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ABSTRACT

This dissertation aims to design and develop adsdlesiccant
dehumidification and radiant cooling system whicé suitable for tropical climate to
achieve thermal comfort. This study consists oé¢hsteps of research works such as
design, simulation, or experimentation. The experitrsystems are set up at tHé 2
floor of the low energy house in Prince of Sondklaversity (PSU), Hatyai Campus,
Songkhla Province located in the Southern parthadiland, where is hot and humid
climate throughout the year. The total floor aréshe experiment room is 19.25°m
and height 2.8 m. The dehumidification system igdudy the solid desiccant
dehumidifiers in two columns to remove water vapibam the ventilation air before
passing into the experimental room. The experimhedghumidifiers consist of two
desiccant beds configuration, a vertical flow bed @ radial flow bed or hollow
cylindrical packed bed, with an inner and outerntkéer of 0.15 m and 0.30 m,
respectively. A length of the packed bed is 0.46%antaining 10 kg of adsorbent
material in each column. The spherical particlesilida-gel are used as the working
desiccant in the dehumidifiers. The physical propserof silica-gel are: average
diameter: 3 mm, porosity: 0.4 (the open volume tioaicof the medium) and bulk
density: 670 kg/th Furthermore, the radiant cooling system is operaty using cool
water supplied from cooling tower passing throulgé tadiant cooling panel which
made from copper tube bond with aluminium sheet ftal area of the ceiling and
wall radiant cooling panels are 16.8% mnd 16.32 rh with 26.28 litre/min of
supplied water by the cooling tower for radiantlowpsystem.

The results of simulation on a computational fldyshamics (CFD) and
experiment by response surface methodology (RSMyate that the radial flow bed,
hollow cylindrical bed are the feasible and pradtaehumidifier for dehumidification



system. Pressure drop of the vertical flow bedds ligh comparing with the radial
flow bed under the same conditions. An adsorptiate ris especially a similar
capacity during the starting period at a time wes, but the average capacity of the
radial flow bed is usually the greater adsorbec.rd&or moisture air with inlet
humidity ratio of 18 g/kg and ventilation air of 26 kg/h, the practicgtimmum
configurations of the inner diameter and the oditameter are equal 0.15 and 0.30 m,
respectively; as a result, the feasible and optinpemiormance values are 23.34 Pa
and 0.46 kg/h. Moreover, the average operating parameterfiefair temperature,
the humidity ratio and the mass flow rate are ravfge5-40C, 10-20 g/Kgqe, and 60-
120 kg/h, respectively. For the vertical bed floehdmidifier, the pressure drop and
the adsorption rate are 107.14 Pa and 0.92hkgespectively. In other hand, for the
radial bed flow dehumidifier, the pressure drop #mel adsorption rate are 63.23 Pa
and 0.66 kg/h.

The desiccant cooling systems consist of the defiification and air-
conditioning system or the radiant cooling systénom this research work under the
humid tropical region condition which being hot ahigh humidity, the desiccant
dehumidification has an extreme effect to decrdhgeenergy consumption from
latent heat load, and to develop thermal comfonddmns. The results of TRNSYS
simulation and experiment for using a dehumidifiar air-conditioning system
indicate that the humidity ratio of conditioningage and cooling load of split type air
conditioner are decreased by 0.002,/kg4qa (14%) and 0.71 kW (19.26%)
respectively, when the temperature and the reldivaidity of the outdoor air are in
the ranges of 25.5-32Q and 55.5-95.6%, and the average temperature edaiive
humidity of the indoor air are found to be arourd®C and 52.3%. Consequently,
the predicted mean vote (PMV) is improved from 0.84(0.5 averages value) to 0.1-
0.4 (0.3 averages value) or the predicted percentissatisfied (PPD) is reduced
from 6.77-12.85% (10.12% averages value) to 5.8719. (7.04% averages value).
Furthermore, the results of TRNSYS simulations @ieing a dehumidifier in the
radiant cooling system indicate that the PMV valoas be improving from 1.46 to
1.21 throughout the year with the uses of cooliaggb in comparison with the case of
without cooling panel. The experimental studieshwihe desiccant humidifier
coupled to the radiant cooling system confirmed dlceuracy of simulations. The



values of predicted mean vote for the cases ofawitltooling panel, with cooling
panel, and cooling panel with dehumidifier are 1.089 and 0.62, respectively.
Moreover, the average moisture content of the imteair is reduced from 19.81
Ow/kgga to 10.28 g/kgqa Furthermore, the air temperature, the relativeniddity, and
the predicted mean volte distributiontie experimental room are explained by the
results of the ANSYS contour plots. In the casehef ventilation fan installation in
the radiant cooling system, the value of predictesn vote improves to -0.24 and the

predicted percentage dissatisfied is 6.24%.
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Dro = Outer diameter of the radial flow bed (m)

fel = Clothing area factor

H = Height of the column (m)

he = Convective heat transfer coefficient (W)
Hsr = Height of silica-gel for radial bed (m)

Hsv = Height of silica-gel for vertical bed (m)

el = Thermal resistance (clo)

K = Henry constant (figadm®)

Ko = Particle-phase mass transfer coefficiet) (s

L = Thermal load on the body (Wfn

L = Bed depth (m)

M = Rate of metabolic heat production (WJm

M = Mass flow rate (kg/h)

M act = Activity level (met)

PMV = Predicted Mean Vote
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LIST OF ABBREVIATIONS AND SYMBOL S (Continued)

Predicted Percentage Dissatisfied
Partial pressure of water vapor in moist air (kPa)
Concentration of adsorbent in the steady statdibguim (kg/nr)

Average concentration of adsorbent (kiym

Adsorption rate (kgh )

Thermal resistance, @iK/W)

Radius of desiccant particle (m)

Source term for the momentum equation (Kgéh
Time (s)

Temperature °C)

Air temperature (°C)

Clothing temperature (°C)

Mean radiant temperature (°C)

Interstitial velocity inside desiccant bed (m/s)
Quantity of adsorbate (kgfn

Air velocity (m/s)

Diameter of the column (m)

Quantity V of adsorbate adsorbed in a single moreolékg/nT)
External work accomplished (W#n

Humidity ratio (kg./kgqa)

Distance of desiccant bed (m)

Permeability

Pressure drop (Pa)

Adsorption rate (kgh )

Porosity

Porosity of desiccant bed

Density of fluid properties (kg/fh



Chapter 1

I ntroduction

1.1 Background

Energy statistics of Thailand reported that thecteleal consumption
increased approximately 3.79% per annum from 20080tL4, whereas it decreased
0.25% and 0.30%, especially in 2009 and 2011, ctsedy, as seen in Fig. 1.1. The
breakdown of electrical consumption can be clasgifinto eight sectors namely,
industrial, residential, commercial or businessalsrgeneral services, government
and non-profit, agriculture, free of charge, anueos.
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Fig. 1.1 Electrical consumption in Thailand
(Source: EPPO, 2015)

In Thailand, 2014, the electrical consumption @& thdustrial clusters
such as food, iron and steel, electronics, textitegutomotive is 73,782 GWh (44%).
For residential building and commercial cluster lswas department store, hotel,
apartment and guest house, retail trade, and segtkeeservice are 38,993 GWh (23%)
and 31,362 GWh (19%), respectively. Moreover, irakmeneral service, it is 18,807
GWh (23%), and the other sector including goverringgrd non-profit, agriculture,
free of charge, and other, it is about 5,676 GWh)(3&s shown in Fig. 1.2.
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Fig. 1.2 Breakdown of electrical consumption in ifdrad, 2014
(Source: EPPO, 2015)

For residential and business buildings, the aiddaning systems are
widely used to provide thermal comfort conditionsr fhumans. The electrical
consumption is approximately 60-70%. So that, inportant to use the alternative of
air-conditioning system for improving the thermalndort with the lower electrical

consumption.

1.2 Rationale

The thermally comfortable environment can be addeby using
heating and cooling panels. In cooling system, isen$eat load is reduced by the
cooling panels with mainly from thermal radiatiomdasome heat convection.
Principle advantages of radiant cooling systemraoge comfort levels and lower
energy consumption comparing with a conventional-canditioning system.
However, it can satisfy only sensible heating.Ha area of high humidity, moisture
presents the major problem for the human comfadt the air-conditioning systems.
Unitary dehumidifiers should be used. Both mechanrefrigeration systems and
desiccant dehumidification can remove the moistiioen a supply air, whereas
desiccant dehumidifier is advantageous in dealiniy Vatent load and improving

indoor air quality with adsorbing moisture directly



1.3 Objective of the Study

The aim of this study is to design and develop sbkd desiccant
dehumidification with the use of the radiant coglisystem which is suitable for
tropical climate to achieve thermal comfort.

1.4 Scope of the Study

The experiment systems are set up at tHefl@or of the low energy
house in Prince of Songkla University (PSU), Hatgampus, Songkhla Province
located in the Southern part of Thailand. The daHifivation system used solid
desiccant dehumidifiers with silica-gel bed in ¢oluto remove water vapour from
the ventilation air before passing into the expental room. The radiant cooling
system is designed using cool water supplied froolieg tower passing through the

cooling panels which made of copper tube bond wliiminium sheet.
1.5 Organization of the Report

Chapter 2 focuses on literature reviews, such asdédhumidification
with solid desiccant dehumidifiers, heating vemitla and air-conditioning by the
radiant cooling system, an assessment of thernmafac modeling and simulation
on commercial software tools, and experimental giesiith response surface
methodology. The design of dehumidification, ratliaooling, control system,
methodology of simulation and experimental setuya secord parameters including
instruments are described in Chapter 3. Chapteegepts design of the dehumidifiers
and applying the solid desiccant dehumidifier fog tir-conditioning system and the
radiant cooling system. The simulation results dsmg of ANSYS and TRNSYS
software are also examined in this chapter. Moreabe experimental results are

described in Chapter 5. Conclusion and recommenatie presented in Chapter 6.



Chapter 2

Literature Reviews

2.1 Solid Desiccant Dehumidification

Dehumidification processes are important operation various
applications for the removal of water vapor from gases, or other fluids. Drying
gases under pressure are normally used, such emnating condensation and
subsequent corrosion, maintaining a dry atmospimeee closed space or container,
controlling humidity in warehouses and caves faraje, and drying process and
industrial gases. In common practice, the dehumatibn usually refers to
equipment operating at essentially atmosphericspres, and built to standards
similar to other types of air-handling equipmenheTsolid desiccant dehumidifiers
usually employ stationary beds or rotary wheel bimtspacking desiccant media,
namely desiccant column and desiccant wheel, réspBc In the former case, two
or more desiccant columns are constructed with robbed valves to work
alternatively in adsorption and regeneration prec&econdly dehumidifier, a moist
air is dried through one side of the wheel, whilbeated air stream dries the wet
desiccant on the other side of wheel at the same ti

The desiccant media is natural or synthetic substarcapable of
absorbing or adsorbing water vapour due to thesidiffce of water vapour pressure
between the surrounding air and the desiccant @irfdany desiccant materials are
available, such as silica-gel, activated alumigathgetic zeolites (molecular sieve), or
alumina gel (Thomas, W.J. and Crittenden, B., 1998 desiccants behave in a
similar way to attract the moisture until reachieguilibrium state in adsorption
process, and the moisture is usually removed frben desiccant by heating with
temperatures between 50 and ZB0On desorption process to attract moisture once
again. Adsorption process always generates thebderseat equal to the latent heat
of the water vapor taken up by the desiccant piusdditional heat of the sorption
that varies between 5 and 25% of the latent heaiatér vapor (ASHRAE, 2005).

Silica-gel is a partially dehydrated polymeric fooh colloidal silicic
acid with the formula Si@nH,O. This amorphous material comprises spherical



particles 2-10 nm in size which aggregate to fanmaddsorbent with pore sizes in the
range 6-25 nm. Surface areas are in the range 300¥8g. The surface comprises
mainly SOH and $0S groups being polar can be used to adsorb wateohals,
phenols, amines, etc. by hydrogen bonding mechanigntapacity of silica-gel for
water is high, especially at the low temperaturthwinoderate water vapor pressure.
Moreover, the heat of adsorption of water vapouralmut 45 kJ/mol, and the
regenerated temperature is ¥G0Typical properties of adsorbent grade silicaayel
summarized in Table 2.1 (Keller et al., 1987).

Table 2.1 Typical properties of adsorbent-gradeasijel
Physical Properties

1 Surface area (ffy) 830

2 Density (kg/m) 720

3 Reactivation temperaturéQ) 130-280
4 Pore volume (% of total) 50-55
5 Pore size (nm) 1-40

6 Pore volume (ctig) 0.42

Adsorption properties Percent by weight

7 H,O capacity at 4.6 mm Hg, 25 11

8 H,O capacity at 17.5 mm Hg, 45 35

9 O, capacity at 100 mm Hg, 183 22

10  CQ capacity at 250 mm Hg, 26 3

11  n-G capacity at 250 mm Hg, 25 17

(Source: Keller et al., 1987)

In theories of adsorption equilibrium, a variety different isotherm
equations have been proposed, such as Henry laea(lisotherm), Langmuir (non-
linear isotherm), BET, DR, Freundlich, Sips, Talbyanovich, or Tempkin equation,
which have a theoretical foundation or more emainm@ture. The Langmuir isotherm
is used in this study to design a dehumidifier. Theagmuir equation, of which one
from is explained in Eq. 2.1. (Langmuir, 1918)

V. _ b, Eqg. 2.1
V. 1+bC, a-=

m

Where V is a quantity of adsorbate (gas or vapadgorbed by an
adsorbent (porous solid desiccant) (k)/mV, is the quantity V of adsorbate
adsorbed in a single monolayer (kgjnb is Langmuir constant (ffkg), and G is a
concentration of adsorbate in the steady statdilequm.



In dynamics of fixed-bed adsorption, many analytisalutions for
breakthrough curves are available. The Klinkenkegrgation is used in this study to
calculate breakthrough and equilibrium time. Foealdplug flow model, linear
isotherm, isothermal, and low concentration, theegoing equation is shown in Eq.
2.2. The solution is calculated in Eq. 2.3 for fgblution and in Eg.2.4 for
approximate solution. (Klinkenberg, 1954)

a—qzkp(q*—a):ka(Cb—C*) Eq. 2.2
g— =e*[el,(2/ov)dv+e 1, (2)18) Eq. 2.3
0
C,
—: [1 erf(f \/_)] Eq. 2.4
Where
15D
k, = 526 Eqg. 2.5
RP
K=bV,_ Eq. 2.6
2n
z (X/IZ) = modified Bessel function Eq. 2.7
=~ nkn!
z
= kp{t——} Eqg. 2.8
u
= KKz 1-e, Eq. 2.9
u | g, o

Where G is an average concentration of adsorbent (Rg/m is a

concentration of adsorbent in the steady state liegqum (kg/m®); G, is a
concentration of adsorbate (kghnmC' is a concentration of adsorbate in the steady
state equilibrium (kg/f); C, and G are concentration of adsorbent in the inlet and
outlet side, respectively (kgAn ko is a particle-phase mass transfer coefficietl); (s
De is an effective diffusivity; Ris a radius of desiccant particle; K is a Henry
constant (My,dm°); u is an interstitial velocity inside desiccargdo(m/s); z is a
distance of desiccant bed (m); tis a time (s),snsl a porosity of desiccant bed.



In a tropical humid climate, Techajunta et al. @PPresented the
performance of a desiccant dehumidification syst@ime silica-gel is used in an
integrated desiccant collector with light bulbssimulate solar radiation, and forced
flow of air through bed dehumidifier. Experimentaisults indicated that the solid
desiccant can be possible to operate for the &udealification (adsorption process)
in the night, and the regeneration (desorption ggskrin the day time. The desiccant
column is also widely used in the process of delifioation. The design analysis of
a two-tower, silica-gel dehydration unit in dryipgocess of natural gas was presented
by Gandhidasan et al. (2001)., and the effectsaabus operating parameters on the
dehumidification are discussed. The operating presof the dehumidification
system increases, the silica-gel mass requirecedses. The higher the regeneration
temperature, the smaller are the required quastitfethe hot gas. Moreover, the
theoretical and experimental study of a solid dmsit packed bed dehumidifier on
the transient adsorption characteristics was desgriby Hamed (2002). The
adsorption rate is a high value at a first peribtime, and decreases continually until
the saturated equilibrium condition reached. Thare several desiccant column
configurations including solid packed bed, multiplertical beds, radial bed, and
inclined bed which have been used. Kabeel (2008sitigated on the performance of
a multilayer (eight-layer) packed bed dehumidifieith the effect of design and
operating parameters by theoretically and experiatignstudied. The effect of inlet
air humidity and velocity on the adsorption procéss each bed layer is studied.
Moreover, the effect of inlet temperature on desompprocess is also examined.
Increasing a bed length decreases humidity of xiitea@, but increases the pressure
drop (more power consumption). The adsorption madel be used to predict the
optimum bed length. Furthermore, the radial flonmd bef the solid desiccant
dehumidifier was reported by Awad et al. (2008)eTbed under investigation is
radial flow with cylindrical shape. Five experimahtest units of hollow cylindrical
bed with different values of diameter ratio (ougdidside) are used. Results show that
the pressure drop in radial bed is too small cosgbarith the vertical bed. Moreover,
the increase in diameter ratio increases the pressop within the bed, and rises the

adsorption capacity for short operation periods.



