (MRR)

Moisture removal regeneration (MRR) is the performance of the desiccant wheel in
removal of moisture from its desiccant surface. The formulation of MRR is presented as
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MRR = ma,reg Win = Wour)

Where 1 .4 is mass flow rate of regeneration process air in (kg/s), W in term of
humidity ratio (kgw/kgda)

e) Dehumidification effectiveness (Egen)

Eqen represents the ratio between the humidity reduction across the heat exchanger
and the inlet humidity ratio, (Mandegari MA., Pahlavanzadeh H.)

Dehumidification effectiveness= M

Where W in term of humidity ratio (kgw/KQda)

f) Regeneration effectiveness (Eeg)

The calculation of the amount of regeneration heat that consumed for desorbed
water is given in the regeneration effectiveness (Ereg).
Win—Wout

Regeneration effectiveness=

in

Where W in term of humidity ratio (kgw/Kgga)



CHAPTER 3
METHODOLOGY

This study focuses on a desiccant dehumidification for decreasing cooling the load
in a tropical climate. The dehumidification system comprises main equipments of

desiccant, heat exchanger, heater, chiller, ventilation fan and pump.

3.1 Dehumidification System

3.1.1 Dehumidification Schematic Diagram

Fig 3.1 shows the schematic of the system. This system consists of two sets of heat
exchangers. In addition, a chiller provides cold water for dehumidification process. A
heater generates hot water for regeneration process. In the system installed two storage
water tanks for store hot water and cold water. The 3-way valves are installed for switched
direction between hot and cold water. Timers used for controlling the 3-way valves by time
setting. The process of this system divided for two modes dehumidification and
regeneration modes. When one part of heat exchanger in dehumidification process supplied
by cold water and outlet water return to cold water tank. Meanwhile, other part of heat
exchanger is in regeneration mode by supply hot water and water outlet water return to hot

water tank.
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Figure 3.1 Schematic diagram of the desiccant dehumidification system

Figure 3.2 Pictorial view of the desiccant dehumidification system
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Figure 3.3 Experiment setup of desiccant heat exchanger A
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Figure 3.4 Experiment setup of desiccant heat exchanger B

Figure 3.2 shows the pictorial view of the dehumidification system and the position
of the devices in the system, such as heater, chiller, hot water tank, cold water tank and etc.
And Figures 3.3 and 3.4 shows the composition of the desiccant heat exchanger A and B,
and the position of the measurement sensor installed in this system.

3.1.2 Heat Exchanger Coated with Silica-gel

a) Silica gel

The silica gel come from a Thai powerdry company .The chemical properties of
silica sand is the same as silica gel. The only difference is size of silica sand is slightly
smaller than silica gel. Silica sand has diameter of 0.1- 0.7 mm. Silica sand is available in
porous, granular, and amorphous from, synthetically manufactured from the chemical
reaction between sulfuric acid and sodium silicate. The internal structure of Silica sand is
composed of a vast network of interconnected microscopic pores which attract and hold
water, alcohol, hydrocarbons and other chemicals by the phenomena known as physical

adsorption and capillary condensation.
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Advantage of Silica-gel
Silica gel has the ability to adsorb up to one third of its own weight in water vapor.
This adsorption efficiency is approximately 35% greater than typical desiccant clays,

making Silica-gel the preferred choice where weight or efficiency are important factors.

Figure 3.5 Silica-gel (0.1-0.7mm) before and adsorbed humidity after 1 day

b) Ball mill
For mashed silica-gel to small particle used Ball mill planetary mill from Fritsch

company type planetary mill pulverisette 5

Figure 3.6 Equipment for mashed (planetary mill)

) Heat exchanger

In this experiment, used heat exchanger from hot coil heat exchanger from
motorcycle of Honda CBR model. The heat exchanger size is 0.25x0.18x0.025m.The
overall heat transfer coefficient is 10 w/m?K. And the area of the heat exchanger is 0.42

m2.
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Figure 3.7 Heat exchanger

d) Adhesive spray

Adhesive Spray used in this experiment should have high temperature resistance.

