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Chapter 1

Introduction

1.1 The background of the present research

Refrigeration system has wider application throughout industrial and agricultural
prodwct. This system has practical application recently for a wide variety of fruit,
vegetables and some grains. The utilization of desiccant in refrigerationaiand
conditioning system has been continuously growing during the past several years. This
system $ considered as a good supplement for air conditioning because it can be a system
to overcome the disadvantages of traditional vapor compression air conditioning system.
Desiccant can be regenerated (reactivated) by application of heat to release tine moist
Improving the performance of desiccant dehumidification system can be providing more
opportunities for this technology.

There are some types of equipment configuration that have been investigated for

Y3 rotating honeyconib

desiccant dehumidifier system. They are solid pedied
9 horizontal bed®®® and fluidized bed” 9. The process air flows through the
desiccant bed giving up its moisture to the bed particles. After the desiccant bed has
saturated with the moisture gtibed is heated and purged of its moisture for regeneration.
For the system working continually, water vapor adsorbed/absorbed must be driven out
of the desiccant material (regeneration) so that it can be dried enough to adsorb water
vapor in the next cyel

Desiccant cooling consists in dehumidifying the incoming air stream by forcing it
through a desiccant material and then drying the air to the desired indoor temperature. To
make the system working continually, water vapor adsorbed/absorbed must beodtive
of the desiccant material (regeneration) so that it can be dried enough to adsorb/absorb
water vapor in the next cyété”. Comfort air conditioning requires efficient control of
both temperature and humidity.

Sorption and desorptionare the mutuly contrary processes of the moisture

condensation or evaporation out/into the air stream. Hence, the dehumidifier and



regenerator are similar to each other. A desiccant system removes moisture from the
process air stream, but for every Btu of latent eaisture) removed, it adds more than

one Btu of sensible heat. That is, air leaving the process side of the system is dry (at low
dew point) but hot. Therefore, most applications include a cooling coil downstream of the
system to recool the process’ait’.

Since relative humidity (RH) is a function of vapor pressure, the direction of
moisture transfer can be characterized by the difference between the relative humidity of
the process and regeneration air streams. The desiccant can retain littleenwdisto the
regeneration air RH is low, so water vapor will migrate from the desiccant to the
regeneration air. When the RH of the process air is high, the desiccant can adsorb more
moisture from that air stream. Maintaining an adequate difference betheeelatives
humidity of the process air and regeneration air streams is essential to dehumidify
effectively using a desiccant system. Lowering the relative humidity allows the desiccant
to reject more water vapor to the regeneration air, thus enablingsdrb more water
vapor from the process air. In many cases, the modest amount of heat added by the
preheat coil can be recovered from the condensing process of the refrigeration equipment.

One of the advantages of fluidized bed is that the rate ofdmehmass transfer
between gas and particles is high compared with other modes of contacting because
interaction contact between particles and gas is“figh This can be very useful in
increasing the characteristic of adsorption and desorption of padgomaterial in a
desiccant chamber. Fluidization is the operation by gas or liquid which solids are
transformed into a fluid like state through contact with a gas or liquid when a gas or
liquid is passed upward through a layer of solid particles. Tegation of circulating
fluidized bed systems requires that both the gas flow and the solids circulation rate are
controlled. Desiccant cooling technologyovides a tool for controlling humidity
(moisture) levels for conditioned air spaces. Desiccanesystvork in conjunction with
conventional air conditioning systems to dehumidify the air.

The dynamic sorption characteristics of the organic sorbent have been previously
investigated in our laboratory for single process either sorption or desorpti@spiac
one chambef*™® 719 |n order to reduce the influence of heat capacity of the vessel

when the processes switch from sorption to desorption and for stable amount of



dehumidification and strict humidity control, we proposed fluidized beth wiivo
chambers. One chamber is for sorption and the other for desorption which are working
continuously. Sorbent powder is transferred by spiral tubes that connected the two
chambers. Differently from the previous works. The present research deals npitbrso
polymers as an organic sorbent (HU720PR) are used as a desiccant material and
circulated by the spiral tubes between the two chambers in continuous fluidized bed. In
order to increase heat and mass transfer between the sorbent material and ,ntloést air
heating pipe and the cooling pipe are immersed inside the two chambers is also

investigated in this work.