The evaluation and optimization of the desiccaneeVlperformance
was reported by Ahmed et al. (2005). A numericateias developed to study the
effect of the design parameters, such as whedlrtbgs, wheel speed, regeneration to
adsorption area ratio, or wheel porosity, and {erating parameters, such as air flow
rate, inlet humidity ratio of the air, or regen@yatair temperature. Moreover, Nia et
al. (2006) presented the modeling of a desiccargelvbising for dehumidifying the
ventilation air of an air-conditioning system. T$ieulation of the combined heat and
mass transfer processes is calculated by MATLAB uimk to predict the
temperature and humidity of outlet air, and optengpeed of the wheel dehumidifier.
The temperature, humidity ratio, and flow rate loé tair are the significant effect
parameters on the performance of the desiccantadielfication processes.

Hamed et al. (2010) studied experimentally the siemt adsorption-
desorption characteristics of silica-gel particles fluidized bed. A simplified
analytical model with isothermal adsorption assuamptis developed. Transient
values of the mass of adsorbed water in the béel ofeadsorption, and water content
in silica-gel particles are evaluated from the expental measurements. The
maximum decrease in air humidity occurs at therb@gg of operating time, and the
adsorption rate increases with the increase innfleé air humidity. In addition, Ge et
al. (2010) used desiccant dehumidifier as desiecaated heat exchangers, which are
actually fin-tube heat exchanging devices coatedh wgilica-gel and polymer
materials. An experimental setup is designed anltl toutest the performance unit.
Result shown that this desiccant-coated units wekrcome the side effect of
adsorption heat which occurs in the dehumidificatmocess, and achieves good
dehumidification performance under given conditidisreover, the silica-gel coated

heat exchanger behaves better than the polymeriaiste

2.2 Radiant Cooling System

A principal purpose of heating ventilation and @nditioning
(HVAC) system is to improve the human thermal camfevhich is the condition of
mind that expresses satisfaction with the thernmairenment. An air-conditioner
must counterbalance the cooling load including Hemsible and latent heat to



maintain the desired indoor conditions. The alteveatechnology which being more
economic for providing thermal comfort to the ocanfs is always interested and
proved to be very energy intensive.

The radiant cooling system is an alternative to vective air-
conditioning system by using cool surfaces on tlalsnvand ceiling for controlled
indoor temperature. The comfort level is usualltdrethan other space-conditioning
systems because the thermal loads are satisfiectlgtirand an air motion in the space
corresponds is required only ventilation (ASHRABQ®). Stetiu and Feustel (1994)
studied on the radiant cooling system, and fourad this system is suitable for the
dry climates. The theoretical models are also etatlito calculate the performances,
such as cooling loads, heat extraction rates, ramntemperature and room surface
temperature distributions, or the thermal comfdftoreover, the radiant cooling
system can reduce the amount of air transportedigfr the building because supply
air is usually required ventilation only (FeustedaStetiu, 1995). In hydronic panel
system, the energy consumption to transport a gaveount of thermal energy is less
energy approximately 5% of fan energy; therefoe éhergy consumption and peak
demand requirement of the air-conditioning system raduced. The peak demand
requirement of the radiant cooling system also cmexqb to conventional all air

systems, as seen in Fig.2.1.
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Conventional A/C System Radiant Cooling System

Fig. 2.1 Comparison of electrical consumption fiorcanditioning system
(Source: Feustel and Stetiu, 1995)
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In Europe, the radiant cooling with the ceiling pahas been refined
and used successfully for more than 20 years (Mun2®@l). The cooling panels are
installed on the ceiling, or in some cases hungfeohigh ceiling. Cooling water is
supplied to the cooling panels at the panel surfacgperature above a dew-point
temperature to avoid condensation of moisture. Urdaditions of hot and humid
climate in Thailand, Prapapong and Surapong (20€pdrted an experimental and
simulation study on application of radiant coolamyd ventilation air. The temperature

of water supplied is maintained ‘€4to avoid moisture condensation on the panel.

The experiments are investigated on the cool pesfoDecember, the hot and dry
period of March and the humid period of May. Th&akarea of cooling panel is 7.5
m? for night time application only. The TRNSYS progras simulated to compare
between radiant cooling and conventional air-coodihg system. The results
indicated that the radiant cooling can improvettte@mal comfort conditions, and the
energy consumption is less than the general comvettair-conditioning system.
Moreover, the cooling panel with using cool watapied from cooling tower in
building under the southern climate of Thailand wagestigated by Ar-U-Wat and
Juntakan (2006). The predicted mean vote valuesdhe ranges of +0.5, which are
in the comfortable ranges for all selected dayshefnight time and early morning
(until 10:00). Energy savings can be obtained apprately 40% by the use of
radiant cooling system instead of the conventiamatonditioner.

Furthermore, the radiant cooling systems can gatisly the sensible
heating condition. In the area of high humiditye timbient air brings in a lot of the
contents of moisture. The moisture presents thempapblem for the human comfort
and the condensation on cooling panel surface,n#@ary dehumidifiers should be
used (Mazzei et al., 2005). The desiccant dehuicadibn based on the air-
conditioning systems offer a promising alternatite the conventional air-
conditioning systems using vapour compression gefation, especially under
conditions involving high latent loads to achievghhperformance over a wide range
of operating conditions. The latent load and indmoquality are improved by the use
of the desiccant dehumidifiers with adsorbing moistdirectly and capturing the
contamination simultaneously (Daou, et al., 200Bhe detailed studies of the
desiccant-based hybrid air-conditioning systemsewmesented by Dhar and Singh
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(2001) that the hybrid systems use lower energyswmption as compared to
conventional vapour compression refrigeration bas@dconditioning systems.
Moreover, the applications of solid desiccant deidiffoation for air-conditioning
system in residential buildings were investigatgdvissit and Juntakan (2009). The
using of solid desiccant dehumidifiers to removéenvaapour from the ventilation air
before passing into the air-conditioning room can itmproving thermal comfort
conditions, and also reducing the energy consumputfdatent heat load in a tropical
humid climate. A combined system of chilled ceilirisplacement ventilation and
desiccant dehumidification were investigated by Mtial (2002) and Hao et al.
(2007). The desiccant dehumidifier is required tntain the interior air humidity in
comfort zone, and protect the water condensatiorwamiing panels. Mathematical
models are used to estimate the thermal comfoeldeand the energy saving potential
of the combined system. The conclusions of comparisith a conventional all-air
system, the combined system were to save about &R%btal primary energy
consumption, and achieve better the levels of d@abép indoor air quality and

thermal comfort.

2.3 Thermal Comfort

In general, the human thermal comfort conditionusscwhen body
temperatures are held within narrow ranges, skinistmi@ is low, and the
physiological effort of regulation is minimized. Meerature, air speed, humidity,
their variations, and personal parameters of mé&boand clothing insulation are
primary factors that directly affect energy flowdathe thermal comfort. Moreover,
secondary factors, such as age adaptation, sexseastnal and circadian rhythms are
only slight differences in preferred of thermal dorh conditions. In hot and humid
climate, air movement and air moisture will be mportant factor in determining the
thermal comfort.

As reference by ANSI/ASHRAE Standard 55 (1992), #ueeptable
ranges of operative temperature and relative huaynigie 20-26°C and 30-60%,
respectively. In the tropical region, such as Tdrall climatic zones, the thermal
comfort survey using 1,520 Thai volunteers fromfeddnt climatic regions of
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Thailand with considered parameters, such as ajrbdib temperature, relative
humidity, air velocity, the acclimatization to thise of air conditioner, or education
level was investigated (Yamtraipat et al., 2005)e Tair temperature and relative
humidity conditions at 26°C and 50%-60% are consides the human comfortable
environment. A ventilation comfort chart for thefeet of air velocity on thermal
comfort in non-conditioned spaces using Thai vaders 183 male and 105 female
college age under Bangkok ambient condition wasemied by Khedari et al. (2000).
The commercial electric fans were used to contrelair velocity in the range of 0.2
to 3 m/s. Thermal sensation vote was recorded Questionnaire. The interior air
temperature and relative humidity in the comfodbmovaried between 26- 36°C
and 50-80%RH, respectively. In the case of air-@darked building, Nicol (2004)
suggested that the air-conditioning area with titerior air ventilation system can
improve the thermal comfort levels equivalent toraising the comfort temperature
in the range of 0 to 3°€ for increasing velocity 0.1 to 1 m/s.

In this study, the thermal comfort (Predicted Ma&te, PMV, and
Predicted Percentage Dissatisfied, PPD) were @tilusing the equations proposed
by Fanger (1970). The PMV is an index that predizésmean value of people ratings
on a seven-point thermal-sensation scale as folle@s= hot, +2 = warm, +1 =
slightly warm, O = neutral, -1 = slightly cool, 22cool, and -3 = cold. The PPD is an
index that predicts the percentage of people likelfeel thermally uncomfortable as
anybody not voting slightly cool, slightly warm, oeutral. For example, the PPD of
10% corresponds to the PMV range of 0.5, and ew#mPMV = 0, about 5% of the
people are dissatisfied. Ranges of PMV for therooahfort conditions are shown in
Table 2.2. The functional relationships between Pafid PPD are given by Eq. 2.10
and Eq. 2.11.

Table 2.2 Ranges of PMV for thermal comfort corhis

ltem Details Value
1 Comfortable -0.5t0 0.5
2 Warm 0.5t01.0
3 Cool -1.0t0-0.5
4 Unacceptably warm Over 1.0
5 Unacceptably cool Under -1.0

(Source: From ASHRAE Standard 55, 1992)
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PMV =[0.303exp{0.036M)+ 0.028]L Eq. 2.10
PPD=100-95exp[-(0.0335PMV +0.2179PMV?] Eq. 2.11

Where PMV is predict mean vote. M is rate of melabdeat
production (W/m) and L is the thermal load on the body (VfYm

For a neutral condition of the thermal comfort zotreere is no heat
storage either in the core or in the skin compantm&he metabolic rate and work
must match heat dissipation as a requiment formthemeutrality to be reached.
Fanger (1970) combined heat transfer equationdtairothe following equation for

evaluation of the neutral condition.
L=M-W-3.96x10°f_[(T, +273) — (T, + 273)']
—f,h (T, -T,)—3.05[5.73 0.007(M- W) - P, ]
—-0.42[(M-W)-58.15]-0.0173M(587—-P,)
—0.0014M(34-T,) Eq. 2.12

Where W is external work accomplished (V#fnfy is clothing area
factor; T is clothing temperature (°C); 1S mean radiant temperature (°C); i3 air
temperature (°C): is convective heat transfer coefficient (W/K), and R is partial
pressure of water vapor in moist air (kPa).

As part of this calculation, clothing temperatwsddund by iteration as

T, =35.7-0.028(M— W) — R {39.6x10°f [(T, + 273

_(Tr + 273)4] +fclhc(TcI _Ta)} Eq 213
Where
W =5.5-15(M,_ —0.8) Eq. 2.14
R, =0.155|, Eq. 2.15
[2.38(T, - T,)°* 2.38(T, -T.)**>12.4/V
° 12 2.38(T, - T,)** <12.1/V Eq. 2.16
_Jj1.0+0.21; 1,<0.5clo
“ |1.05+0.1l, I >0.5clo Eq. 2.17

Where M is activity level (met); B is thermal resistance, fr/W);

V is air velocity (m/s); i is clothing area factor, ang is thermal resistance (clo).
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2.4 Modeling and Simulation

The simulation tools under investigation consistdédANSYS version
13.0 and TRNSYS version 16.0 software. The ANSYBwsoe is a computational
fluid dynamics (CFD) program, which is often usedsblve the governing equation
of the fluid dynamic, heat transfer problem andoasded phenomena, such as the
Navier-Stokes, energy equations or chemical reastiby numerical method.
TRNSYS software is a transient simulation prograwhich consists of the
mathematical models with tloedinary differential or algebraic equations for
subsystem components.

The CFD with finite volume method technique is vegwerful and
using a wide range of many applications area (ToMadon and Da-Wen Sun,
2006). Hassan and Noam (2008) investigated anteffeduct with different cross-
sectional geometries such as square, circulamianrgular on the performance of a
solid desiccant (silica-gel) by using a finite qoittvolume method and validated
relative to available experimental data. The cacuuct is the best cross-sectional
geometries with a low pressure drop and a highratlso rate. Moreover, Masoud
and Mohsen (2008) reported an effect of two difiegzes of absorbent in a packed
bed column on the dehumidifier performance by CFbdeting and experimental
study. The replacing of the big silica-gel absotbevith the small size, as a result the
water adsorption rate and pressure drop incredse.dEsigned simulation system
using TRNSYS and CFX programs with a desiccantaijel bed (DB) and a
photovoltaic air collector (PVAC) was investigatey Punlek et al. (2009). The DB
system is used to dehumidify air before passingudjn the drying chamber. The
dehumidifying unit has three beds of silica-gelairDB case, such as V-shape, C-
shape, or P-shape. The CFX results indicated lteaP¥VAC with fins and V-shape
DB were suitable to improve performance of themlyyi

In the subtropical region of Pakistan, A field asseent of thermal
comfort was conducted by Memon et al. (2008). Teéeppe of the area were feeling
thermally comfortable at effective temperature &85C (operative temperature
29.3C). The thermal acceptability assessment shows thate than 80% of
occupants were satisfied at the effective temperatfi 32.5C, which is over 6.5
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upper boundary of the ASHRAE comfort zone. Morepwveaturally ventilated
classrooms and air-conditioned offices of the Ursitg were simulated by TRNSYS
simulation, and the comparative systems betweercon@entional air-conditioning
and the radiant cooling were also investigatedhe simulation, cooling tower was
used to regenerate cooling water for the radiameparhe results show that the
radiant cooling system can achieve thermal conftorimost of the time of the year
without a risk of condensation of moisture from aim the cooling surfaces. A
comparison of the energy consumption estimates shatsavings of 80% is possible
when using the radiant cooling system instead ofentional air-conditioning.

In this study, the desiccant dehumidification ied modeling the
moist air as multiphase flows of fluid mixture be®sn dry air and water vapour
through the solid desiccant as porous media. Mixtomodel in the Euler-Euler
approach is used to model a simplified multiphd@ed with phases move at different
velocities. The porous media model, which is usedthe multiphase problems,
including flow through packed beds, adds a momengonrce term to the standard
fluid flow equations. The source term composedved parts: a viscous loss term
(Darcy), and an inertial loss term. In a simple bgeneous porous media case, it can
be represented as Eq. 2.18 (ANSYS FLUENT, 2009).

S = —(Evi + C%p|v|vij Eq. 2.18
(04

Where $is the source term for the momentum equation (kgfin |v|
is the magnitude of the velocity, p apdbeing dynamic viscosity (N.sfnand
density of fluid properties (kg/fh respectivelya is the permeability and C is the
inertial resistance factor.

As a porous media model, consider the modeling packed bed. In
turbulent flows, packed beds are modeled using petimeability and inertial loss
coefficient. One technique for deriving the apprater constants involves the use of
the Ergun equation, a semi empirical correlatiopliapble over a wide range of
Reynolds numbers and for many types of packinguir952):

A _g)? _
| p|:15c2p (1 38) L1720 SS)Vi
L Dp € D €

p

Eqg. 2.19
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In these equationsg, is the viscosity, Pis the mean particle diameter,
L is the bed depth, andis the void fraction, defined as the volume ofdsdivided
by the volume of the packed bed region. Comparing Z£18 with Eq. 2.19, the
permeability and inertial loss coefficient in eacbhmponent direction may be

identified as
1_150A-9° Eq. 2.20
a Di g’ g <
3.5(1-¢
C:D_( o3 ) Eg. 2.21

P
Furthermore, the k-and Reynolds stress models (RSM) are solved for

turbulence closure. A simple algorithm gives a rodtlof calculating pressure and
velocities. Under the finite volume method (Vergteend Malalasekera, 1995),
although the first-order upwind scheme discretratan yield better convergence, it
generally will lead to less accurate results wittlydirst-order accuracy. Therefore,
the quadratic upwind differencing scheme (QUICKScdetization with third-order
accuracy is used in calculating momentum, voluraetion, turbulence kinetic energy
and its dissipation rate. SIMPLEC arithmetic isduge pressure-velocity coupling in
order to accelerate the convergence of the comyirmguation. PRESTO! scheme is
applied in discretizing pressure gradient takirtg sccount non-staggered grid.