Figure 3.8 Adhesive Spray 3M
e) Spray color
For coating silica-gel on the heat exchanger, used spray color for pressing the small
size particles of silica-gel to the surface of heat exchanger. After coated silica-gel the
arrangement of silica-gel on the heat exchanger is regularly.
e

s

Figure 3.9 Spray color and Air compressor
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Figure 3.10 Heat exchanger before and after coated silica-gel

3.1.3 Hot and cold water system

a) Heater

Define: Area of a fin (front and back sides) = 0.42 m?
Cross-sectional area of air outlet =0.034 m?
Maximum of water flow rate =16 I/min
Maximum of air flow rate = 146.86 m*h
Maximum of air velocity =1.2m/s
Specific heat of water at 80°C =4194 J/kg°C

Calculation of the required heat transfer at the water flow rate of 16 I/min
Q = MmC,AT
- kg 1 °
Q = 02677 x 4194 == x (15)°C
Q=1679W
Heating capacity of the heater must be more than 1.68 kW.

Calculate volume of hot water tank by:
Q = m,, C, AT
1679 W = m,,x4194j/(kg°C)x(90-30)°C
m,=0.007 kg
from p=miv
1000 (kg/m®) = (0.007 kg)/v
V = 7 liter

Hot water tank is 7 liter
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The temperature of hot water for regeneration required is relatively (50-80 °C)

Figure 3.11 Heater

b) Chiller
Calculation of the required chiller capacity by:
Q = mC,AT

J
kg°C

Q =0.167 x 4181 X (1)°C

Q =696 W
Chiller capacity for cold water is 696W
Calculate volume of cold water tank by:
Q = m,, C,AT
696 W = m,,x4181 j/(kg°C)x(30-25)°C
m,,=0.033 kg
from p=miv
1000 (kg/m®) = (0.033 kg)/v
V = 33 liter

cold water tank is 33 liter

(o Jaen

HS SERIES

CHILLER

Figure 3.12 Chiller
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c) Hot and cold water pumps
In this experiment, used 2 water pumps for hot and cold water to supply both heat

exchangers.

e

e ——

&

Figure 3.13 Hot and cold water pump

After calculating mass the flow rate of the pump, then selected pump have water
flow rate 17.5 I/min for hot water and 12 I/min for cold water. The size of pump was higher
water flow rate than calculated because it can protect pressure drop in this system.

d) Ventilation Fan

For this experiment, installed 2 sets of ventilation fan in this system. Both are
responsible to drive the ambient air for dehumidification and regeneration processes Figure

3.22 shows the ventilation fan of system.

Figure 3.14 Ventilation fan

3.1.4 System Controllers
a) Time Controller
Digital timer was installed to control the cycle time for dehumidification and

regeneration processes.
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Figure 3.15 Digital timer

b) Three -way valve
In this experiment, the direction of hot and cold water was controlled by electricity
three way valves before supplying to the heat exchanger. The three way valves were

controled by a digital timer.

Figure 3.16 Three-way valve

3.2 Measuring instrument

3.2.1 Air velocity and humidity sensor

The air velocity, temperature and humidity ratio of the inlet and outlet air were
measured by four set high accuracy and multi-functional digital hot wire anemometer
(type: AMA4224SD produced by Lutron Instruments).The measurement range of air
velocity 0.2-25m/s with accuracy of 5% The measurement range of temperature is 0-50°C
with accuracy of £0.8°C and measurement range of relative humidity is 5-98%RH with

accuracy of +1%RH.
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Figure 3.17 Air velocity and humidity sensor

3.2.2 Water temperature sensor
In this system, the temperature of the hot and cold water were measured by PT-

100RTD, with an accuracy of £0.15°C.

Figure 3.18 PT-100

3.2.3 Hot and cold water flow meter
Two sets of water flow meters were installed to measure the water flow rate of hot

and cold water for each case in this experiment. Water flow meter can resist high

temperature of water.
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Figure 3.19 Water flow meter

3.2.4 Data logging system

In the experiment building, a National Instrument (NI) data logging system was
provided to serve intensive measurements of ambient temperature, hot water temperature,
cold water temperature, and humidity ratio inlet and outlet of the air.