1.2 The main purpose of the present research

Fluidized bed dehumidification is one of the most complex and least understood
operations whichnivolve simultaneous heat and mass transfer and coupled multiphase
flow, and there are deficiencies and difficulties in the mathematical description of the
phenomenon of simultaneous and coupled heat, mass, and momentum transfer in sorption
particle. The ofective of this study is to investigate the operation of continuous sorption
and desorption process in two connected fluidized beds with and without cooling pipe
which is immersed in sorption chamber and heating pipe is immersed in desorption
chamber. Inhis study heat and mass transfer were considered to evaluate the effect of
spiral revolution speed, air velocity, desorption and sorption inlet air temperature, and
initial bed height in the chamber to dehumidification rates.

In the first part (Chapter 2nd Chapter 3) of this thesis is literature study to
review the background theory of dehumidification, sorption and desorption in fluidized
bed, desiccant and sorption material. In the second part is experimental study (Chapter 4
and Chapter 5) of this thiesthe objective is to study the dynamic sorption characteristics
of organic sorbent materials in sorption and desorption chambers by using continuous
fluidized bed without cooling and heating pipe (Chapter 4) and with a cooling pipe in
sorption chamberral a heating pipe immersed in desorption chamber (Chapter 5). The
last part (Chapter 6) is mathematical modeling and numerical simulation to provide a
better understanding of the sorption process in continuous fluidized bed for

dehumidification process.



1.3 The main content of the present research

The study of heat and mass transfer of sorption material in continuous sorption
and desorption process in two connected fluidized beds are described and analyzed in this
work. An experimental investigation of artinuous fluidized bed is conducted to study
sorption characteristics of a new organic sorbent desiccant material with circulated by
spiral tubes. Various aspects of heat and mass transfer of sorption and desorption process
in two continuous fluidized bechambers with and without cooling pipe and heating pipe
are analyzed in this research.

The literature reviews of fluidized bed sorption process are given in Chapter 2.
This chapter provides a brief review with respect to the fluidized bed and desiccant
dehumidification system. It is needed to have an understanding of previous works in
these areas so that we can build upon these contributions to develop a better and more
precise system for this type of dehumidification with a new sorbent. Fluidized bed and
dehumidification system are very broad area and there have been many researchers and
publication paper appeared in the literature regarding those subjects.

Background of desiccant is introckd and reviewed in ChaptertBe desiccants
are natural or syhetic substances capable of absorbing or adsorbing water vapor due to
the difference of water vapor pressure between the surrounding air and the desiccant
surfacé . They can be categorized by their ability to attract and hold water vapor at
specific emperatures and relativeimidity™™. The essential characteristic of desiccants
is their low surface vapor pressure. After the desiccant becomes wet and hot, its surface
vapor pressure is high, and it will give off water vapor to the surrounding giorVa
moves from the air to the desiccant and back again depending on vapor pressure
differences.

The organic sorbent is a bridge complex of sodium polyacrylate. This bridge
complex containing the carboxyl group as water vapor adsorption site has a larger
adsorption abilities as compared with silica gel. In this study, sorption polymers powder
type as an organic sorbent (HU720PR) are used as a desiccant material. Mean diameter of
the sorbent IS 113 % machwdedictant Has mrsque somti® 31  k g/

characteristics which affect the performance of the dehumidifier.



The experiments have been carried out to investigate the heat and mass transfer
behavior in the sorption and desorption process in two connected fluidized beds. In
Chapter 4, study heat dmass transfer parameters were considered to evaluate the effect
of spiral revolution speed, air velocity, desorption inlet air temperature, and initial bed
height in the chamber to sorption and desorption rates. In the last part of this chapter, the
non dimensional correlations that exert an influence on the Sherwood number were
derived by using the dimension analysis method and considering the various factors is
proposed. The following in Chapter 5, the dehumidification characteristics of organic
powder sorption materials have been studied by using continuous fluidized bed with
cooling and heating pipe. Sorption rate of water vapor and the variation of temperature in
the sorbent bed with time were measured under various conditions.

In Chapter 6, mathematl modeling and numerical simulation are proposed to
provide a better understanding of the sorption process in continuous fluidized bed. The
model is derived by applying mass and heat balances to the chamber for continuous
dehumidification process in thiidized bed. Dehumidification experiments were carried
out on the sorbent to obtain complete and reliable experimental results for comparison
with the results of mathematical model. The entire contents of this thesis are summarized

in Chapter 7 as the noluding remarks at the end of the thesis.