2.5 Experimental Design

Response surface methodology (RSM) is an empirioaldeling
approach for determining the relationship betweamous interesting parameters and
responses with the various desired criteria inclgdihe significance of these
independent parameters on the coupled responsegMyd Montgomery, 1995). The
RSM is a design experimental tool for building aogtimizing an empirical
regression model with collection of mathematicald astatistical procedures.
Consequentially, the RSM is one of the most widebed methods to solve the

analysis and optimization problem in the manufaogienvironments.
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Fuping Qian and Mingyao Zhang (2005) used the RS8Mtudy the
natural vortex length in cyclones for determine te&ationship among the natural
vortex length, geometries and operating conditiditse regression models can be
used for optimizing the design at a required pentorce level. Optimization of
process variables for the preparation of expanohegkif millet using the RSM with a
central composite design (CCD) to fit a second omEynomial by a least square
technique was investigated by Ushakumari et al0720The process variables were
moisture content, shape factor, and drying timeemwlpredicted responses were
expansion ratio, bulk density, sphericity, textued overall acceptability. The
contour plots of results were superimposed to defire regions that best satisfied
with compromised values, and select as the optinmemditions. Moreover, the
investigating the influence of designing parametérhe parallel-plain fin (PPF) heat
sink with an axial-flow cooling fan on the thermpérformance, the experiment
design based on the RSM was studied by Chiang §200v¥ermal performance
characteristics on the thermal resistance and ymesfop are predicted by various
designing parameters, such as height and thickofefis, width of passage between
fins, or distance between the cooling fan andigheftfins in the experiment.

Furthermore, Jeong and Mumma (2003, 2004, 2007kldped a
simplified cooling capacity estimating relation fmp insulated and suspended metal
ceiling radiant cooling panels by statistically foemance data collected from
analytical model using the factorial Zractional experiment design method of
resolution 5. The proposed regression model estgnidite cooling capacity not only
for the natural convection condition, but also tbe mixed convection condition
present in mechanically ventilated spaces. Moredkersimplified model also clearly
showed that the panel cooling capacity is enharedhe mechanical ventilation
system installed within the range of 10-39% in b&trel and aluminum panels.

In topic of simulation and optimization of designpdrameters for a
desiccant column in radiant cooling system, the R&ih the 3 factorial design is
employed to optimize the designing parameters sicdant column in order to obtain
the low pressure drop and the high adsorption ratee studied of designing
parameters are a diameter of the column (D), aeraliameter of the radial flow bed
(Dro), and an inner diameter of the radial flow be¢)(O'he desired responses are the
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pressure drop and the adsorption rate, which astutmebe affected by three
independent variables. In thé factorial designs, the quantitative form of redaship
between desired responses and independent inpiatbles can be represented as
following.

.Y=f0D,,D,,D,) Eq. 2.22

Where Y is the desired responses Anglthe response function.

Furthermore, in topic of parametric studies for idgobesiccant
dehumidification in a tropical humid climate, the&sIR with CCD is employed to
study the effects of operating parameter. The studif designing parameters were
the temperature (T), humidity ratio (W) and massvfrate (M) of air-stream through
desiccant column. In the regression models, thentgative form of relationship
between desired responses and independent inpiatbles can be represented as
following.

Y = f(T,W,M) Eq. 2.23

The approximation of Y is proposed using the vagibtied regression
models, i.e. liner with interaction model, quadratiodel and squared with interaction
model. The model proposed for the response Y camepeesented as following
(Montgomery, 2005).

Y=[30+Zkl:[3ixi +_Zk;Biin+_Zk:Binin+ E Eq. 2.23

= = i<

Where B¢ is constantpi, Bii, B represent the coefficients of linear,

quadratic and cross product terms, respectively End the random error. ; XX;

reveal the coded variables corresponding to thdiedfudesigning parameters.
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Chapter 3
M ethodology

This dissertation aims to design and develop thid sdesiccant
dehumidification with the use of the radiant coglisystem for tropical climate to
achieve thermal comfort. The three steps of thegaech works consist of system
design, simulation assessment, and experimenticaditin. The following sections
describe a methodology used in this study.

3.1 Design of Dehumidification, Radiant Cooling and Control System

3.1.1 Design of Dehumidification System

The experimental dehumidifiers consist of two cahsmThe first
column is an adsorbed bed and the other is a deddsbd or prepared bed. The
second column is used when the desiccant medieirirtst column is saturated in
equilibrium with surround air. The vertical and iedflow beds with spherical

particles of silica-gel are also investigated iis #tudy, as seen in Fig. 3.1.

| Dehumidification |
| System !

Fig. 3.1 Experimental room (PSU low energy house)



20

3.1.2 Design of Radiant Cooling System

The radiant cooling system is designed using cadewsupplied from
cooling tower passing through the cooling panelsciwimade of copper tube bond
with aluminium sheet, which are installed at thdirmg and opaque wall in the

experimental room.

3.1.3 Design of Control System

The dehumidification system uses the solid desicdahumidifiers to
remove water vapour from the ventilation air befpaessing into the experimental
room. In the radiant cooling system, cool watesupplied to cooling panels (wall and
ceiling radiant cooling panels) and continuoustgwated to the cooling tower with a
closed system. Cooling tower produces cool watdrsaored in the storage tank. The
circulated pump is operated by solenoid valve wgitinal from temperature sensor.
The cool water is supplied to the panels in theeegrpental room, and circulated

between cooling tower and panel, as illustratefign 3.2.

) E_ N ocamant (e T
j s . 4
Cooling ™ ?: e - 7
Tower =2 |. i 3 i
Fd : ‘
,_, P-.- *—cr-t"‘ Circulate
. A Tank
2 i
Vi | Voo
] ;

= 1

Ceiling Panel: 16.83 m? ‘ 1
Wall Panel: 16.32 m2 |

Fig. 3.2 Radiant cooling operation and control eyst

3.2 Simulation

The simulation tools under investigation consistAMSYS version
13.0 and TRNSYS version 16.0 software. The ANSYBasoe is used to design the
dehumidifiers. The influence of flow-bed geometréasl the designed parameters of

the desiccant column have been proposed. MoredWINSYS software is used to
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assess the thermal comfort of the radiant coolysgesn. Simulation details are given

in Chapter 4. The diagram of research methodolsgyvien in Fig. 3.3.

Input:

- Geometry & Meshing
m - Solver & Viscous model Settings

- Fluid & Materials Properties

- Boundary & Initial Conditions

- Solution Methods

!

Calculate:
- Conservation equation
- Algebraic equation
- User-Defined Function (UDF)

!

Output:
- Properties of air (T, %RH, h, AW, AP)
- Fluid Profile (Contours & Vectors)

NO

Optimization

(a) ANSYS software

Input:
- Meteorological data

m - Configuration of construction
- Internal heat grains
- Equipment system

!

Calculate:
- Thermodynamics properties of fluid
- Energy consumption & Economics
- User-Defined component Proforma

}

Output:
- Properties of air (T, %RH, W, h)
- Thermal comfort (PMV, PPD)
- Energy consumption

End YES @ NO

(b) TRNSYS software

Fig. 3.3 Research methodology for simulations
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3.3 Experiment

The experiment systems is set up at thefdor of the low energy
house in Prince of Songkla University (PSU), Hatgampus, Songkhla Province
located in the Southern part of Thailand (18&, 70'30" N, 10630'25" E). The total
floor area of the experiment room is 19.23 and height 2.8 m. The location of the

experimental room is shown in Fig. 3.4.

Fig. 3.4 Location of the experiment room

In this study, the experiments are investigateduding desiccant
dehumidifiers testing, desiccant dehumidificatiar fair-conditioning system and
desiccant dehumidification for radiant cooling syst The first experiment is to
investigate the influence of parametric studies ftie solid desiccant
dehumidification. Second, the solid desiccant delifitation system for tropical
climate to reduce the latent load of air-conditit@nsystem, and improve the thermal
comfort is investigated. Furthermore, the applaaif the desiccant dehumidifier for
the radiant cooling system is also examined. Thscdant columns and the cooling

panels are shown Fig. 3.5 and Fig. 3.6, respewgtivel
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AR

Fig. 3.5 Dehumidifiers and desiccant media

AW

AN

2
a8
ﬁ
—
b
|
5

Fig. 3.6 Radiant cooling panel and cooling tower

3.4 Data Collection

For the dehumidification system, the temperatuik ratative humidity
of the ventilation air are measured by temperatun@ humidity transmitter, and the
mass flow rate is measured by velocity transmiff@e pressure drop in dehumidifier
is measured by differential pressure transmitter.tie experimental room, the

temperature and humidity transmitters, thermocotypge K, and globe thermometer
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are installed to measure temperatures of intendrexterior air, relative humidity of
interior and exterior air, surface temperaturegaafiant cooling panels, and mean
radiant temperature of interior air, respectivéljoreover, the water temperature and
air mass flow rate of cooling tower are measuredti®rmocouple type K and
anemometer. The measurement data were recordey fwerminutes using data
logger. In addition, the thermal comfort as PMV &PED are calculated using the
equations proposed by Fanger (1970). Table 3.1 shibw record data and the

instruments used in this study. The details ofrimaent are described in Table 3.2.

Table 3.1 Record parameters and instruments

ltem Parameter Instrument
Dehumidification system

1 Inlet and outlet air temperature Temperatuiaegmitter

2 Inlet and outlet air relative humidity Relativemidity transmitter

3 Mass flow rate of ventilation air Velocity trangtar

4 Pressure drop across dehumidifier Differentiakpure transmitter
Radiant cooling system

5 Interior and exterior air temperature Tempearttansmitter

6 Interior and exterior air relative humidity Relve humidity transmitter

7 Surface temperature of cooling panels Thermoeotyple K

8 Mean radiant temperature Globe thermometer
Cooling tower

9 Inlet and outlet water temperature Thermocotyge K

10 Mass flow rate of cooling air Anemometer

Table 3.2 Detail of instruments
Item Instrument lists Details
1 Temperature and humidity Temperature and humidity transmitters — Model:
transmitter (duct mount) THS64-A61-4200-N, duct-mounting type. The
sensor for humidity and temperature are thin-
film capacitor and RTD Pt1@, respectively.
Output signals of these transmitters are 0-10V
three wires. The linear accuracy are #G.Zor
temperature range: 0-1%D, and +2%RH for
relatives humidity range: 0-100%RH.
2 Velocity transmitter Velocity transmitter — Model: FTS04-1061-N,
(duct mount) duct-mounting type. Output signals of these
transmitters are 0-10V three wires. The linear
accuracy are +3% of F.S. +0.2 m/s for velocity
of measuring range 0-30 m/s.
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Table 3.2 Detail of instruments (Continued)

ltem

Instrument lists

Details

3

Differential pressure
transmitter

Differential pressure transmitter — Model: 699,
full scale adjustable. The sensor and diaphragm
are Ceramic AlO3; (96%) and Silicone with
Polycarbonate PC housing. Output signals of
these transmitters are 0-10V three wires. The
linear accuracy are +1% of F.S. for differential
pressure of measuring range 0-500 Pa.

4

Temperature and humidity Temperature and humidity transmitters — Model:

transmitter (wall mount)

testo 6651 transmitters (testo 6601 probes), wall-
mounting type. The capacitive humidity sensor is
in principle a plate capacitor consisting of two
electrically conductive plates opposite each
other. A humidity-sensitive polymer serves as
the dielectric. Output signals of these
transmitters are 0-10V three wires. The linear
accuracy is *0.Z for temperature range: -20-
70°C and +1.7% RH for relative humidity range:
0-90%RH, or £1.9%RH for range: 90-100%RH.

5

Thermocouple type K

Measurement accuracy for mbepuple type K
in the range -100 < T < 1,370 is +0.05%.

6

Globe thermometer

Globe thermometer — Model: QUBESP-15 is
used for measurement of globe temperature to
determine the mean radiant temperature. The
sensor is RTD Pt1@. Output signals of these
transmitters are 0-10V three wires. The linear
accuracy of this instrument is *0& for
temperature range: 0-10.

7

Multifunction instrument
for HVAC

Multifunction instrument for HVAC — Model:
testo 450 is used for measurement of air mass
flow rate in the cooling tower. This instrument
can measure four parameters such as velocity,
humidity, dew point or temperature. The linear
accuracy are *0°€C for temperature range: O-
50°C, +2%RH for relatives humidity range: 2-
98%RH, and 3% of F.S. +0.2 m/s for velocity
of measuring range 0-30 m/s.
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Chapter 4

Design and Simulations

Design of solid desiccant dehumidifier and radiemling system are
presented in this chapter. The simulation throdghuse of the commercial software
programs, namely ANSYS version 13.0 and TRNSYS ioprsl6.0 are also
investigated. The designed parameters for optimizatnd the effects of different
flow-bed geometries and flow-directions of air-atrethrough desiccant media within
the desiccant column are considerate. In the rad@oling system, the simulations
are used to predict the thermal comfort assessar@htir phenomena profile in the

experimental room.

4.1 Desiccant column design

For this desiccant column design, the condition28C and 75%RH
are considered as an exterior air (Khedari et@022 and the acceptable comfort at
25°C and 50%RH is considered as an interior air SRNSHRAE Standard 55,
1992). Moreover, outdoor air supply rates recomrednd 15 cfm per person for
occupancy based (ANSI/ASHRAE Standard 62, 1999) atandard for air-
conditioning and ventilation systems of engineeiimggitute of Thailand under H.M.
the King's Patronage (2005) is 2*tm per nf (area based). Amount of fresh air about
50 kg/h is used to supply as ventilation air irstiesign. The adsorption equilibrium
and breakthrough time of solid desiccant dehungdifire calculated by Langmuir
equation and Klinkenberg model. The details of wlaked procedure are given in

Appendix B. The column designs used in this studypaesented in Table 4.1.

Table 4.1 Desiccant column design

ltem Parameter Value

1 Exterior air temperature and relative humidity °Q975%RH
2 Exterior air humidity ratio (€} 19 gv/khy:

3 Interior air temperature and relative humidity °@550%RH
4 Exterior air humidity ratio (§ 10 gv/khy:

5 Ventilation air 50 kg/h

6 Silica-gel requirement 10 kg

7 Breakthrough time (C, = 0.82) 3.77 hour

8 Equilibrium time (@C, = 0.99) 5.86 hour
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4.2 Effect of Flow-Bed Geometries on Desiccant Column

The aim of this section is to investigate the d@feaf different flow-
bed geometries and flow-directions of air-streamoufgh desiccant media upon
pressure dropAP) and adsorption raté\{V). The influence of flow-bed geometries
and flow-directions of air-stream within the desiot column are considerate, i.e.
vertical bed, segment bed, radial bed, conicaldetithe flow from inner to outer of
desiccant ¢;-direction), the flow from outer to inner of desact (,-direction), with
approximately 3 mm diameter, porosity of 0.4, andkbdensity of 670 kg/th of
silica-gel as the working desiccant.

For dehumidifier design, requirement of silica-gelthe bed is 10 kg
with column volume of 0.045 fnand various mass flow rates between 10 and 85
kg/h. The bed geometries under investigation aréce¢ bed, segment bed, radial bed
and conical bed (S1, S2, S3 and S4), as showrgidH. In this study are examined
in 2 cases for flow-directions through desiccandimenamely, flow from inner to

outer and flow from outer to inner, as given in.HQ.