The software program of the computer controller was developed by the use of the
data acquisition toolbox of National Instrument (NI) Lab View software. Figure 3.20(a) is
a photograph of the NI computer data controller with a SCXI 1000 chassis and a signal
conditioner SCXI-1102 mounted with a front-end SCXI-1503. Figure 3.20(b) exhibits a
front panel of the real time data monitoring. All the measured data from the sensors are

recorded onto the computer hard disc every ten seconds.
B —————————————
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(a) Data acquisition (DAQ) system (b) Font panel the DAQ system

Figure 3.20 Data acquisition system for the experiment
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3.3 Experimentation and Facilities

The experiments of a desiccant air dehumidification were conducted at
Bangkuntien Campus of King Mongkut’s University of Technology, Thonburi. The
campus is located in the suburban, southern part of Bangkok (latitude 14.7°N and
longitude 100.5°E). The main facilities, a laboratory building, and a meteorological
station. The details of each facility including the experimental procedure are described

below.

Figure 3.21 Experiment house
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Figure 3.22 Floor plan of the experimental building

3.4 Experiment schemes

As presented in Table 3.1, different schemes of the experiments were set to
investigate the characteristics and performance of a desiccant air dehumidification system.
Table 3.1 shows the regeneration temperature, the dehumidification temperature, air
velocity and hot and cold water flow rate are the parameters to be varied each of which
way set for three particular values. Regeneration temperatures of hot water are varied for
55, 65, 75 and 80°C. Air velocities were varied for 0.5, 0.8, and 1.2 m/s. Lastly, the water
flow rate of the hot and cold water flow rate were varied for 10, 13, 17 I/min and 5, 7, 10

I/min, respectively.
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Table 3.1 Total experimental conditions of a desiccant air dehumidification system

. e Air Hot cold
Case Regeneration Dehumidification velocit water | water
o o y
temperature (°C) | temperature (°C) (mis) flow flow
(I/min) | (I/min)
0.5
1-3 75 25 0.8 10 5
1.2
0.5 7
4-6 75 25 0.8 13
1.2
0.5
7.9 75 25 0.8 17 | 10
1.2
10 75 15 1.2 13 7
11 75 20 1.2 13 7
12 75 30 1.2 13 7
13 55 25 1.2 13 7
14 65 25 1.2 13 7
15 80 25 1.2 13 7




CHAPTER 4
RESULTS AND DISCUSSIONS

4.1 Experimental results

In this experiment, the measured data was divided into 9 conditions test exclude the
effect of hot and cold water temperature. There are three conditions for water flow rate and
three condition for air velocity in process 0.5, 0.8, and 1.2 m/s, respectively. The cycle
times in this experiment varied for 360, 480, 600, 720 and 900 second. The measured
parameters in this experiment include temperature, humidity ratio and flow rate of air inlet
and air outlet.

The measured data are moisture adsorption from the dehumidification process
(Dags) and the moisture desorption from the regeneration process (Dges). The effective of
the system represented by the Thermal coefficient of performance (COPy,), Moisture
removal capacity (MRC), Moisture removal regeneration ratio (MRR), Dehumidification
effectiveness (Eqen), and regeneration effectiveness (Ereg).The results are shown in Table
4.1 below.
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Table 4.1 The result of an experimental performance at the dehumidification and

regeneration systems under difference conditions

Average Average

Water Air . moisture moisture
Flow velocity Cycle time adsorption desorption COPy '\I:IF;hC '\I:IF;E Edgen | Ereg