References

(1-1)

(1-2)

(1-3)

(1-4)

(1-5)

(1-6)

(1-7)

(1-8)

(1-9)

(1-10)

Inaba, H., Horibe, A., Kameda, K., Haruki, N and Kida, T., Heat and Mass
Transfer of a Fluidized Bed Packed With Organic Powder Type Adsorption
Material, Proceeding of the Symposium on HyerEngineering in the 21
Century,Vol.3(2000), pp.1138.344.

Hamed, A.M., Desorption Characteristics of Desiccant Bed for Solar
Dehumidification/humidification Air Conditioning Systems, Renewable Energy,
Vo0l.28(2003), pp.2099 2111.

Kabeel, A.E., Adsorjon-Desorption Operations of Multilayer Desiccant packed
Bed for dehumidification, Renewable Energy, Vol.34(2009), ppZ&a

Inaba, H., Horibe, A., Haruki, N., Seo, T., Water Vapor Sorption and Desorption
Characteristics of Honeycombype Organic Sorptin Materia Nippon Dennetsu
Shinpojiumu Koen Ronbunshu, Vol.2(2003), pp &33!.

Ramzy, AK., Hamed, A.M., Awad, M.M., Bekheit, M.M., 2010. Theoretical
Investigation on the Cyclic Operation of Radial Flow Desiccant Bed Dehumidifier.
J. Eng. And Tech. Reaeh, Vol.2,N0.6(2010), pp.9610.

Davanagere, B.S., Sherif, S.A., Goswami, D.Y., A Feasibility Study of a Solar
Desiccant AirConditioning Systeni Part 1: Psychrometrics and Analysis of the
Conditioned Zone, Int. J. Energy Research, Vol.23(1988)424. 7

Horibe, A., Husain, S., Inaba, H., Haruki, N., Sorption Characteristics of Organic
Powder Sorption Material in Fluidized Bed with a Cooling Pipe, Journal of
Thermal Science and Technology, Vol.3,N0.2(2008), pp21#.

Horibe, A., Husain, S., Inaba, HHaruki, N., Tu, P., An Experimental
Investigation of Sorption Process in Fluidized Bed with Cooling Pipe, Journal of
Heat Transfer, Vol.130(2008), pp.1145001145094.

Syahrul, A Study of Heat and Mass Transfer of Fluidized Bed for Drying Particles
and Saoption of Sorbent Particles, Ph D Thesis of Okayama University, Japan
(2008).

Hamed, A.M., Experimental Investigation on the Adsorption/Desorption Process
Using Solid Desiccant in an Inclined Fluidized Bed Renewable Energy,
V0l.30(2005), pp.1913921.



(2-11) Daouy K., Wang, R,Z., Xia, Z,Z., Desiccant cooling air conditioning: a review.
Renewable and sustainable energy reviews 10 (2006), pp/ B5

(1-12) John Murphy, Advances in Desiccant Based Dehumidification, Trane American
Standard, Vol.34, N0.2(2005), pp81

(1-13) Kunii, D., Lavenspiel, O., Fluidization Engineering, Robert E. Krieger publishing
Co, New York. 1977, p.9.



Chapter 2

Literature Review

This chapter provides a brief review with respect to flnedized bedand
desiccant dehumidifation systemlt is neededto have an understanding of previous
works in these areas so that we can build upon these contributions to develop a better and

more precissystemfor this type of @humidification with a new sorbent.

2.1Fluidized Bed Overviews

Gassolid fluidization is a process of contact between the two phases, the solid
phase and gas or liquid phase. Fluidization is the operation by gas or liquid which solids
are transformed into fluid like state through contaetith a gas or liquid whea gas or
liquid is passed upward through a layer of solid particles. G&lHairvestigated the
behavior of solid particles of various sizes and densities fluidized by gases. The behavior
of solids fluidized by gases falls into four clearly recognigairoups, as can be seen in

Fig. 2.1, characterized by density differer{(ee - r,)and mean particle size. The most

easily recognizable features of the group&ake

- Group A: Solid particle having a small mean size 36,< 100em and/or low
particle density less than about 1.4 gicifiypical examples of this class of solid
particles arecatalyst used for fluid catalytic cracking processes. These solids
fluidized easily, with smooth fluidization at low superficial gas velocitesl
slugging conditions when the superficial gas velocities is sufficiently high. As the
gas velocityfurtherincreased, slug flow breaks down into a turbulent regime. The
velocity at which this occurs appears to decrease with increase particle size.