——Column

& Silica-gel

Fig. 4.1 Schematic of the bed geometries: (a) sarbed (b) segment bed (c) radial
bed (d) conical bed S1 (e) conical bed S2 (f) crbbed S3 (g) conical bed S4

4.2.1 Thelnfluence of Flow-bed Geometries
The comparative numerical simulations for the puessirop and the
adsorption rate of these bed geometries;Halirection are depicted in Fig. 4.3. In
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consideration of the pressure drop, increasing riaasrates rises the pressure drop,
which are classified according to three rangesigts pressure drop (6.59-565.23 Pa),
medium pressure drop (6.52-123.03 Pa) and low presiop (1.10-58.97 Pa) for the
conical bed S1, the vertical and segment bed, laadadial and conical bed S2, S3,
S4. In consideration of the adsorption rate, ingirep mass flow rates rapidly

increases the adsorption rate especially with tre hass flow rates (less than 30
kg/h); after that, it is almost constant value hmseaof its maximum designed

adsorption rate (0.46 kth). However, the adsorption rate is less than @@#n for
the conical bed S1.

Air-stream line

Desiccant media

(ey-direction (byo-direction

Fig. 4.2 The cross-section of the radial bed vhighdifferent flow-directions of air-
stream through desiccant media
600

: : : 0.6
AW-Conical bed 52 AN il el
AWW-Conical bed S3 JT7"S cgment bed
AW-Conical bed $4. skl i
500 \ ¥ s
. \
= & & ]
40 AW-Conical bed S1., 04
_
= <
S 3
& 300 03 &
_,
= AP-Conical bed S1, =
8 AP-Conical bed S2 o
200 AP-Conical bed $3 {02
AP-Vertical bed APRadial bed
i AP-Segment bed, AP-Conical bed 54, 8
100 | _ . {01
0 0.0

5 15 25 35 45 55 65 75 85 95

Mass flow rate (kg/h)

Fig. 4.3 The effect of flow-bed geometries withdirection
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The pressure and humidity ratio distributions witthe column with

mass flow rate of 48.65 kg/h predicted through $athon are given in Fig. 4.4. The

conical bed S1 has high static pressure (175 Phytitom column or inlet zone (red

zone) and zero Pa (gage) in outlet zone to amliodu¢ zone). Moreover, the vertical
bed, the radial bed and the conical bed S2 hagepe=ssure drop than 50.75, 20.61
and 12.99 Pa, respectively. For moisture air viitlet humidity ratio of 0.0180
kgw/kg (red zone) passes through desiccant mediagtdutimidity ratio of vertical,
radial, conical bed S1 and S4 decrease to 0.008086, 0.0111 and 0.0088 Kgg,

respectively.

Pressure

175.00
164.08
| 15313
142.19
131.25
120.31
109.38
| 9844
[ 8750

- 76.56
I 65863
54.69

| 475 (a) J
32.81 A ‘
21.88 A
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000 4 |

(Pa) L»

Humidity ratio

0.0180
0.0167

- 0.0161
- 0.0155
[ 0.014¢
[ 0.0143
I 0.0136
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0.0124
0.0117
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i~ 0.0105

0.0099
0.0093
0.0088
0.0080

(kg /kg,)

=

-

Fig. 4.4 The contour plots of static pressure amaibdity ratio with mass flow rate of
48.65 kg/h for (a) vertical bed (b) radial bed¢ohical bed S1 (d) conical bed S2 and
(e) vertical bed (f) radial bed (g) conical bed(B)Lconical bed S2
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In ap-direction, the phenomenon within the desiccanumols and
capacity are similar to the air-stream through atzsit media iru;-direction except
the conical bed S1 and S4. The conical bed S1msthirection has less pressure drop
than the conical bed S1 with im-direction, and increasing the adsorption rate.
Moreover, the conical bed S4 with-direction is more pressure drop than the conical
bed S4 withos-direction, and decreasing the adsorption rate. Thpacity of
desiccant column with mass flow rate of 48.65 Kgtha,-direction andu,-direction

are described in Fig. 4.5.

Conical bed 54 §
Conical bed S
Conical bed S
Conical bed S

Radial bed §

oy - directior
B o, - direction

Segment bed §

Vertical bed

0 30 60 90 120 150 180
AP (Pa)
(a) Pressure drop

Conical bed S4

Conical bed S3

Conical bed S2

Conical bed 51

Radial bed
Segment bed
Vertical bed
0 | 0.1 | 02 | 03 | 04 | O.IS
AW (kg /h)

(b) Adsorption rate
Fig. 4.5 The capacity of desiccant column with nfass rate of 48.65 kg/h

The velocity fields inside central plane of theightbed with mass flow
rate of 48.65 kg/h predicted through simulation gireen in Fig. 4.6, which display

the air-stream patterns are expressed with a tollecof vector arrows. The
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magnitude of velocity is represented with collestiomf colours which the meanings
of these colours are explained with the verticdbeo bars in the figure. Iny-
direction andy-direction, the incoming process of air-stream Yosised from bottom
column with inlet velocity 5 m/s through dehumidifiby the flow from inner to outer
and outer to inner of desiccant media, respectivehe maximum magnitude of
velocity is occurred in the centre and middle layethe column. The reverse swirl of
az-direction is found the near inlet and outlet regod radial bed, while it is appeared

especially the near inlet region of bottom layerdgdirection.

Velocity

5.00

Fig. 4.6 Velocity vectors and velocity magnitude tioe radial bed with different flow
direction (48.65 kg/h): (ags-direction (b)a,-direction

4.2.2 ANOVA analysis

In this study for the influence of flow-bed geonmedr the adsorption
rate is converted to convergent designed value Wigih mass flow rate, whereas
increasing mass flow rates rises the pressure drbe.test for significance of the
regression model and the test for significancendiividual model coefficients need to
be performed for reliability of the prediction mdadbtained. Through the backward

elimination process, the final fitted regressiondels of the pressure drop in terms of
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the mass flow rate are presented in Table 4.2. &ffect examinations of model
coefficients, a small probability value (P-valuejggests that the influence of the
factor is significant. The probability values fdnose terms are lower than 0.1.
Therefore, the influential degree of the factanigher than the 90% confidence level.

Table 4.2 Regression models for the pressure drop

Type Regression models Reliability
Vertical bed
AP (Pa) = 11.039340 + 0.014861R*=0.991, R adjusted=0.988
Flowraté (kg/h) R? prediction=0.960
Radial bed
as-direction AP (Pa) = 2.180799 + 0.007346x R?*=0.998, K adjusted=0.987
Flowratée (kg/h) R? prediction=0.994
ap-direction AP (Pa) = 3.132560 + 0.005659x R°=0.991, R adjusted=0.988
Flowraté (kg/h) R? prediction=0.953

Conical bed S2
as-direction AP (Pa) = 1.080438 + 0.004851x R*=0.999, K adjusted=0.999

Flowraté (kg/h) R? prediction=0.997
ao-direction AP (Pa) = 0.533183 + 0.006273xR*=0.997, K adjusted=0.996
Flowraté (kg/h) R? prediction=0.990

4.3 Optimization of Designed Parametersfor a Desiccant Column

This section concentrates on the numerical simaratiof desiccant
column with various dimensions of designed pararadtw optimization in order to
minimize the value of pressure drapR) and maximize the value of adsorption rate
(AW). The comparing beds under investigation werdicadrand radial flow with
approximately 3 mm-diameter of silica-gel as theki desiccant in the column.

The ranges of the geometrical designed parameter8.3, 0.3, 0.4 m
for diameter of vertical flow bed (D); 0.75, 1.0D25 for ratio of outer diameter of
radial flow bed () to diameter of vertical flow bed and 0.375, 0.50®25 for ratio
of inner diameter of radial flow bed {Pto outer diameter of radial flow bed, as
shown in Fig. 4.7. Twenty-seven simulation testsiof radial flow bed with different
values of diameter ratio are used. For all unitspant of desiccant in the bed being
10 kg of silica-gel, column volume of 0.045 and ventilation air of 26 kg/h are used

in the simulations.
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(b) Dimensions of desiccant column
Fig. 4.7 Schematic display of desiccant column @esigned parameters

In this simulation study, spherical particles dicai-gel are used as the
working desiccant in the column. The physical props of silica-gel are 3 mm
diameter, porosity of 0.4, and bulk density of 8&m’. The desiccant beds under
investigation are the vertical flow and radial floas shown in Fig. 4.7a. The
dimensions of designed parameters are shown idHg. where K, Hs,, Dy, and Dy
represent height of silica-gel for vertical bedighe of silica-gel for radial bed, inlet
diameter of silica-gel for radial bed, and outlendeter of silica-gel for radial bed,
respectively, whereas H and V are height and dianaodtthe column.

The 3 factorial design, the three-level factorial desigas employed
to optimize the designing parameters of desiccahtnen in order to obtain the low
pressure drop and the high adsorption rate. Thaiestwof designing parameters are

the diameter of the vertical flow bed, and the mtiameter and the outer diameter of
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the radial flow bed. The desired responses aretéssure drop and the adsorption
rate which assumed to be affected by three indep#ndariables as mentioned
earlier. The three levels of the geometrical desigparameters are chosen to obtain
the low pressure drop and the high adsorption fidtese level settings are presented
in Table 4.3 which denote the low, intermediated &igh levels by -1, 0, and +1,
respectively. The simplest design in thef&ctorial design, which has three factors,

each at three levels. Therefore, the CFD simulatae 27 treatment combinations.

Table 4.3 The simulation range and levels of desgparameter

Parameters Ranges and levels

-1 0 +1
Diameter of vertical flow bed) (m) 0.2 0.3 0.4
Outer diameter of radial flow beB;, (M) 0.75D 1.00>D 1.255D

Inner diameter of radial flow be®,; (m)  0.375%,, 0.500°D,, 0.625,,

4.3.1 Comparison between Vertical Flow Bed and Radial Flow bed
The pressure drop and the adsorption rate comparidgetween

vertical flow bed and radial flow bed are depiciedFig. 4.8.

1000 T T ; T T T T T ; 0.47

4 046
800 |y

4 045

o 60 F — - AW — Vertical flow bed 044 é’,

& — AW — Radial flow bed ks

S \, . 043 &

400 ¢ N AP — Vertical flow bed | =
—— AP —Radial flow bed 1 042

1 041

0 n ! " ! " L . L . 0.40
020 023 030 033 040 043

Bed diameter (m)

Fig. 4.8 Pressure drop and adsorption rate fopuarbed diameter of the column

In case of bed diameter between 0.20 to 0.45 measing vertical
flow bed diameter decreases the pressure dropnwitieé column and varies the
adsorption rate around 0.4615,Kg and increasing radial flow bed diameter riges t

pressure drop and the adsorption rate simultamngousl
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However, the pressure drop of vertical flow betbs high comparing
with the radial flow bed under the same column diteny but the adsorption rate of
the radial flow bed is usually higher than the ottwee for the column diameter more
than 0.32 m. The predicted pressure and humidtty @ofiles through simulation
within the column for bed diameter 0.35 m are giwveRig. 4.9.

0
y
4

Pressure l Humidity ratio

75.00 0.0180
70.31 [ 0.0175
6563 : ' 0.0170
6004 | ) F 0.0165
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3281
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0.0140
- 00135
- 0.0130
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- 0.0120
00115
- 0.0110
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0.00 - 0.0100
(Pa) (kg /kg,)

(a) The vertical flow bed

Pressure ! Humidity ratio
34.00 0.0180
31,88 [ 0.0175
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r 2550 r 0.0159
| 23.38 I 0.0154
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0.0138
. 0.0133
- 0.0128
r 0.0123
- 00118
0.0113
0.0107
213 0.0102

0.00 0.0097
(Pa) (kg /kg,)

(b) The radial flow bed
Fig. 4.9 Contours of pressure and humidity ratiobed diameter 0.35 m

fe

4.3.2 Optimization of Designing Parameters
The purpose of optimization for the desiccant calumthis study is to
find the optimal values of designing parameters, ittmer diameter and the outer

diameter of radial flow bed, in order to minimizeetvalue of the pressure drop and



36

maximize the value of the adsorption rate. The lycgb optimization technique is
adopted. For diameter of the vertical flow bed pein20, 0.30 and 0.40 m, the
contour plots are superimposed and the regionsttsttsatisfied, which the pressure
drop less than 30 Pa and the adsorption rate rhare@.4615 kg'h. The overlapped
area between the inner diameter and the outer tkaroéradial flow bed shown in
Fig. 4.10 can be recommended as optimum zone. fdaigal optimum zone of the
inner diameter and the outer diameter are 0.150aB@ m, respectively; as a result,
the feasible and optimum condition values are 2B84and 0.4634 k.

Clt
1244
0.60xD,; 124 [ | ! A 0.60xD,]

)
0550/ i 0.55x0 3

D 0.50xD, D 0.50xD 7
0.45xD, 1

0.45xD

0.40xD_] 0.40xD 4

0.8xD, 0.9xD, 1.0xD, 1.IxD, 1.2xD,
D

(a) Radial flow bed with,3= 0.2 m

0.60xD_]

------ AW (g,/s)

0.55%D

AP < 30 Pa
| G AW >0.1282 /s

D 0.50xD
ri n;

__________________________________

0.45xD

0.40xD ]

0.8xD, 0.9xD, 1.0xD, LIxD, 1.2xD,
D

o

(c) The radial flow bed with,3>= 0.4 m
Fig. 4.10 Superimposed contour plots showing tlaeleti overlapping area for which
AP < 30 PaAW > 0.1282 g/s
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4.3.3 ANOVA Analysis

For reliability of the prediction model obtained tims study, the test
for significance of the regression model and ths¢ fer significance on individual
model coefficients need to be performed. Throughlthckward elimination process,
the final fitted regression models of the pressliop and the adsorption rate of radial
flow bed for 0.20, 0.30 and 0.40 m in terms of theer diameter and the outer
diameter are presented in Table 4.4. The effeanaations of model coefficients are
tabulated in Table 4.5. A small probability valle\alue) suggests that the influence
of the factor is significant. The probability vatutr those terms are lower than 0.05.
Therefore, the influential degree of the factanigher than the 95% confidence level.

Table 4.4 Regression models of the radial flow feedD, 0.20, 0.30, and 0.40 m
Dy(m) Regression models
0.2 AP (Pa) =270.298645 - 305.044619x%PD 270.825267xp +
93.989565%RxDy, + 191.054880x %Dy
AW (gu/s) = -0.013303 + 0.161669xpP+ 0.205078x[ -
0.054507xRQxDy, - 0.076377xRxD,; - 0.115395x %Dy
0.3 AP (Pa) =45.483137 + 54.227742%§3D, - 239.036379%xR*D,; +
169.067363x%[RxD\ixDy
AW (gu/s) = 0.131645 - 0.014442%D 0.003185%xRxDy, +
0.014360xRQxDy
0.4 AP (Pa) =-51.972707 + 175.119314% 234.084622xRxD;; +
126.977604%[XDy;
AW (gu/s) = 0.129107 - 0.001625%P+ 0.001915xRxDy;

Table 4.5 ANOVA table for the regression modelsgsiadial flow bed with = 0.3
m (after backward elimination)
Pressure drog\P

Term Coefficient Standard error T-ratio  P-value
Constant 45.483137 7.312315 6.220074 0.001570
DoXDro 54.227742 7.513510 7.217365 0.000796
DioXDyi -239.036379 61.678333 -3.875532 0.011695
DioXDyiX Dy 169.067363 61.629797 2.743273 0.040634
Standard error = 1.534078 ’R =0.987413

Coefficient of variation =5.793317 “Rdjusted =0.979862

PRESS = 47.619197 R for prediction =0.949064
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Table 4.5 ANOVA table for the regression modelsgsiadial flow bed with D= 0.3
m (after backward elimination) (Continued)
Adsorption rateAW

Term Coefficient Standard error T-ratio  P-value
Constant 0.131645 0.000997 132.082556 0.000000
Dii -0.014442 0.003551 -4.067257 0.009660
DroxDro -0.003185 0.000883 -3.606138 0.015443
DioXDyi 0.014360 0.003471 4.137794 0.009016
Standard error =0.000230 “°R =0.810534
Coefficient of variation =0.179285 “Rdjusted = 0.696854
PRESS = 0.000001 “Ror prediction = 0.400748

4.4 Solid Desiccant Dehumidification for Air-conditioning System

The aim of this section is to study and design $béd desiccant
dehumidification system suitable for tropical climdo reduce the latent load of air-
conditioning system, and improve the thermal comfifferent dehumidifiers such
as desiccant column and desiccant wheel are igagst, as shown in Fig. 4.11. The
ANSYS and TRASYS softwares are used to predictréiselts of dehumidifiers and
the desiccant cooling systems, respectively.