rate (mis) (sec) (0w/kgae) (0w/kga) (ka/h) | (kg
Dehumidification Regeneration

360 3.00 4.25 045 | 022 | 026 | 014|020
480 3.30 6.05 053 | 023 | 037 | 0.14 | 0.26
0.5 600 2.94 556 050 | 022 | 034 | 014026
- 720 3.00 523 043 | 021 | 032 | 0.13 | 0.24
900 2.70 572 039 | 019 | 035 | 012 | 0.26
Avg 2.99 536 046 | 021 | 033 | 013 | 0.4
360 3.60 6.13 040 | 042 | 060 | 015026
480 2.90 521 037 | 034 | 051 | 013|023
600 279 439 050 | 032 | 043 | 013 | 0.20
Low 0.8 720 2.90 4.29 040 | 034 | 042 | 013|019
900 291 276 036 | 033 | 027 | 013|012
Avg 3.02 455 041 | 035 | 045 | 013 | 0.20
360 3.80 6.39 076 | 065 | 092 | 013 | 0.33
480 3.60 6.18 070 | 063 | 089 | 014|027
12 600 350 5.07 069 | 060 | 073 | 0.14 | 0.20
- 720 3.00 521 067 | 052 | 075 | 013|022
900 2.90 5.00 065 | 050 | 0.72 | 013|022
Avg 3.48 557 071 | 060 | 082 | 0.14 | 0.26
360 4.40 2.29 048 | 032 | 014 | 019010
480 450 180 040 | 032 | 011 | 0.19 | 0.08
0.5 600 4.90 2.45 043 | 035 | 015 | 0.20 | 0.10
- 720 4.90 343 062 | 035 | 021 | 020013
900 4.40 212 054 | 032 | 013 | 0.8 | 0.09
Avg 462 242 049 | 033 | 015 | 019 | 0.10
360 350 2.25 047 | 041 | 022 | 015010
480 3.70 194 042 | 043 | 019 | 0.16 | 0.08
: 600 3.80 3.68 041 | 044 | 036 | 015015
Medium 0.8 720 3.80 1.94 039 | 044 | 019 | 0.6 | 0.08
900 3.80 102 047 | 043 | 010 | 0.15 | 0.04
Avg 372 217 043 | 043 | 021 | 0.5 | 0.09
360 2.80 271 037 | 049 | 039 | 0.3 | 0.10
480 2.60 2.92 040 | 045 | 042 | 012 | 0.14
19 600 3.15 3.26 041 | 054 | 047 | 0.14 | 0.14
' 720 2.90 2.08 036 | 047 | 030 | 0.2 | 0.09
900 2.60 278 039 | 045 | 040 | 012 | 0.12
Avg 281 275 039 | 048 | 040 | 013 | 012
360 420 7.19 044 | 030 | 044 | 018 | 032
480 3.90 7.84 041 | 028 | 048 | 017 | 035
0.5 600 3.64 7.68 054 | 026 | 047 | 017 | 037
- 720 3.80 7.03 062 | 028 | 043 | 018 | 033
900 3.60 7.19 044 | 026 | 044 | 017 | 0.34
Avg 3.83 739 049 | 028 | 045 | 0.17 | 0.34
360 5.30 2.66 065 | 061 | 026 | 022011
480 430 2.86 055 | 049 | 028 | 017 | 0.12
: 600 358 4.29 054 | 041 | 042 | 017 | 0.20
High 0.8 720 430 439 064 | 050 | 043 | 018|019
900 4.00 4.49 078 | 046 | 044 | 0.6 | 0.18
Avg 430 3.74 063 | 049 | 044 | 018 016
360 5.00 5.42 049 | 087 | 078 | 019 | 0.8
480 5.00 535 072 | 088 | 0.77 | 020 017
19 600 523 576 061 | 090 | 083 | 021023
' 720 4.80 4.86 070 | 078 | 0.70 | 0.19 | 0.19
900 5.00 597 079 | 087 | 086 | 020 | 0.21
Avg 501 547 074 | 086 | 0.79 | 0.20 | 0.20
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Cycle time=720 sec,V,=0.5 m/s,Low water flow rate
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Figure 4.1 Air humidity ratio and air temperature conditions of air velocity 0.5 m/s at low

water flow rate

Figures 4.1(a)-(e) show the relation between air humidity ratio and air
temperature on various cycle times of air velocity 0.5 m/s at low water flow rate. For this
experiment, the temperature of the cold water supplied was set at nearly 25°C for
dehumidification process and hot water supplied was nearly 75°C for regeneration process.
At the regeneration time, the humidity ratio of air was higher than air inlet humidity ratio
because the moisture desorbed from silica-gel which coated on the heat exchanger and

released to the air. When changed mode for dehumidification time the humidity ratio of the
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air outlet dropped to lower than air humidity inlet and slightly increased to equilibrium
condition with nearly to air humidity inlet.