- Groy B: Contains most solid particles of mean size 400< d, < 800em and

density in the range 1.4 g/éra r_< 4 g/cni. In contrast with group A powders,

naturally bubblesoccurring start in Group B powders at only slightly above

minimum fluidization velocity. These solids fluidized vigosly with formation of



bubblesthat may grow in size. Sand particles are representative for this group of
solids.

- Group C: This group of solids includes very fine and cohesive powders. For most
cases gk 2Cem. With these particles normal fluidization éxtremely difficult

because inter particle forces are greater than those resulting from the action gas.

Cement, face powder, flour and starch are representative for this group of solids.

- Group D: Thesesolid particles are large,d> 1 mm and/or dense, arsgpoutable.
Large exploding bubbles or severe channeling may occur in fluidization of this type
of solids. Drying grain and peas, roasting coffee beans, gasifying coals, and some

roasting metal ores are representative for these solids.

Apart from densityand particle size, several other solid properties, including
angularity, surface roughness and compositions may also significantly affect the quality
of fluidizati on. However, i n many cases

starting point teexamine fluidization quality of a specific gas solid system.

Ge l
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Most gas solid system p&rience a range of flow regimes as the gas velocity is

increased. Figre 22 presents several important gas solid fluidization regimes for the

process industf§?. In dense fluidized beds regions of low solid density may be created.

This gas pockets moids are frequently referred to as bubbles.

Each of the fluidization regimes has characteristic solids concentration profiles. A

plot of the profile showing the solid concentration versus the height above the distributor

for the bubbling bed regime ofufdization takes a pronouncedsbBape. The main

characteristics of the pertinent gas solid flow regimes are:

Fixed bed: When a fluid is passing upward through a bed of fine particles at a low
flow rate, and the fluid merely seeps through the void spas@eebn stationary
particles.

Minimum fluidization: At a still higher velocity, a point is reached where all the
particles are just suspended by the upward flowing gas. At this point, the
frictional force between particle and fluid just counterbalancesvtight of the
particles, and the particle component of the compressive force between adjacent
particles disappears. The pressure drop through any section of the bed thus
balances (approximately) the weight of fluid and particles in that section. Further
increase in the gas velocity flow rate will not change the pressure drop
noteworthy

Smooth fluidization: In fine particle beds (Group A powder), a limited increase in
gas flow rate above minimum fluidization can result in smooth, progressive
expansion ofhe bed. Bubbles do not appear as soon as the minimum fluidization
state is reached. There is a narrow range of velocities in which uniform expansion
occurs and no bubbles are observed. Such beds are called a particulate fluidized
bed, a homogenously flukkd bed, or a smoothly fluidized bed. However, this
regime does not exist in beds of larger particles of type B and D, in this case
bubbles do appear as soomasimumfluidization is reached.

Bubbling fluidization: An increase in flow rate beyond theanpaf minimum
fluidization results in large instabilities with bubbling and channeling of gas. At
higher flow rates, agitation becomes more violent and the movement of solids

becomes more vigorous. Bubbles coalescence and breakage take place, and with



increasing gas velocity the tendency of bubble coalescence is normally enhanced.
However, the bed does not expand much beyond its volume at minimum
fluidization.

- Slugging fluidization: The gas bubble coalescence and grow as they rise, and in a
deep enough ldeof small diameter they may eventually become large enough to
spread across the vessel. Fine patrticles flow smoothly down by the wall around
the rising of void gas. These voids are called axial slugs. For coarser particle beds,
the portion of the bed abewvthe bubble is pushed upward. Particles fall down
from the slug, which finally disintegrates. Thanotherslug forms, and this is
unstable oscillatory motion is repeated. This is called a flat slug. Slugging
normally occurs in long, narrow fluidized beds

- Lean phase fluidization: As the gas flow rate increases beyond the point
corresponding to the disappearance of bubbles, a drastic increase in the
entrainment rate of the particles occurs such that a continuous feeding of particles
into the fluidized beds required to maintain a steady solid flow. Fluidization of

this state is generally denoted lean phase fluidization.