Desiccant whee

Desiccant column

Fig. 4.11 The types of solid desiccant dehumidsfier

The bed geometry of the stationary dehumidifierdesiccant column
is radial, i.e. a hollow cylindrical bed, with amier and outer diameter of 0.15 m and

0.30 m, respectively. A length of the packed bed @&65 m. For rotary beds, the
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desiccant wheel with a diameter of 0.5 m and atkend 0.2 m is divided into two
equal parts for dehumidification and regeneratiorcess. The air to be dried flows
through one side of the wheel, while at the same tithe heated air stream dries the
desiccant on the other side of wheel. The sphepagicles of silica-gel are used as
the working desiccant in the dehumidifiers. Amoahtlesiccant in the bed is close to
15 kg of silica-gel. The physical properties ofcsitgel are: average diameter: 3 mm,
porosity: 0.4, and bulk density: 670 kg/nMoreover, the air flow rate of 60 kg/h is

used in the simulations.

4.4.1 Comparison between desiccant column and desiccant wheel

The pressure drop of desiccant column is higherpeoed to the
desiccant wheel under the same conditions, buatserption rate of the desiccant
column is also higher than the desiccant wheel. pieglicted static pressure and
humidity ratio distributions through simulation folhe desiccant column and the
desiccant wheel are given in Fig. 4.12 and Fig3 Ardspectively.

Velocity Pressure Humidity
- 7.52 34.50 0.0180
[ 7.08 32.47 ‘ 0.0169 ﬂ
| 664 30.44 Al 00159 Y|
- 619 - 28.41 : - 0.0148 y \\
- 575 - 26.38 - 0.0138 / \
- 5.31 - 2435 - 0.0127
- 4.87 - 2232 - 0.0116
- 4.42 - 20.29 - 0.0106
I 398 I 18.26 - 0.0095
_ 354 H 16.24 F 0.0085
- 310 - 14.21 - 0.0074
I 265 - 1218 - 0.0064
- 2.21 - 10.15 - 0.0053
- 1.77 - 812 - 0.0042
133 | 6.09 | 0.0032
- 0.88 4.06 0.0021
- 044 4 203 A 00011 4
- 0.00 y 0.00 0.0000 L.
(m/s) (Pa) ke, ke,)

Fig. 4.12 The contour plots inside central plareOjzf the desiccant column
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(a) Contour plots of velocity
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(b) Contour plots of static pressure
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(c) Contour plots of humidity ratio
Fig. 4.13 The contour plots inside central plaredjzf the desiccant wheel

(Adsorption part)
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The desiccant column has high static pressure 43Ra&) in bottom
column or inlet zone (red zone) and zero Pa (gageutlet zone to ambient (blue
zone). The desiccant wheel has a pressure drophl@ss25.77 Pa. For inlet moist air
with humidity ratio of 0.0180 kgkg (red zone) passes through desiccant media, the
humidity ratio at the outlet of the desiccant cotumecreased to 0.0154 Kkg
(orange zone). In the case of the desiccant whHaehidity ratio at the outlet
decreases to 0.0168 Kig (yellow zone). The velocity fields inside caitplane of
the desiccant column and the desiccant wheel pestlibrough simulation are also
shown. The results display the air-stream pattesitis a collection of vector arrows.
The magnitude of velocity is represented by thews. The maximum magnitude of
velocity occurs in the centre and middle layerhaf dehumidifiers. A reverse swirl is

found near the inlet and outlet regions of the amsit media.

4.4.2 Desiccant cooling system

TRASYS version 16.0 software is used to predict tbsults of the
desiccant cooling systems. The dehumidifiers aegl Us remove water vapor from
the ventilation air before passing into the expental room with split type air
conditioner. The simulation results of the standairdconditioning system and the
desiccant cooling system are compared with the rerpatal tests under tropical

humid climate incorporating the applicable criteaa illustrated in Chapter 5.

4.5 Solid Desiccant Dehumidification for Radiant Cooling System

The aim of this section is to investigate and desigsolid desiccant
dehumidification and radiant cooling system, whaeh suitable for tropical climate to
achieve thermal comfort. The influence of an imerventilation fan to thermal
comfort assessment is also examined. The total @frélae ceiling and wall radiant
cooling panels are 16.83%and 16.32 rhwith 26.28 litre/min of supplied water by
the cooling tower for radiant cooling system. Tldidsdesiccant dehumidifiers are
the hollow cylindrical packed bed dehumidifier witbntaining 10 kg of silica-gel.
The physical properties of silica-gel are: averdgemeter: 3 mm, porosity: 0.4, and
bulk density: 670 kg/fh The flow rate of supply air is approximately @'tk
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The simulation tools under investigation consisTBINSYS software
and ANSYS software. First of all, the TRNSYS softevés used to assess the thermal
comfort of the radiant cooling system. Moreoveg ffhenomena of the air flow rate
and the temperature profile can explain by ANSY3$twsoe. In the TRNSYS
software, the details of the experiment room aredu® construct the model for
simulation. Two system configurations are usedexperiment. The first system is
the experimental room without the cooling panelse Becond system couples the
radiant cooling system installation to the buildifidnpe considered parameters are the
environmental conditions in the experimental rodemperature, relative humidity,
and air velocity) for thermal comfort assessmertie weather data used in this
simulation can be distinguished into four pattemasely hot day (March), early rain
(July), late rain (September), and cool day (Decamb

The flow diagram of TRNSYS and TRNSYS subroutinedud model
each component is shown in Fig. 4.14. In the ANSY@tware, two system
configurations are investigated. The first systsnomly the cooling panels with the
dehumidifier. The second system couples a verdiatan installation to the radiant
cooling system. The schematic of system is showfkign 4.15. In this assessing
thermal comfort level, the occupants are assumdthte a clothing insulation value
of 1 clo. This corresponds to an office worker degsin slacks, shirt, shoes, and
socks. The occupants are also assumed to be dedegtary work, with a metabolic
rate of 1.2 met. Moreover, the local air velocgyabout 0.1 m/s.

Dry bulb temperature Dew point temperature
Relative humidity

v ¥

‘Weather data file: Psychrometrics calculation: Effective sky calculation:
- Hot day (March) - Dew point temperature
- Early rain (July) - Wet bulb temperature (TYPE 69b)
- Late rain (September) - Humidity ratio
- Cool day (December) -Enthalpy
(TYPE 109-User) (TYPE 33¢e)

Dry bulb temperature
Beam radiation, Diffuse radiation

Multi-zone building:
1e Effective sky temperature

-Location and dimension |«
- Wall type manager
- Window type manager

- Comfort type manager Result Printer & plotter output-
- Cooling panel >
(TYPE 56a) (TYPE 25a, TYPE 65a)

'y

Dry bulb temperature_ Relative humidity
Total radiation, Beam radiation

Fig. 4.14 TRNSYS information flow diagram for thensilation
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Fig. 4.15 The experimental room in ANSYS software

4.5.1 Thermal comfort assessment of the radiant cooling system

The climate of Thailand can be distinguished intwrf patterns
corresponding to a period of the year. Therefohe weather data used in the
simulation consist of four patterns that March fuwt day, July for early rain,
September for late rain, and December for cool dde predicted mean vote, a
particularly defined of the thermal comfort in tteermal environment, is investigated
for the radiant cooling system. The TRNSYS simolatiesults of the radiant cooling
system are compared with the case of standard iexgr&ial room without the cooling
panels in Fig. 4.16-4.19.

In the hot day period in March, temperature andtrnet humidity of
exterior air are in the range of 21.23-3%2228.74C average) and 51.50-95.00%
(72.95% average) while average temperature antveelaumidity of interior air are
28.15C and 81.97% as shown in Fig. 4.16 (a). The vanatiof the different
guantities in case of the uses of radiant cooliygjesn are shown in Fig. 4.16 (b).
Temperature and relative humidity of interior aie an the range of 24.08-28 @
(25.84C average) and 81.89-100.00% (93.21% average)gctsely. Moreover,

values of PMV can be improving from 1.74 to 1.28hngooling panels that shows in
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Fig. 4.16 (c). During the early rain period in Julgmperature and relative humidity
of exterior air are in the range of 21.95-33®628.33C average) and 48.00-98.00%
(76.24% average) while average temperature antdveelaumidity of interior air are
26.65C and 88.81% in case of without cooling panels lesve in Fig. 4.17 (a).
Temperature and relative humidity of interior aie @n the range of 24.06-27°11
(25.49C average) and 86.46-100.00% (95.08% average)sa ofradiant cooling
system as given in Fig. 4.17 (b). Furthermore, eslaf PMV can be improving from
1.43 to 1.20 with cooling panels as seen in Fily7 4c).

Variations of the different quantities within exjpeental room without
cooling panels are shown in Fig. 4.18 (a) during léte rain period in September.
Temperature and relative humidity of exterior aie & the range of 22.45-34%9
(27.45C average) and 54.00-100.00% (81.00% average)ectgely, while, average
temperature and relative humidity of interior aie 26.18C and 90.87%. Fig. 4.18
(b) illustrated temperature and relative humidityirgerior air in case of the uses of
radiant cooling system which were in the range 2:09-27.76C (25.34C average)
and 83.52-100.00% (95.78% average). In additioyesaof PMV can be improving
from 1.32 to 1.17 with the use of cooling panelslaswn in Fig. 4.18 (c). In the cool
day period in December, in case of without coolagels are shown in Fig. 4.19 (a).
Temperature and relative humidity of exterior aie & the range of 17.03-33%&7
(25.64C average) and 45.00-93.00% (69.45% average), \avdge temperature and
relative humidity of interior air are 26.4D and 88.19%. Temperature and relative
humidity of interior air are in the range of 23.24:85C (25.39C average) and
82.78-100.00% (94.97% average) for the uses oamadiooling system in Fig. 4.19
(b). Moreover, values of PMV can be improving frdn86 to 1.18 with cooling
panels as given in Fig. 4.19 (c).

The use of cooling panels with cool water suppfredn cooling tower
in the tropical climate can improve thermal comftimtough TRNSYS simulation.
The predicted mean vote is in the range of 0.69-{1721 average). In December, the
PMV values are low because of low exterior air terapure, while, these values are
high in the hot day period. The radiant coolingteys can satisfy only sensible
heating, so that the relative humidity is high alumn the range of 81.89-100%
(94.76% average).
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Fig. 4.16 The air temperature, relative humidityd MV from TRNSYS simulation
for March 2015
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Fig. 4.17 The air temperature, relative humidityd MV from TRNSYS simulation
for July 2015
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Fig. 4.18 The air temperature, relative humidityd MV from TRNSYS simulation
for September 2015
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for December 2015
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4.5.2 Phenomena of air conditionswith radiant cooling system

In the ANSYS software, the phenomena of the inteainconditions of
the experimental room were investigated, such aseimperature profile, the relative
humidity profile, the air flow rate distribution,r dhe predicted mean vote. The
previous experimental data are used as input ®stimulation. The temperature and
relative humidity of the exterior air, the temperrat surface of the cooling panels, or
the temperature and relative humidity of ventilatisupply air are used for the
boundary and initial conditions. The use of coolipgnels with dehumidifier is
investigated for comparison with experimental ressuVloreover, the second system
couples a ventilation fan installation to the radieooling system is also studied.

The air temperature and the relative humidity thstron inside central
plane (front view, top view, and side view) of eperimental room for the radiant
cooling system and dehumidification are shown img. .20 and Fig. 4.21,
respectively. In the hot day period (March 201®08am), the average temperature
and relative humidity of the interior air are 27°@7and 36.94%. Moreover, the
average moisture content of the interior air i68)8kgqa

In the case of the radiant cooling system with deldifier and
ventilation fan in the experimental room, the amperature and the relative humidity
distribution inside central plane (front view, togw, and side view) are shown in
Fig. 4.22 and Fig. 4.23, respectively. In the hey deriod (March 2016, 8:00 am), the
average temperature and relative humidity of therior air are 26.0& and 38.61%;
and the average moisture content is 8. J4@.

The PMV distribution inside central plane (frontew) of the
experimental room for the comparison between thidard cooling system with
dehumidification and ventilation fan installatiam the experimental room are shown
in Fig. 4.24 and Fig. 4.25, respectively. The thercomfort usually occurred in the
closer to the cooling panels and the higher madaitaf the local velocity (blue
zone). The average value of PMV for the interiorigai-0.02 in case of the radiant
cooling with dehumidifier. On the other hand, it i8.93, when installing the

ventilation fan in the experiment room. The average/elocityincreases to 0.49 m/s.
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Fig. 4.20 Contour plots inside central plane oft@amperature for the radiant cooling

system with dehumidification at 8:00 am.
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Fig. 4.21 Contour plots inside central plane oatige humidity for the radiant
cooling system with dehumidification at 8:00 am.
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Fig. 4.23 Contour plots inside central plane oatige humidity for radiant cooling
system and dehumidification with ventilation farBa20 am
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Fig. 4.24 Contour plots inside central plane (sigsv) of PMV for radiant cooling
system and dehumidification without ventilation f&tr8:00 am.

Predicted mean vote
200
178
1.60
o4
13
1.06
087
069
- 051
032
0.14
-0.04
022
-0.41
059
077
095
-1.14
132
-1.50

=)

Fig. 4.25 Contour plots inside central plane (sidsv) of PMV for radiant cooling
system and dehumidification with ventilation far8a220 am.
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Chapter 5
Experimental Results

The prevent details, Chapter 3 describes the metbgy used in this
study, and the simulations are used to predictltaamal comfort assessment and air
phenomena profile in the experimental room, asstithted in Chapter 4. The
experimental results are described in this sectimtuding the simulation results
comparing with the experimental tests under trdgicanid climate incorporating the

applicable criteria.
5.1 Desiccant Dehumidifiers Testing

This section is to investigate the influence ofgpaetric studies for the
solid desiccant dehumidification using the desitaaiumn in tropical climate of
Thailand. The effects of temperature, humidityaand mass flow rate of air-stream
through desiccant column upon pressure d) (and adsorption rate {R.,) are

examinedThe desiccant dehumidifiers testing is illustrate&ig. 5.1.

.®..*— Temperature

| - P
OO Controller
Solit type [ S = . - S

y |

»— [rverter H
Air Conditioner Vertical bed — E 41— Radial bed
Dehumidifier 4|  Dehurridifier
Air-Conditioning @7_‘ B "_4@
Control Reom Cate Valye
"L P P
FAnned amourec W I

Blectrical Heater

Alr Dehumidifier

Fig. 5.1 Schematic diagram of desiccant dehumalifon testing

The dehumidification system uses the solid desiccamumidifiers
with spherical particles of silica-gel for workiraglsorbed media to remove water
vapor from supplied air before using. The experitaedehumidification systems

consist of two desiccant columns, vertical flow kbmdl radial flow bed or hollow
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cylindrical packed bed, with an inner and outerntkéer of 0.15 m and 0.30 m,
respectively. A length of the packed bed is 0.468amtaining 10 kg of silica-gel in
each column. The physical properties of silica-ged: average diameter: 3 mm,
porosity: 0.4 (the open volume fraction of the nuea) and bulk density: 670 kgfm
The solid desiccant dehumidifier under investigati® shown in Fig. 5.2. The first
column is the vertical flow bed and the second mwius radial flow bed. In the last
column, the cross-section of the radial bed shdwesflow-direction of air-stream

through the desiccant media.

Fig. 5.2 The solid desiccant packed bed dehumidifie

The RSM is employed to study the effects of opegaparameter. The
studied of designing parameters are the temperéyyéumidity ratio (W) and mass
flow rate (M) of air-stream through desiccant cofurithe desired responses are the
pressure dropAP) and the adsorption rate ,(Ry) Which be affected by three
independent variables as mentioned earlier. The R@M 5-level and 3-factor CCD
with 4-centerpoints is used to investigation. le ttase of three variables, the axial
parameterd) is 1.682 for assure that the designs being rol@atd he experiment is
designed for 5 levels of varying independent vaeislivhich were codes as -1.682, -1,
0, +1, and +1.682. Therefore, the experimentalpsetuie 18 treatment combinations.
The code independent variables used in this strelpr@sented in Table 5.1.

The air temperature and humidity ratio are corgwbllby the air-
conditioning control room, which consists of a spglipe air conditioner and an
electrical air dehumidifier. The finned armouredatee is used to increases the

temperature when the designing temperature is higjia@ surrounding temperature.
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The temperatures are kept around 25, 28, 33, 3F46, when the humidity ratios
are 10, 12, 15, 18, and 2Q./kgqs=. Moreover, the flow rates of supply air are
controlled around 60, 72, 90, 108, 120 kg/h by mtrdegal supply fan driven by an
inverter and gate valves. All treatments in theegixpental setup are continuously

operated for 60 minutes, with recorded every fiveutes using data logger.