4.1.1 Effect of cycle time

From Table 4.1, the performance indices of system from each case seem to be not
significantly different except on cycle time 360 sec to 900 sec. The valves of performance
average moisture adsorption, average moisture desorption, COPy,, MRC, MRR, Ege,, and

Ereg are nearly same every cycle time in the same condition.
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Figure 4.2 The results from the parametric desiccant dehumidifier system

Figures 4.2(a)-(g) are illustrate all of parameters which represent the performance
of the system. Figure 4.2(a) shows the moisture adsoption from 2.81 to 5.01 g/kg. Figure
4.2(b) shows the moisture desorption of the system those increased from 2.17 to 7.39 g/kg.
MRC of the system is highest at high water flow rate and velocities of air 1.2 m/s. The
values of parameter indices each of case are significantly different. MRR of the system is
highest at low water flow rate and velocities of air 1.2 m/s condition, which nearly high
water flow rate and velocity of air 1.2 m/s condition. Figure 4.2(e) illustrates the
effectiveness of dehumidification (Egen) process are from 0.13 to 0.22.The highest

regeneration effectiveness (Erg) is 0.34 at high water flow rate and velocity of air 0.5 m/s.
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4.1.2 Effect of air velocity
In this part of the experiment, the air velocity before being supplied to the air
dehumidifier is separated to 3 valves such as 0.5 m/s, 0.8 m/s and 1.2 m/s, respectively. To

evaluate the effect of air velocity to dehumidification and regeneration of the system.
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Figure 4.3 Effect of air velocity on the system

Table 4.2 Average heat exchanger rate under different inlet air velocities

Velocity of Qa(kW) Qu(kW)
inletair (m/s) | Low | Medium | High | Low | Medium | High
0.5 0.17 0.38 0.27 0.37 0.78 0.55
0.8 0.35 0.56 0.56 0.85 1.3 0.89
1.2 0.65 0.69 0.9 0.92 1.75 1.22

Figures 4.3(a)-(g) illustrate the experimental results on the effect of air velocity (va)
on the system performance. The ranges of air velocity are 0.5, 0.8 and 1.2 m/s,
respectively. Figure 4.3(a) shows the moisture adsorption increase when increasing air
velocity at low water flow rate and high water flow rate. On the other hand, the moisture
adsorption decrease when increasing air velocity on medium water flow rate.

Figure 4.3(b) shows the influences of moisture desorption in various air velocities.
The results indicate that low air velocity preferred higher moisture desorption.

Figures 4.3(d)-4.3(e) show the influences of MRC and MRR on the effect of air velocity.
When increase air velocity MRC and MRR also increasing. The range of MRC and MRR
are 0.20 -0.85 kg/h and 0.18-0.82 kg/h, respectively.

Lastly, the COPy, of the system decreases when increasing air velocity is at low and
medium water flow rate at 0.5,0.8 m/s and 0.5,0.8 and 1.2 m/s, respectively. However, the
COPy, of high water flow trend to be increase from 0.49 to 0.74 because the temperature
and humidity of ambient air cannot control as present on Figure 4.4. That should be effect

to COPy, of system.
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Figure 4.4 Sample of air inlet temperature and air humidity ratio of the experiment

4.1.3 Effect of water flow rate

The experiments of a desiccant air dehumidifier at different water flow rates under
various air velocites. The value of water flow rate of hot and cold water as shown in Table
4.3.
Table 4.3 The values of the water flow rate

Hot water | cold water
Water flow | flow rate flow rate
(I/min) (I/min)
Low 10 5
Medium 13 7
High 16 10
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Figure 4.5 Effect of water flow rate