Table 5.1 The experimental range and levels ofgthsy parameter

Parameters Ranges and levels

-1.682 -1 0 +1 +1.682
Temperature, T°C) 25 28 33 37 40
Humidity ratio, W (@,/kgqz) 10 12 15 18 20
Mass flow rate, M (kg/h) 60 72 90 108 120

Experimental results reveal that the pressure dfogertical bad flow
dehumidifier is higher compared to the radial fllad dehumidifier, whereas the
adsorption rate of the radial bad dehumidifier ighkr than the vertical bad flow
under the same conditions. For example, in the oédke inlet air temperature of
33C, the inlet humidity ratio of 15.8kgss and an air flow rate of 90 kg/h, the
measured air temperature and humidity ratio att ialed outlet positions of the
dehumidifiers are given in Fig. 5.3. The pressugdnd the adsorption rate of the
comparing bed dehumidifiers are given in Fig. 5.4.

40 T T T T T T T T T T T 20
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26 | Wertical flow bed

Humidity ratio | -—-——-- Radial flow bed
L {outlet)
24 i 1 i 1 i 1 i 1 i 1 i 1 i 1 1 i 1 i 1 i 1 i 4
0 5 10 15 20 25 30 35 40 45 50 55 60
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Fig. 5.3 The measured air temperature and humidiiy at inlet and outlet positions
of the dehumidifiers
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Fig. 5.4 The relationship between the pressure,dngpadsorption rate and the mass

flow rate

For the vertical bed flow dehumidifier testing, theerage inlet air
conditions at the temperature of 32@5%nd the relative humidity of 47.28% or the
humidity ratio of 14.92 gkggaindicate that the average outlet air temperatucethe
relative humidity are 36.7C and 23.33% or the humidity ratio of 8.9¥/l@ga
Moreover, the pressure drop and the adsorptionamel10.55 Pa and 0.54 K,
respectively. For the radial bed flow dehumidifi@sting, the average inlet air
conditions at the temperature of 3302and the relative humidity of 47.58% or the
humidity ratio of 15.07 gkggaindicate that the average outlet air temperatucethe
relative humidity are 38.£8 and 17.99% or the humidity ratio of 7.4G/\@ga
Moreover, the pressure drop and the adsorptiorarat€4.42 Pa and 0.68,Kh.

The RSM with central composite design using to finel performance
evaluation of the solid desiccant dehumidifier #imel influence of parametric studies
are tabulated in Table 5.2. In this study, the ageroperating parameters of the air
temperature, the humidity ratio and the mass flate are range of 24.91-40°C2
9.96-20.10 @/kgys and 59.80-120.35 kg/h, respectively. In the eattibed flow
dehumidifier, the humidity ratio is decrease to 737/95 @/kg4a (5.81 @/kQya
averages value). However, the outlet air tempegatuincrease about 1.11 times from
the heat of adsorption of the latent heat of cosdion of water vapor in the silica-
gel particles. Moreover, the pressure drop andatts®rption rate are 55.79-161.08 Pa
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(107.14 Pa averages value) and 0.34-0.7{/hkg0.52 kg/h averages value),
respectively. In the radial bed flow dehumidifithhe humidity ratio is decrease to
4.72-10.09 g/kgaa (7.34 @/Kkgqa averages value). However, the outlet air tempegatu
is increase about 1.15 times. Moreover, the pressdtop and the adsorption rate are
27.31-104.29 Pa (63.23 Pa averages value) and0083kg,/h (0.66 kg/h averages
value), respectively.

Table 5.2 The response surface methodology wittraletomposite design

RUN Parametric studies Vertical flow bed Radial flovdbe
no. T W M AP I:%msorp AP F%adsorp
°C avkgsa  kg/h Pa kg/h Pa kg/h

1 28 12 72 62.90 0.3444 33.20 0.4372
2 37 12 72 68.74 0.3366 36.72 0.4273
3 28 18 72 61.44 0.5171 32.43 0.6556
4 37 18 72 67.29 0.5050 35.94 0.6407
5 28 12 108 138.41 0.5164 85.93 0.6560
6 37 12 108 149.28 0.4459 92.69 0.5082
7 28 18 108 135.72 0.7730 84.26 0.9816
8 37 18 108 146.60 0.6706 91.92 0.8483
9 25 15 90 102.25 0.5654 58.97 0.7190
10 40 15 90 116.56 0.4206 68.53 0.5294
11 33 10 90 112.46 0.3580 65.55 0.4541
12 33 20 90 108.35 0.7163 63.12 0.9127
13 33 15 60 55.79 0.3595 27.31 0.4552
14 33 15 120 161.08 0.7050 104.29 0.8923
15 33 15 90 110.55 0.5357 64.42 0.6820
16 33 15 90 110.73 0.5313 64.43 0.6806
17 33 15 90 109.99 0.5434 64.19 0.6815
18 33 15 90 110.38 0.5373 64.29 0.6808

For the checking of the goodness of fit of the mted equations
obtained in this study, the test of significancetlod regression model, the test for
significance on individual model coefficients aneistt for lack-of-fit need to be
performed. The analysis of ANOVA is usually applidsummarize the above tests
performed. Table 5.3 and Table 5.4 present thestitail significance of the
regression models for the pressure drop and thergtitn rate of the vertical bad
flow dehumidifier and the radial bad flow dehumielif respectively. The backward
elimination process to adjust the predicted equatiof the pressure drop and the

adsorption rate eliminate the insignificant terms.
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Table 5.3 ANOVA table for the regression modelsgsiertical flow bed
dehumidifier (after backward elimination)
Pressure drop\P

Term Coefficient Standard error T-ratio  P-value
Constant -71.810 6.533214 -10.991474 0.000000
M 1.633 0.125025 13.061825 0.000000
<M 0.011 0.003136 3.462663 0.003480
Standard error =4.739918 ’R =0.981243
Coefficient of variation =4.424058 “Rdjusted =0.978742

PRESS =516.167012 “Por prediction =0.971271
Adsorption rate, Risorp

Term Coefficient Standard error T-ratio  P-value
Constant -1.174 0.362146 -3.242275 0.006423
T 0.051 0.022325 2.289053 0.039452
w 0.035 0.002277 15.334654 0.000000
M 0.005 0.000379 13.809264 0.000000
T? -0.001 0.000344 -2.603168 0.021874
Standard error = 0.025146 ’R =0.972118
Coefficient of variation = 4.824663 “Rdjusted =0.963539

PRESS =0.018671 “Ror prediction = 0.936667

Table 5.4 ANOVA table for the regression modelsigsiadial flow bed dehumidifier
(after backward elimination)
Pressure drop\P

Term Coefficient Standard error T-ratio  P-value
Constant -63.962 3.455104 -18.512465 0.000000
M 1.182 0.066120 17.876764 0.000000
<M 0.007 0.001658 4.262266 0.000682
Standard error = 2.506715 ’R =0.989503
Coefficient of variation = 3.964277 “Rdjusted =0.988104

PRESS =151.742050 “for prediction = 0.983101
Adsorption rate, Risorp

Term Coefficient Standard error T-ratio  P-value
Constant -1.547 0.568036 -2.724247 0.017372
T 0.069 0.035018 1.981933 0.069035
w 0.046 0.003571 12.820730 0.000000
M 0.006 0.000595 10.754981 0.000000
T? -0.001 0.000539 -2.268007 0.041019
Standard error =0.039442 R =0.958772

Coefficient of variation =5.995045 “Rdjusted =0.946087

PRESS =0.042626 “Ror prediction = 0.913101
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In Table 5.3 for using vertical flow bed dehumidifi the resulting
ANOVA table of the reduced the liner with interactimodel for the pressure drop
and the quadratic model for the adsorption rateaksvthis models are still significant
in the status of the value of “P-value” is lessnth@a05. The other important
coefficient R in the resulting ANOVA table is defined as theiogadf explained
variation to the total variation and is a measuréhe degree of fit. For the pressure
drop predicted equation, the value GfdRlculated in Table 5.3 for this reduced model
is over 0.97, while Rfor the adsorption rate predicted equation is 09€3,
reasonable close to unity, which is acceptableddimotes that about 95% of
variability in the data is explained by this modeklso confirms this model provides
an excellent explanation of the relationship betwi® independence factors and the
response. The same procedure is applied to dedl wusing radial flow bed
dehumidifier, the resulting ANOVA table of the redal the liner with interaction
model for the pressure drop and the quadratic mimdehe adsorption rate are show
in Table 5.4. The value of “P-value” is also lekart 0.05 (i.e.a=0.05, or 95%
confidence). Therefore, this model is consideredthgstically significant.

Through the backward elimination process, the fregtession models

of response equation are presented as follows:

Pressure drop for the vertical flow bed
AP=-71.810+1.633x M +0.011x TxM Eq. 5.1

Adsorption rate for the vertical flow bed

R gsop=—1.174+0.051x T + 0.035x W
+0.005x M —0.001x T? Eqg. 5.2
Pressure drop for the radial flow bed
AP=-63.962+1.182<M +0.007x T x M Eqg. 5.3
Adsorption rate for the radial flow bed
R -1547+0.069< T + 0.046x W

adsorp =

+0.006xM —0.001x T? Eq. 5.4
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Where AP is the pressure drop (Pa)ad&rp is the adsorption rate
(kgw/h); W is humidity ratio (kg/kdao); T is temperature®C), and M is mass flow
rate (kg/h).

The effects of operating parameters on the perfoces using the
dehumidifiers were investigated. According to tlesults in ANOVA, a sensitivity
analysis for percent contribution for each sigmifit operating parameter, the most
significant factors in the pressure drop acrossditteumidifier is the mass flow rate.
The temperature is the less influent factor, wthke humidity ratio is not significant.
For the adsorption rate, the two significant fagtare the temperature and the
humidity ratio, respectively, whereas the mass ftate is a lower influent factoin
addition, the three dimensional surface demonsthaeteffect of operating parameters
on the performances using the vertical and ratha bed dehumidifier areshown in
Fig. 5.5 and Fig. 5.6, respectively.

Fig. 5.5 (a) presents that the influences of thesrflow rate and the
humidity ratio on the pressure drop and the adsmrptate of vertical bad flow
dehumidifier, while keeping the temperature afG33The pressure drop and the
adsorption rate increase when the mass flow ratggs from 60 to 120 kg/h.
Moreover, only the adsorption rate also increasesrmthe humidity ratio rises from
10 to 20 g/kgea In Fig. 5.5 (b) the humidity ratio at 15/80q4. the pressure drop
increase when the temperature changes from 25°®, 4thereas the adsorption rate
decrease in this range. Moreover, in Fig. 5.5t{@,pressure drop and the adsorption
change in a little range value when keeping thesrflass rate at 90 kg/h

The same procedure is applied to deal il pressure drop and the
adsorption rate of radial bad flow dehumidifiere tlesulting of the response surfaces
as a function of two different factors is showrFig. 5.6. The patterns of the pressure
drop and the adsorption rate are in the same twatidthe previous dehumidifier.
However, the pressure drop of the vertical flow etdigher and the adsorption rate
is lower, when comparing with the radial flow bdtdcan use a smaller size of a
supply fan with using the hollow cylindrical packbdd, so that the electrical power

consumption of a motor decrease in the same delifignichpacity.
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5.2 Desiccant Dehumidification for Air-conditioning System

This section is to concentrate on the solid desicdghumidification
system for tropical climate to reduce the latemdi@f air-conditioning system, and
improve the thermal comfort. The experimental systeinder investigation consist of
the solid desiccant dehumidification and air-canding system. The first system is
used to remove water vapor from the ventilation lmfore passing into the air-
conditioning system. The second system consistplitf type air conditioner (9,000
Btu/h) to maintain the desired indoor conditions. this section, the desiccant
dehumidifier is a radial bed dehumidifier. The bgdometry of the stationary
dehumidifier on desiccant column is radial, i.&aodlow cylindrical bed, with an inner
and outer diameter of 0.15 m and 0.30 m, respdgtivelength of the packed bed is
0.465 m. The silica-gel media are used as the wgréesiccant in the dehumidifiers.
Amount of desiccant in the bed is close to 15 kige Tlow rate of supply air is
approximately 60 kg/h.

The results of the desiccant cooling system arepemed with the
standard air-conditioning system in Fig. 5.7. Theations of the different quantities
within the experimental room with the standardanditioning system are shown in
Fig. 5.7 (a). The measured temperaturg-Exp) and relative humidity (RRExp) of
the outdoor air are in the ranges of 26.7-3%1.@and 62.8-95.0%, respectively,
whereas, the measured average temperatyeEKDP) and relative humidity (Rk
Exp) of the indoor air are around 2%3and 60.4%. The variations of the same
guantities within the experimental room with thesideant cooling system are shown
in Fig. 5.7 (b). When the temperature and the ixedadtumidity of the outdoor air are
in the ranges of 25.5-32@ and 55.5-95.6%, respectively, the average terhpera
and relative humidity of the indoor air are fourmdlie around 25°%€ and 52.3%.
Results indicate that the humidity ratio of corahing space and cooling load of split
type air conditioner are decreased by 0.002Kgya (14%) and 0.71 kW (19.26%)
respectively. Consequently, the predicted mean weate improved from 0.3-0.6 (0.5
averages value) to 0.1-0.4 (0.3 averages valutileopredicted percentage dissatisfied
was reduced from 6.77-12.85% (10.12% averages ydtues.17-8.81% (7.04%

averages value).
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(b) The desiccant cooling systems
Fig. 5.7 The experiment and prediction of inteaarconditions

The predicted value, such as the temperatuggSifm), or relative
humidity (RhSim) within the experimental room is in good agneat with the

experiment measurements, except at the beginnirgpefating the air temperature
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and humidity of the experimental room is highemtliae value of simulation because
of the residual time in the transient effect. Therage errors of prediction are less
than 2.1% and 5.4% for the temperature and théivelaumidity of the interior air,

respectively.

5.3 Desiccant Dehumidification for Radiant Cooling System

This section is to investigate on the solid desitaehumidification
and radiant cooling system, which are suitabletdgpical climate to achieve thermal
comfort. The total area of the ceiling and walliead cooling panels were 16.8%m
and 16.32 rwith 26.28 litre/min of supplied water by the dogl tower for radiant
cooling system. The solid desiccant dehumidifighes hollow cylindrical packed bed
dehumidifier with containing 10 kg of silica-gelh& flow rate of supply air was
approximately 90 kg/h.

The experimental results in cases of without anith wvadiant cooling
system were examined. The first case is an expataheoom without cooling panel.
The second case has the cooling panel installaktmreover, the moisture content
was reduced by the dehumidifier in the second dasethe first case, the temperature
and relative humidity of the exterior air are ire trange of 26.00-34.46 (29.46C
average) and 61.44-83.38% (75.29% average), wthke,average temperature and
relative humidity of the interior air are 30°&Land 72.77% in the hot day period
(March 2016) as given in Fig. 5.8. The average tamescontent of the interior air is
19.89 g/kgqa The surface temperature of the cooling panedsdand 24.04-29.6C
(26.75C average) in case of with radiant cooling systdine temperature and
relative humidity of the exterior air are in thenge of 25.83-34.7¢ (29.62C
average) and 60.71-83.43% (73.64% average), withke,average temperature and
relative humidity of the interior air are 28°€3and 80.90% in the hot day period
(March 2016) as illustrated in Fig. 5.9. The meadiant temperatures of the radiant
cooling system are in the interval of 25.18-306%27.62C average). Moreover, the

average moisture content of the interior air i819,/kgqa
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In the case of the cooling panels and dehumidifistallation in the
experimental room, the surface temperature of thairey panels is around 24.58-
29.18C (26.60C average value). The temperature and relative ditymdf the
exterior air are in the range of 26.19-341429.35C average value) and 62.68-
82.52% (75.50% average value), respectively; wtlithe, average temperature and
relative humidity of the interior air are 28’2 and 41.70% in the hot day period
(March 2016) as seen in Fig.5.10. The mean radimiperatures of the radiant
cooling system with dehumidifier are in the intdnad 25.76-30.73C (27.75C
average value). Moreover, the average moistureeoomf the interior air is reduced
to 10.28 g/kgga
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Fig. 5.10 Air temperature, relative humidity, ardliant temperature with cooling

panel and dehumidifier

In addition, thermal comfort can improve by opergtat the lower air
temperature and humidity ratio, or higher the logabcity from the experiment and
simulation results. The predicted mean vote fromasneed values and ANSYS
simulation data for E1 (experiment without coolipgnel), E2 (experiment with the

cooling panel), E3 (experiment with cooling panetl alehumidifier), S1 (simulation
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without cooling panel), and S2 (simulation for tt@oling panel, dehumidifier, and

ventilation fan) are shown in Fig. 5.11.
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Fig. 5.11 The predicted mean vote from measuragegahind ANSYS simulation

In case of experiment without cooling panel (EX)e tinterior air
temperature and the relative humidity are high esldue to influent of the hot and
humid climate. It consists of the hot or warm caiodi for the human thermal
sensation, that the predicted mean vote is indhge of 0.91-2.22 (1.48 average) and
the predicted percentage dissatisfied is 22.49285.660.08% average). In the case
E2, the thermal comfort can improve by the usegailing panel. The predicted
mean vote is in the range of 0.08-1.92 (0.89 awragd the predicted percentage
dissatisfied is reduced to 5.13-73.02% (21.60%ana) In the third experiment (E3),
the solid desiccant dehumidifier was installed wiltle radiant cooling system. The
predicted mean vote is in the range of -0.17-1J82 average) and the predicted
percentage dissatisfied is reduced to 5.60- 63.88/4.3% average).

The patterns of temperature, the relative humiditgl the predicted
mean volte from ANSYS simulation in case of Sliarthe same agreement with the
experimental results. Although the thermal comfocan improve by the radiant
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cooling and dehumidification system, the valuepredicted mean vote are remaining
high in the afternoon (12:00-17:00). The value mdicted mean vote is more than
1.25 (PPD 37.73%). In second case of the ANSYS laition (S2), the ventilation fan
installed in the radiant cooling system was inggged. The values of predicted mean
vote improve to -0.99-0.78 (-0.24 average) and vakie of predicted percentage
dissatisfied is in the range of 17.82-25.70% (6.2484rages).
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Chapter 6

Conclusion and Recommendation
6.1 Conclusion

The objective of this research is to design ancligva solid desiccant
dehumidification and radiant cooling system, whach suitable for tropical climate to
achieve thermal comfort. The experiment systenseisip at the™ floor of the low
energy house in Prince of Songkla University (PSHatyai Campus, Songkhla
Province located in the Southern part of Thaildhehumidification system uses solid
desiccant dehumidifiers with silica-gel bed in ¢oluto remove water vapour from
the ventilation air before passing into the expental room. Radiant cooling system
is designed using cool water supplied from cootmger passing through the radiant
cooling panel which made from copper tube bond aitiminium sheet.

Design of solid desiccant dehumidifier and radizoaling panel using
the simulation by commercial software programs, elgfANSYS version 13.0 and
TRNSYS version 16.0 are also investigated. The giesi parameters for
optimization and the effects of different flow-bgdometries and flow-directions of
air-stream through desiccant media within the aesit column are considerate. In
the radiant cooling system, the simulations ared usepredict the thermal comfort
assessment and air phenomena profile in the agtftoning room.

The bed geometries under investigation are verbed, segment bed,
radial bed and conical bed. In hollow cylindricadp the symmetry beds are the
feasible and practical dehumidifier such as theatdsed and the conical bed. Under
the conditions with amount of desiccant in the bethg close to 10 kg of silica-gel,
column volume of 0.045 frand air ventilation of 26 kg/h, the practical optim zone
of the inner diameter and the outer diameter at& @nd 0.30 m, respectively; as a
result, the feasible and optimum condition values 28.34 Pa and 0.4634 8. In
the experimental result, the pressure drop of thdiocal flow bed is too high
compared the radial flow bed with the same conadtjavhereas the adsorption rate is
a lower value. For the conditions of the air terapare, the humidity ratio and the
mass flow rate range: 25-40 10-20 g/kgys and 60-120 kg/h, the performance of
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the vertical and radial bed flow dehumidifier a7 114 Pa with 0.52 kgh, and 63.23
Pa with 0.66 kg/h, respectively. In addition, the comparing thehwhaidifiers
between desiccant column with radial bed and dasicwheel have been proposed.
The adsorption rate of the desiccant wheel is lislader than the desiccant column,
but its value is almost constant and stable vaigme. Moreover, the pressure drop
of the desiccant column is higher in a little value

In the thermal comfort assessment, the results ebicdant
dehumidification for air-conditioning system, themntperature and the relative
humidity of the outdoor air in the ranges of 25573C and 55.5-95.6%, the use of
desiccant cooling system reduced the humidity raficonditioned space and the
cooling load of the air conditioner by 14% and B9@2respectively. Consequently,
the thermal comfort was improved from 0.5 PMV (B34 PPD) to 0.3 PMV (7.04%
PPD). For the results of desiccant dehumidificationradiant cooling system, the
TRNSYS simulation study indicate that the PMV valwan be improving from 1.46
to 1.21 throughout the year with the uses of cgotianel in comparison with the case
of without cooling panel. The experimental studweish the desiccant humidifier
coupled to the radiant cooling system confirmed dlseuracy of simulations. The
values of predicted mean vote for the cases ofawitltooling panel, with cooling
panel, and cooling panel with dehumidifier are 1.@89 and 0.62, respectively. In
the case of the ventilation fan installation in tadiant cooling system, the value of
predicted mean vote improves to -0.24 and the ptedipercentage dissatisfied is
6.24%.

Finally, from this research work under hot and higlmidity, the
radiant cooling system with using cool water suggblirom cooling tower can achieve
the thermal sensation level. Moreover, the desicdahumidification has an extreme
effect. Only in the afternoon, there are the wawnditions. However, the thermal
comfort assessment can improve with the dehumidéiiiel the inside ventilation fan
in this interval time. Furthermore, the radiant laoy system with dehumidifier, it
cannot only decrease the energy consumption igceiditioning system, but also

develop occupant’s thermal comfort.



72

6.2 Recommendation

This study concentrates only the solid desiccahudedifiers with a
structured packing impregnated with silica-gelsrémnove water vapour from the
ventilation air before passing into the radiant lcap system. The using solid
desiccant coated bed can increase the surfaceobdsdumidifier; therefore it is the
ways to improve the performance of dehumidificatiaith increasing the adsorption

rate, and decreasing the pressure drop across d#fiers for the future work.
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B.1 The adsorption equilibrium of adsorbent-graitieasgel

From the Langmuir equation (Eq. 2.1), the adsompfwoperties of

silica-gel can be calculated in Table B.1 for aditon at at 1 atm, Z&.

vV bC,

V., 1+bC,

m

Table B.1 Adsorption properties of silica-gel atin, 25C

%RH \W \Y, 1/wW v M angmuir
(%) (kgo/M’ad)  (Kgw/M’agd (kgu/Maa9
5 0.0012 33 864.8786 0.0303 33.11
10 0.0023 66 431.7620 0.0152 64.73
20 0.0046 121 215.2036 0.0083 123.89
30 0.0070 176 143.0175 0.0057 178.18
40 0.0094 231 106.9245 0.0043 228.17
50 0.0117 275 85.2686 0.0036 274.36
60 0.0141 319 70.8314 0.0031 317.16
70 0.0165 352 60.5191 0.0028 356.94
80 0.0189 396 52.7849 0.0025 393.99
90 0.0214 429 46.7694 0.0023 428.60
100 0.0238 462 41.9570 0.0022 461.00

The same procedure is applied to the conditio2¥ a80, 33 and 3&,

the resulting table for the adsorption equilibrilshown in Fig. B.1

450
400 1 T=25°C
350 - =TT
" T=27°C
"2 300 - e )
m&g 250 A ,J”—,’ T=30°C
£ 200 7 ==
= B - e
sf _— =7 T=33°C
> 150 1 i
L I T=35°C
100 T e
so4 Ao
0 ¢ : T T T T T
0 0.004 0.008 0.012 0.016 0.020 0.024

W (kgy/msa)

Fig. B.1 The adsorption of water vapor on the aigel by Langmuir isotherm
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For example, the regression coefficient in the ca§e25C, the
Langmuir constant (b) and the quantity V of adstetzalsorbed in a single monolayer
(V) are equally 21.7118 kg and 1,351.86 kg/Mmrespectively.

B.2 The breakthrough curves of adsorbent-gradeasgel
From the Klinkenberg equation (Eg. 2.4-2.9), theragion time can be
predicted in Table B.2 and illustrated in Fig. B.2.

g_l:%[l—erf(\/g—\/;)]

Table B.2 The concentration of water vapor (outiétf) on the desiccant column

T Time G/C, T Time G/C,
(hour) (hour)

0.5 0.04 0.000000 80 6.47 0.998842
1 0.08 0.000000 90 7.28 0.999932
5 0.40 0.000000 100 8.09 0.999997

10 0.81 0.000000 110 8.90 1.000000

20 1.62 0.000523 120 9.71 1.000000

30 2.43 0.031676 130 10.52 1.000000

40 3.24 0.255126 140 11.33 1.000000

50 4.05 0.654411 150 12.14 1.000000

60 4.85 0.911763 160 12.95 1.000000

70 5.66 0.987106 170 13.75 1.000000

1.0

0.9 4

0.8

0.7 4

0.6

g-»: 05 4 Parameter Value
v Inlet air conditions 29°C, 75%RH
04 4 Inlet air humidity ratio (C,) 19 gw/khg,
QOutlet air conditions 25°C, 50%RH
0.3 - Outlet air humidity ratio (C;) 10 gw/khgs
Ventilation air 50kgh
0.2 - Silica-gel requirement 10kg

Breakthrough time (C¢/C,=0.52) 3.77 hour

011 Equilibrium time (C¢/Co=0.99)  5.86 hour

0.0

5 6 7 g 9 10
Time (hour)

[}
s
e

0 1

Fig. B.2 The breakthrough curves of the desiccahinon
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Table C.1 The pressure drop of desiccant columnsfaliirection

86

Flow rate (kg/h)

AP (Pa)
9.73 29.19 48.65 68.10 87.56
Vertical 6.52 25.45 50.75 82.89 121.69
Segment 6.61 25.98 51.33 83.80 123.03
Radial 1.97 9.27 20.61 34.82 58.97
Conical bed S1 6.59 60.85 171.13 340.59 565.23
Conical bed S2 1.10 5.23 12.99 23.90 37.95
Conical bed S3 1.11 5.50 12.68 23.15 36.59
Conical bed S4 1.39 7.35 17.59 32.09 49.93
Table C.2 The pressure drop of desiccant columngaiirection
AP (Pa) Flow rate (kg/h)
9.73 29.19 48.65 68.10 87.56
Vertical 6.52 25.45 50.75 82.89 121.69
Segment 6.61 25.98 51.33 83.80 123.03
Radial 1.88 7.93 18.07 31.19 44 97
Conical bed S1 1.43 6.44 15.46 27.17 41.80
Conical bed S2 1.18 5.89 16.24 27.96 41.07
Conical bed S3 1.38 6.89 15.86 28.97 42.48
Conical bed S4 5.11 47.16 132.63 263.97 438.08
Table C.3 The adsorption rate of desiccant coluonafdirection
Flow rate (kg/h)
AW (kgw/h)
9.73 29.19 48.65 68.10 87.56
Vertical 0.175079 0.461826 0.461829 0.461827 0.2818
Segment 0.175079  0.461830  0.461830 0.461830 0.96182
Radial 0.174454 0.463338 0.463270 0.463411 0.45344
Conical bed S1 0.174448 0.339757 0.344379 0.361034376147
Conical bed S2 0.174454 0.452427 0.452430 0.452429452425
Conical bed S3 0.174454 0.452533 0.452595 0.452538452560
Conical bed S4 0.174454 0.454957 0.454931 0.454969454973
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Table C.4 The adsorption rate of desiccant coluonfdirection

Flow rate (kg/h)

AW (kgu/h)

9.73 29.19 48.65 68.10 87.56
Vertical 0.175079 0.461826 0.461829  0.461827  0.2818
Segment 0.175079  0.461830 0.461830  0.461830 0.96182
Radial 0.174450 0.463036 0.462381  0.462571  0.462746
Conicalbed S1  0.173757  0.451839 0.454123  0.454152454371
Conical bed S2  0.174421  0.449947 0.450798  0.45111M451075
Conical bed S3  0.174579  0.452857  0.452919  0.452862452884
Conical bed S4  0.174454  0.425914  0.431708  0.432587433532
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Table D.1 The pressure drop of desiccant colum&200 mm
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AP, Pa R (mm)
Dro (Mm) 3/8 x Oy 4/8 x Do 5/8 x Do
6/8 x D 50.16 25.48 16.21
8/8 x D 28.62 16.65 12.81
10/8 x D 24.68 20.25 14.61
Table D.2 The pressure drop of desiccant colum&EB00 mm
AP, Pa @ (mm)
Dro (Mmm) 3/8 x I, 4/8 x D, 5/8 x Do
6/8 x D 26.01 18.10 12.58
8/8 x D 32.06 23.67 18.65
10/8 x D 49.23 31.97 25.25
Table D.3 The pressure drop of desiccant columiDfst00 mm
AP, Pa R (mm)
Dro (mm) 3/8 x O 4/8 x Do 5/8 x Do
6/8 x D 34.71 23.00 18.27
8/8 x D 51.43 35.35 28.29
10/8 x D 76.57 51.79 33.93
Table D.4 The adsorption rate of desiccant coluonibE200 mm
AW (gwls) Bi (mm)
Dro (Mm) 3/8 x Oy 4/8 x Do 5/8 x Do
6/8 x D 0.1143 0.1251 0.1241
8/8 x D 0.1283 0.1280 0.1282
10/8 x D 0.1283 0.1282 0.1286




Table D.5 The adsorption rate of desiccant coluonibE300 mm

90

AW (gw/s) Bi (mm)

Dro (Mm) 3/8 x Oy 4/8 x Do 5/8 x Do
6/8 x D 0.1285 0.1279 0.1277
8/8 x D 0.1284 0.1287 0.1282
10/8 x D 0.1281 0.1281 0.1290

Table D.6 The adsorption rate of desiccant coluonbDE400 mm

AW (gu/s) Di (mm)

Dro (Mmm) 3/8 x O}, 4/8 x Do 5/8 x Do
6/8 x D 0.1284 0.1287 0.1282
8/8 x D 0.1285 0.1283 0.1285
10/8 x D 0.1278 0.1282 0.1288
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Table E.1 The experimental and simulation reswitgHe air-conditioning systems

Time ToxEXp  %RHLEXp TaExp %RHs;-Exp Ta-Sim  %RH,-Sim

°Cc % °C % °C %
9:00 30.0 69.49 28.2 94.65 26.3 63.45
10:00 29.8 71.55 25.9 67.21 25.8 59.31
11:00 31.1 67.90 25.7 63.31 26.1 60.05
12:00 31.2 66.66 26.0 62.27 26.0 60.08
13:00 31.6 62.76 26.1 62.98 26.1 60.10
14:00 31.6 65.10 26.2 61.77 26.2 60.11
15:00 30.9 71.56 26.1 60.10 25.9 60.07
16:00 30.0 71.99 25.6 56.84 26.0 60.05
17:00 28.8 80.38 25.3 58.63 25.8 60.04
18:00 28.4 83.65 24.9 57.94 25.6 60.02
19:00 27.4 91.05 24.4 57.39 25.5 60.05
20:00 27.2 92.40 24.1 57.57 254 60.03

21:00 26.7 94.96 23.8 58.38 25.3 60.00
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Table E.2 The experimental and simulation reswoltsHe desiccant cooling systems

Time ToxEXp  %RHLEXp TaExp %RHs;-Exp Ta-Sim  %RH,-Sim

°Cc % °C % °C %
9:00 29.8 59.27 27.5 92.23 26.1 57.78
10:00 31.2 68.50 25.2 54.73 25.8 54.47
11:00 31.7 60.38 25.4 52.52 26.0 54.50
12:00 31.6 61.43 25.6 51.33 26.2 54.48
13:00 32.1 55.17 25.7 52.05 26.2 54.49
14:00 32.4 53.27 26.0 50.23 26.1 54.50
15:00 32.7 58.72 26.2 52.79 25.9 54.49
16:00 31.3 64.70 26.1 53.94 25.9 54.50
17:00 30.5 72.83 25.7 52.22 25.8 54.48
18:00 27.2 84.78 25.2 51.28 25.6 54.49
19:00 26.4 93.29 24.6 51.84 25.4 54.47
20:00 25.9 95.16 24.3 52.42 25.3 54.46

21:00 25.5 95.62 23.9 52.36 25.2 54.46
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Table F.1 The air temperature, relative humidit)d MV without cooling panel
from TRNSYS simulation for March 2015