Figure 4.5(a) illustrates the range of humidity ratio of low, medium, and high water
flow rates are 2.99 g/kg-3.48 g/kg, 2.81 g/kg-4.62 g/kg, and 3.83 g/kg-5.01 g/kg,
respectively. Figure 4.5(b) shows the moisture desorption of the system released from
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2.179/kg-7.39 g/kg at different water flow rates. The highest moisture desorption in case of
high water flow rate and air velocity is 0.5 m/s. Observing from the plot in Figure 4.5(c)
,the moisture removal capacity (MRC) of the system increase when increasing water flow
rate. Figure 4.5(d) illustrates the moisture regeneration removal (MRR) of the system are
fluctuate and highest MRR located on low water flow rate and air velocity is 1.2 m/s. The
influence reason is from Dg.. High moisture desorption (Dge) and high velocity of air are
directly effect to moisture regeneration removal (MRR). The effectiveness of
dehumidification and regeneration of the system increase when increasing flow rate of
water as shown in Figures 4.5(e) and 4.5(f), respectively. However, the thermal coefficient
of performances of the system (COPy,) fluctuate and the highest COPy, of the desiccant
dehumidification system occurs at high water flow rate at air velocity 1.2 m/s.

4.1.4 Effect of hot water temperature

This part of the experiment to evaluate the effect of hot water supplied to the
system for regeneration of the desiccant coated on the heat-exchanger. The values of the
hot temperature are 55 °C, 65 °C, 75 °C and 80 °C.
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Cycle Time = 600 sec,T,;,=65 °C
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Figure 4.6 Result from an experimental set up of a desiccant air dehumidification system

on different hot water temperatures for the regeneration process
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Table 4.4 Performance of a desiccant air dehumidifier under different hot water

temperatures
Average Average
Temp.of hot moistu_re moistu_re Avg | MRC | MRR Eur | E
water (°C) adsorption desorption | COPy, | (kg/h) | (kg/h) ¢ e
(9w/KQda) (9w/KJaa)
55 2.46 0.63 1.7 0.43 | 0.09 | 0.11 | 0.03
65 2.5 2.85 043 | 043 | 041 | 011 | 0.12
75 3.15 3.26 0.79 | 054 | 047 | 0.14 | 0.14
80 3.2 3.26 0.44 | 055 | 047 | 0.14 | 0.14

Figure 4.6(a) shows the effects of hot water temperature at 55°C. The moisture

desorption by supplied hot water is very low. It should be not effective for regenerate the

moisture at this temperature. Figure 4.7 shows the effect of hot water temperature on the

system .The water temperature range (Tw,) 55, 65, 75 and 80°C respectively. The hot

temperature is crucial operating parameter which effects to system performance

significantly. At regeneration water temperature of 55°C the average moisture desorption is

lowest and COPy, of this condition is highest. When water regeneration temperature

increase from 55-80°C average moisture adsorption and desorption are increase from 2.46-
3.2 (gw/kgga) and 0.63 to 3.26 (gw/kgga) respectively. On the other hand, COPy, of the

systems fluctuate and the suitable condition is hot water temperature 75°C because high

COPy, and more moisture adsorbed and desorbed from desiccant.
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4.1.5 Effect of cold water temperature

This part of the experiment is to evaluate the effects of cold water supplied to the
system for dehumidification mode. The values of cold water temperature are 15°C, 20

°C,25 °C, and 30 °C, respectively . The results are show in the graphs below.
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Figure 4.8 Results from an experimentals set up of desiccant air dehumidification system
at different cold water temperature for dehumidification process
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Figure 4.9 Effect of cold water temperature (Ty.c)
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Table 4.5 Performance of a desiccant air dehumidifier under different cold water

temperatures
Average Average
Temp.of cold moisture moisture Avg | MRC | MRR . .
water [°C] adsorption desorption | COPy, | (kg/h) | (kg/h) | %M | =re
[9w/KYaa] [9w/KJaa]
15 1.4 7.08 3.53 1.33 1.02 | 0.33 | 0.32
20 6.8 6.94 2.57 1.21 1.00 0.3 0.3
25 3.15 3.26 0.41 054 | 047 | 0.14 | 0.14
30 2.8 2.78 0.64 0.45 0.4 0.12 | 0.12

In this experiment, the cold temperature variation ranges arel5, 20, 25 and 30 °C.