Time Texterior %R Nexterior Tinterior %R Nnterior PMV

(day) (C) (%) (C) (%)
0 28.40 80.00 26.98 87.12 1.50
2 28.30 71.50 26.81 88.02 1.46
4 26.70 69.50 26.96 87.20 1.49
6 27.85 71.50 27.65 83.76 1.63
8 23.65 80.00 25.66 94.19 1.22
10 26.55 76.00 26.20 91.22 1.33
12 26.65 80.50 25.82 93.29 1.26
14 28.30 69.50 27.91 82.50 1.68
16 29.54 75.50 28.59 79.32 1.82
18 28.90 71.50 28.50 79.73 1.80
20 28.69 76.50 28.24 80.92 1.75
22 29.25 78.00 27.16 86.23 1.53
24 28.70 74.50 27.92 82.44 1.69
26 28.90 83.00 26.49 89.66 1.40
28 29.10 74.50 27.44 84.78 1.59
30 29.15 72.50 28.19 81.17 1.74

Table F.2 The air temperature, relative humidit/d MV with cooling panel from
TRNSYS simulation for March 2015

Time Texterior %R Nexterior Tinterior %R Nnterior PMV

(day) (C) (%) (C) (%)
0 28.40 80.00 25.28 96.31 1.16
2 28.30 71.50 25.26 96.46 1.15
4 26.70 69.50 25.16 97.04 1.13
6 27.85 71.50 25.37 95.83 1.17
8 23.65 80.00 24.66 99.98 1.03
10 26.55 76.00 25.04 97.74 1.11
12 26.65 80.50 24.92 98.42 1.09
14 28.30 69.50 25.46 95.33 1.19
16 29.54 75.50 25.64 94.30 1.23
18 28.90 71.50 25.59 94.58 1.22
20 28.69 76.50 25.50 95.05 1.20
22 29.25 78.00 25.40 95.65 1.18
24 28.70 74.50 25.47 95.23 1.20
26 28.90 83.00 25.23 96.64 1.15
28 29.10 74.50 25.42 95.53 1.19

30 29.15 72.50 25.54 94.86 1.21
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Table F.3 The air temperature, relative humidit)d MV without cooling panel
from TRNSYS simulation for July 2015

Time Texterior %R Nexterior Tinterior %R Nnterior PMV

(day) (C) (%) (C) (%)
0 26.30 87.00 24.49 100.00 0.99
2 28.94 82.50 26.35 90.40 1.37
4 27.00 82.00 25.32 96.09 1.16
6 26.91 80.50 24.88 98.63 1.07
8 29.20 82.00 26.28 90.76 1.36
10 27.50 82.50 26.12 91.66 1.32
12 27.49 79.00 26.61 89.03 1.42
14 25.80 76.50 25.01 97.87 1.10
16 27.05 84.00 24.75 99.45 1.04
18 28.30 72.50 27.07 86.66 151
20 27.21 88.50 25.83 93.23 1.26
22 28.60 82.50 26.72 88.48 1.44
24 27.29 83.00 25.35 95.90 1.17
26 25.27 73.00 25.78 93.53 1.25
28 27.95 71.50 27.12 86.41 1.52
30 26.69 72.50 26.41 90.11 1.38

Table F.4 The air temperature, relative humidit/d MV with cooling panel from
TRNSYS simulation for July 2015

Time Texterior %R Nexterior Tinterior %R Nnterior PMV

(day) (C) (%) (C) (%)
0 26.30 87.00 24.71 99.66 1.05
2 28.94 82.50 25.28 96.33 1.16
4 27.00 82.00 24.90 98.51 1.08
6 26.91 80.50 24.82 98.98 1.07
8 29.20 82.00 25.26 96.46 1.15
10 27.50 82.50 25.07 97.53 1.12
12 27.49 79.00 25.16 97.04 1.13
14 25.80 76.50 24.75 99.43 1.05
16 27.05 84.00 24.81 99.08 1.07
18 28.30 72.50 25.37 95.84 1.17
20 27.21 88.50 24.97 98.14 1.10
22 28.60 82.50 25.28 96.36 1.16
24 27.29 83.00 24.90 98.51 1.08
26 25.27 73.00 24.86 98.76 1.07
28 27.95 71.50 25.32 96.11 1.16

30 26.69 72.50 25.06 97.61 1.11
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Table F.5 The air temperature, relative humidit)d MV without cooling panel
from TRNSYS simulation for September 2015

Time Texterior %R Nexterior Tinterior %R Nnterior PMV

(day) (C) (%) (C) (%)
0 29.80 79.50 26.57 89.23 1.42
2 27.60 84.50 26.05 92.04 1.31
4 28.04 72.50 27.98 82.17 1.70
6 27.65 80.00 26.95 87.27 1.49
8 26.81 84.00 24.18 100.00 0.91
10 25.95 86.00 24.53 100.00 0.99
12 24.93 81.00 25.67 94.11 1.23
14 27.00 83.50 25.06 97.59 1.11
16 25.50 83.50 24.00 100.00 0.87
18 28.06 86.00 25.00 97.95 1.10
20 26.30 87.00 24.53 100.00 0.99
22 26.75 77.50 25.42 95.54 1.18
24 28.12 81.00 24.90 98.55 1.08
26 27.52 82.50 26.78 88.17 1.45
28 24.70 87.50 24.89 98.57 1.07
30 25.90 75.50 25.87 93.01 1.27

Table F.6 The air temperature, relative humidit/d MV with cooling panel
from TRNSYS simulation for September 2015

Time Texterior %R Nexterior Tinterior %R Nnterior PMV

(day) (C) (%) (C) (%)
0 29.80 79.50 25.37 95.83 1.18
2 27.60 84.50 25.08 97.47 1.12
4 28.04 72.50 25.45 95.35 1.19
6 27.65 80.00 25.20 96.76 1.14
8 26.81 84.00 24.72 99.63 1.05
10 25.95 86.00 24.67 99.90 1.04
12 24.93 81.00 24.83 98.92 1.07
14 27.00 83.50 24.83 98.93 1.07
16 25.50 83.50 24.56 100.00 1.01
18 28.06 86.00 24.93 98.34 1.09
20 26.30 87.00 24.74 99.50 1.05
22 26.75 77.50 24.90 98.52 1.08
24 28.12 81.00 24.90 98.51 1.09
26 27.52 82.50 25.21 96.73 1.14
28 24.70 87.50 24.67 99.89 1.03

30 25.90 75.50 24.89 98.57 1.08
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Table F.7 The air temperature, relative humidit)d MV without cooling panel
from TRNSYS simulation for December 2015

Time Texterior %R Nexterior Tinterior %R Nnterior PMV

(day) (C) (%) (C) (%)
0 24.36 81.00 22.99 100.00 0.62
2 25.14 77.50 24.74 99.47 1.04
4 26.40 65.00 27.28 85.61 1.55
6 25.20 69.50 26.56 89.31 1.41
8 25.50 73.50 25.50 95.06 1.19
10 24.75 66.50 25.69 94.03 1.23
12 25.61 66.50 25.69 94.02 1.23
14 27.00 68.50 27.09 86.57 151
16 27.85 66.50 27.72 83.42 1.64
18 27.65 67.50 27.85 82.81 1.67
20 26.20 59.50 27.13 86.36 1.52
22 26.20 65.50 26.33 90.52 1.36
24 22.05 65.00 23.96 100.00 0.85
26 22.15 82.50 21.01 100.00 0.16
28 23.24 74.50 23.67 100.00 0.78
30 24.00 72.50 23.82 100.00 0.82

Table F.8 The air temperature, relative humidit/d MV with cooling panel
from TRNSYS simulation for December 2015

Time Texterior %R Nexterior Tinterior %R Nnterior PMV

(day) (C) (%) (C) (%)
0 24.36 81.00 24.29 100.00 0.95
2 25.14 77.50 24.63 100.00 1.03
4 26.40 65.00 25.20 96.80 1.14
6 25.20 69.50 24.95 98.23 1.09
8 25.50 73.50 24.80 99.14 1.06
10 24.75 66.50 24.80 99.14 1.06
12 25.61 66.50 24.86 98.77 1.07
14 27.00 68.50 25.24 96.58 1.15
16 27.85 66.50 25.37 95.79 1.18
18 27.65 67.50 25.37 95.79 1.18
20 26.20 59.50 25.11 97.29 1.12
22 26.20 65.50 25.01 97.92 1.10
24 22.05 65.00 24.28 100.00 0.94
26 22.15 82.50 23.82 100.00 0.83
28 23.24 74.50 24.39 100.00 0.97

30 24.00 72.50 24.42 100.00 0.97




99

Table F.9 The air temperature, relative humidit)d MV without cooling panel

from the experiment for March 2016

Time Texterior %R Mexterior Tinterior %R hnterior PMV
(day) (C) (%) (C) (%)
0 27.01 81.92 29.44 76.11 1.20
1 26.73 82.23 29.22 76.68 1.12
2 26.51 82.54 29.08 76.88 1.07
3 26.34 82.78 28.98 76.96 1.03
4 26.17 82.87 28.85 77.17 0.99
5 26.00 83.25 28.67 77.59 0.92
6 26.17 83.38 28.64 77.74 0.91
7 27.43 81.42 28.95 76.83 1.02
8 29.26 76.66 29.52 75.21 1.22
9 31.42 70.22 30.24 72.82 1.46
10 32.83 66.41 31.00 70.64 1.73
11 33.82 63.79 31.62 69.06 1.94
12 34.37 62.07 32.08 67.66 2.09
13 34.46 61.44 32.39 66.62 2.19
14 34.19 61.68 32.48 66.25 2.22
15 33.47 63.17 32.25 66.71 2.14
16 32.13 66.87 31.84 67.77 2.00
17 30.72 71.71 31.41 68.90 1.86
18 29.57 75.27 31.02 70.27 1.73
19 28.82 77.54 30.65 71.50 1.60
20 28.24 79.28 30.34 72.49 1.50
21 27.76 80.48 30.10 73.25 1.42
22 27.38 81.36 29.85 73.99 1.33
23 27.17 81.83 29.63 74.72 1.25
24 27.06 82.08 29.42 75.31 1.18
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Table F.10 The air temperature, relative humiditygd PMV with cooling panel

from the experiment for March 2016

Time Texterior %R Mexterior Tinterior %R hnterior PMV
(day) (C) (%) (C) (%)
0 27.97 78.95 27.85 84.84 0.68
1 27.68 80.08 27.65 85.60 0.60
2 27.36 81.20 27.47 86.37 0.51
3 26.89 82.29 27.24 86.76 0.40
4 26.53 82.85 26.99 87.53 0.28
5 26.12 83.29 26.72 87.95 0.15
6 25.83 83.43 26.55 88.27 0.08
7 26.11 81.84 26.62 87.46 0.11
8 27.17 78.29 26.98 85.47 0.35
9 29.64 72.74 27.73 81.99 0.67
10 31.73 67.88 28.69 78.30 1.00
11 33.25 64.17 29.71 74.69 1.35
12 34.32 61.59 30.57 72.04 1.65
13 34.76 60.73 31.10 70.29 1.86
14 34.79 60.71 31.26 69.84 1.92
15 34.31 61.79 31.06 70.62 1.85
16 33.18 64.71 30.48 72.86 1.68
17 31.57 68.27 29.75 75.54 1.46
18 30.21 71.53 29.10 77.97 1.22
19 29.37 73.63 28.58 80.35 1.00
20 28.82 74.82 28.21 82.07 0.85
21 28.50 75.71 27.90 83.12 0.73
22 28.30 76.24 27.69 83.67 0.65
23 28.07 76.94 27.49 84.26 0.58
24 27.97 77.32 27.37 84.55 0.54
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Table F.11 The air temperature, relative humiditygd PMV with cooling panel and

dehumidifier from the experiment for March 2016

Time Texterior %R Mexterior Tinterior %R hnterior PMV
(day) (C) (%) (C) (%)
0 27.73 80.10 27.76 69.34 0.51
1 27.64 80.33 27.65 57.63 0.38
2 27.34 80.72 27.47 49.91 0.25
3 27.01 81.42 27.30 44.60 0.14
4 26.64 81.92 27.00 41.57 0.01
5 26.42 82.32 26.76 39.81 -0.09
6 26.19 82.52 26.56 38.83 -0.17
7 26.29 82.52 26.65 38.69 -0.14
8 27.19 81.42 27.11 38.58 0.02
9 28.74 77.95 28.13 38.80 0.39
10 30.49 73.23 29.28 39.16 0.80
11 31.97 69.80 30.20 39.47 1.13
12 33.00 67.42 31.04 39.69 1.43
13 33.74 65.19 31.70 39.89 1.66
14 34.14 63.55 31.93 39.94 1.74
15 34.07 62.68 31.77 39.86 1.68
16 33.51 62.85 31.29 3941 151
17 32.27 65.87 30.55 39.18 1.25
18 30.74 70.81 29.73 38.97 0.96
19 29.19 76.72 29.09 38.87 0.73
20 28.42 79.02 28.47 38.76 0.51
21 28.03 79.53 28.02 38.42 0.35
22 27.77 79.73 27.70 38.17 0.23
23 27.62 79.83 27.50 37.65 0.16
24 27.53 79.93 27.41 37.25 0.12
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Table F.12 The air temperature, relative humiditygd PMV with cooling panel and
dehumidifier from the ANSYS simulation for MarchZx®

Time Texterior %R Mexterior Tinterior %R hnterior PMV
(day) (C) (%) (C) (%)
0 27.73 80.10 27.71 67.71 0.40
1 27.64 80.33 27.53 54.95 0.23
2 27.34 80.72 27.36 47.19 0.10
3 27.01 81.42 27.14 42.96 0.00
4 26.64 81.92 26.88 40.14 -0.11
5 26.42 82.32 26.67 38.40 -0.20
6 26.19 82.52 26.52 37.41 -0.26
7 26.29 82.52 26.60 36.80 -0.23
8 27.19 81.42 27.17 36.94 -0.02
9 28.74 77.95 28.12 37.72 0.32
10 30.49 73.23 29.14 38.32 0.70
11 31.97 69.80 30.21 39.10 1.10
12 33.00 67.42 31.12 39.68 1.44
13 33.74 65.19 31.80 40.23 1.70
14 34.14 63.55 32.03 40.34 1.79
15 34.07 62.68 31.92 40.25 1.74
16 33.51 62.85 31.46 39.67 1.57
17 32.27 65.87 30.70 39.07 1.28
18 30.74 70.81 29.89 38.83 0.97
19 29.19 76.72 29.19 38.58 0.71
20 28.42 79.02 28.60 38.40 0.50
21 28.03 79.53 28.13 38.02 0.32
22 27.77 79.73 27.78 37.59 0.19
23 27.62 79.83 27.57 37.30 0.11
24 27.53 79.93 27.48 37.10 0.08
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Table F.13 The air temperature, relative humiditygd PMV with the ventilation fan
installed in the radiant cooling system and dehuffeidfrom the ANSYS
simulation for March 2016

Time Texterior %R Mexterior Tinterior %R hnterior PMV
(day) (C) (%) (C) (%)
0 27.73 80.10 27.43 41.06 -0.33
1 27.64 80.33 27.24 39.90 -0.43
2 27.34 80.72 27.00 38.91 -0.54
3 27.01 81.42 26.76 38.21 -0.64
4 26.64 81.92 26.50 37.90 -0.75
5 26.42 82.32 26.23 37.73 -0.86
6 26.19 82.52 26.02 37.84 -0.95
7 26.29 82.52 25.91 38.18 -0.99
8 27.19 81.42 26.06 38.61 -0.93
9 28.74 77.95 26.70 39.52 -0.66
10 30.49 73.23 27.55 40.40 -0.30
11 31.97 69.80 28.44 41.27 0.07
12 33.00 67.42 29.21 41.93 0.40
13 33.74 65.19 29.85 42.60 0.68
14 34.14 63.55 30.09 42.69 0.78
15 34.07 62.68 29.99 42.21 0.73
16 33.51 62.85 29.62 41.37 0.57
17 32.27 65.87 29.07 40.71 0.33
18 30.74 70.81 28.53 40.13 0.10
19 29.19 76.72 28.05 39.84 -0.10
20 28.42 79.02 27.67 39.37 -0.26
21 28.03 79.53 27.37 39.16 -0.38
22 27.77 79.73 27.12 38.86 -0.49
23 27.62 79.83 26.96 38.83 -0.56
24 27.53 79.93 26.84 38.66 -0.61
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