Figure 4.9 shows the influence of cold water temperature Ty, on system, D,4s , Dges »
COPw#, MRC, MRR, Egen, and Eyeg . The plot illustrates Dags and COPy, of system decrease
with increasing cold water temperature. When T, increase from 15 to 30 °C, Dygs Of

system decrease from 7.4 g/kg to 2.8 g/kg, respectively. At the same time, COPy, of system

decrease from 3.53 to 0.41. As can be seen from Figure 4.9(a) large different moisture

adsorption between cold water temperature 20°C and 25°C. So, better dehumidification

temperature should be lower than 25°C is effective to this system.




CHAPTER S
CONCLUSION

5.1 Conclusions

In this study, a desiccant-coated on a heat exchanger with using silica-gel driven by

a heater and chiller are investigated. A system was conducted in tropical climate

(Thailand). The dehumidifier supply by realistic ambient air. High temperature and

humidity effect to the performance of the system. It cannot control the ambient air

condition. The main finding can be summarized as;

Different cycle times significantly influences the performance of the desiccant
dehumidification system. The results show that both average moisture removal and
COPth increase as cycle time increases .And suitable cycle time of this experiment
IS 600 sec, It can consume low heat capacity.

Cold water temperature influences the performance of the system. Dad and COPth
increase with lower cold water temperature. This experiment cold water
temperature 20°C can consume more performance of dehumidification process.
Hot water temperature can enhance Dad and Dde, but COPth decreases. The
suitable temperature for hot water is 75°C or higher than this temperature for
regeneration process.

The air velocity influences the adsorption and desorption processes. The effective
air velocity is 0.5 m/s. Because mass transfer can be more efficient, it can enhance

Dad and Dde of dehumidification and regeneration process of system.

5.2 Suggestion

The existing desiccant dehumidifier system currently uses electricity to produce

heat for desiccant regeneration and dehumidification. For further study, a solar water

heating system and cooling tower should be integrated into the system for providing hot

water and cold water, respectively.
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APPENDIX A

Graphs of the results of the experiment
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a) Low water flow rate and velocity of air 0.5 m/s
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Figure A.1 The result of low water flow rate and velocity of air 0.5 m/s
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b) Low water flow rate and velocity of air 0.8 m/s
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Cycle time=720 sec,V,=0.8 m/s,Low water flow rate
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Figure A.2 The result of low water flow rate and velocity of air 0.8 m/s

¢) Low water flow rate and velocity of air 1.2 m/s

Cycle time = 360 sec,V,=1.2 m/s, Low water flow rate
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Cycle time=480 sec,V,=1.2 m/s, Low water flow rate

80

60

40

Air humidity ratio [kg,/kg,.]

0

480

t',-l

960 1440 1920 2400 2880
Time [SEC]

3360

—

)
[=}
Air temperature [°C]

£
=

-60
3840

~Inlet humidity ratio -=Outlet humidity ratio —Inlet air —Outlet air

o o
S o 2 o
= »2 (=1 4+~
D B w

2
=]
2
h

Air humidity ratio [kg,/kg,,]
S =
TS

0.01

Cycle tim

(b) Cycle time 480Seconds

Regeneration Dehumi Dehumi Reg

0

600

s

1200 1800 2400 3000 3600
Time [SEC]

4200

jir 1

Air temperature [°C]

e=600 sec,V,=1.2 m/s,Low water flow rate

Dehumidification

80
160

.40

'
=
(=]

-60
4800

—Inlet humidity ratio -=Outlet humidity ratio —Inlet air —Outlet air

0.030

0.025

0.020

Air humidity ratio [kg,/kg,,]|

(c) Cycle time 600 seconds

Cycle time=720 sec,V,=1.2 m/s,Low water flow rate

0.015

0

.90

60

720

1440 2160 2880 3600 4320

n — —"

5040

5760

ime C
~~Inlet humidity ratio -'-Outilt;ltlﬁunl-l? 1ty] ratio ~Inlet air ——Outlet air

(d) Cycle time 720 seconds

Air temperature [°c|



56

Cycle t1me—9|}0 sec,V, —l 2 m/s,Low water flow rate
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Figure A.3 The result of low water flow rate and velocity of air 1.2 m/s

d) Medium water flow rate and velocity of air 0.5 m/s

Cycle time = 360 sec,V,=0.5 m/s, Medium water flow rate
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Cycle time=600 sec,V,=0.5 m/s,Medium water flow rate
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Figure A.4 The result of medium water flow rate and velocity of air 0.5 m/s

e) Medium water flow rate and velocity of air 0.8 m/s
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Cycle time = 360 sec,V,=0.8m/s,Medium water flow rate
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Cycle time=720 sec, V,=0.8 m/s, Medium water flow r_ate

Det Deh

0.040 90
3
= 0.035 0 T
s ! <
i o
20030 I — L S— L — . S— T E
£ g
z 2
£0.025 0 g
2 2
s :
Z0020 50 F
R
=

0.015 | | | -60

0 720 1440 2160 2880 3600 4320 5040 5760

- . Time [SEC! . . .
—~Inlet humidity ratio -=Outlet humidity ratio —Inlet air —Outlet air

(d) Cycle time 720 seconds

Cycle time = 900 sec, V,=0.8 m/s, Medium water flow rate
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Figure A.5 The result of medium water flow rate and velocity of air 0.8 m/s

f) Medium water flow rate and velocity of air 1.2 m/s

Cycle time = 360 sec, V,=1.2 m/s, Medium water flow rate
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ion Dehumidification Regeneration Dehs ation ation

Cycle time=480 sec,V,=1.2 m/s,Medium water flow rate
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Cycle time=600 sec,V,=1.2 m/s,Medium water flow rate
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Cycle time=900 sec,V,=1.2 m/s,Medium water flow rate
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Figure A.6 The result of medium water flow rate and velocity of air at 1.2 m/s

g) High water flow rate and velocity of air 0.5 m/s

Cycle time = 360 sec,V,=0.5m/s, High water flow rate

Dehurn Dehumidification Regeneration Dehumidification Regeneration Dehumidification

—_0.045 : 80

E : :

Fooso 60—
NI g
Zo.03s 0 <
-] \dw-«j \**-H ;'
£ 0.030 - - 20 £
2 z
2 0.025 | - 0o &
5 | g
o= @
£ 0.020 20 S
E &
< 001s 40

< 0010 -60

0 360 720 1080 1440 1800 2160 2520 2880

e Time [SEC] : ‘
~+Inlet humidity ratio -*Outlet humidity ratio -+ Inlet air —Outlet air

(@) Cycle time 360 seconds

Cytcle time=480 sec,V,=0.5 m/s,High water flow rate

Dehumidfication Regeneration Dehimidification Regeneration Dehumidification

0.045 _ . 80
:; 1

0.04 60
== p—
= S
033 | 0=
o \-m-n- — E
2003 n L0 E
~ 1 «~
£ g
20.025 0o £
g :
£ 0.02 b D0 -
= | R
:0_015 a0 =
- !

0.01 60

0 480 960 1440 1920 2400 2880 3360 3840

Time [SEC]
~Inlet humidity ratio -=OQutlet humidity ratio —Inlet air ——OQutlet air

(b) Cycle time 480 seconds



62

Cycle time=600 sec, V,=0.5 m/s, High water flow rate
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Figure A.7 The result of high water flow rate and velocity of air at 0.5 m/s
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h) High water flow rate and velocity of air at 0.8 m/s

Cycle time = 360 sec,V,=0.8m/s, High water flow rate
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Cycle time=720 sec,V,=0.8 m/s,High water flow rate
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Figure A.8 The result of high water flow rate and velocity of air at 0.8 m/s
i) High water flow rate and velocity of air at 1.2 m/s

Cycle time = 360 sec,V,=1.2 m/s, High water flow rate
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Cycle time=480 sec,V,=1.2 m/s, High water flow rate
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Cycle time=900 sec,V,=1.2 m/s, High water flow rate
i idification Regeneration D idification ion D idification i ication
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Figure A.9 The result of high water flow rate and velocity of air 1.2 m/s