2.2 Continuous Fluidized Bed

The operation of circulating fluidized bed systems requires that both the gas flow
and the solids circulain rate are controlled, in contrast to the gas flow rate only in a
dense phase fluidized bed system. The solids circulation is established by a high gas flow.

The integral parts of a Continuous Fluidized Bed (CFB) loop are the riser, gas
solid separatorgdown comer and solid flow control device. The CFB is thus a fluidized
bedsystem in which solid particles circulatestween the riser and the down comer, as
depicted in Fig. 3%2®4_ The riser is the main component of the system. The name
riser isgenerally used teharacterizea tall vessel or column that provides the principal
reaction zone. Omaverage, the particles travel upwards (or rise) in the riser, though the
motion at the wall may be downwards. The fluidized gas is introduced at thenbaftto
the riser, where solid particles from the downcomer are fed via a control device and
carried upwards in the riser. The fast fluidization regime is the principal regime under

which the CFB riser is operated. The particles exit at the top of thenisghe gas solid



separators which are normally cyclones. In lean phase fluidized beds, the rate of
entrainment is far larger than in turbulent fluidized beds, and bigger cyclone collectors
outside the bed are necessary. The sepapatgities then flowto the downcomer and

return to the riser. The entrance and exit geometries of the riser often significantly affect
the gas and solid flow behavior in the reactor. The efficiency of the cyadifmiesnines

the particles sizélistributionand solids circul@n rate in the system. The downcomer
provides holds volume and static pressure head for particle recycling to the riser. The
downcomer can be a large reservoir which aids in regulating the solids circulation rate, a
heat exchanger, a spent solid regemerahopper or standpipe. The main task in
achieving smooth operation of a CFB system is to control the solid recirculation rate to
the riser. Several designs of valves for solids flow control are used. The solid flow
control device serves two main functgnnamely to seal the riser gas flow to the
downcomer and to control the solids circulation rate. Rotary valves are effective sealing
devices for solids discharge. The L valve can act as a seal an as a solid flow control valve.
There are many other valvesigns available to suspecific conditionsThe riser can not

be considered as an isolated entity in the CFB loop because the pressure drop over the
riser must be balanced by that imposed by the flow through its accompanying component
such as the downcanand the circulatiodevicé*®.

In general, the high operating gas velocities for lean phase fluidization yield a
short contact time between the gas and solid phases. Fast fluidized bedscane o
pneumatic transport are thus suitable for rapikctions, but attrition of catalyst may be
serious.

However, it is not always easy to distinguish between the flow behavior
encountered in the fast fluidization and the transport bed reactors. The transport reactors
are sometimes called dilute riser reastbecause they amperated awery low solid
mass fluxes. The dense riser transport reactors are operated in the fast fluidization regime
with higher solid mass fluxes. The transition between these two flow regimes appears to
be gradual rather than alptif™.
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Fig. 23 A schematic representation of a circulating fluidized%ed

2.3 DesiccantDehumidification System Overviews

Desiccant technologprovides a tool for controlling humidity (moisture) levels
for conditioned air spaces. Desiotaystems work in conjunction with conventional air
conditioning systems to dehumidify the air. Desiccant material are those of that attract
moisture due to differences in vapor pres$iteMost people are familiar with desiccant
such as silica gel pkages that are included with new electronics or textile products.
Desiccant can be in the form of a solid or a liquidogte have identified types of
desiccant that are appropriates as a component of commercial heating, ventilation and air
conditioning (HW/AC) systems. Thesdesiccanthiave been selected base on their ability

to hold large quantities of water vapor, their ability to be reactivated, and cost.



Air conditioningloads can belivided into two components, hamely sensible and
latent loads. An aiconditioner must counterbalance the two sort of load in order to
maintain the desired indoor condition. In order to remove the latent heat, the traditional
refrigerantvaporcompression system, cools thecessair down below its dew point in
order to ondense out water vapor contairtbérei®®. One of thewaysto remove
moisture from air is byassing theair overa desiccantwhich pulls moisture from the air
through differences in vapor pressure.

In order to be effective, the desiccant mustchpable of addressing the latent
cooling load in a continuous process. In order to accomplish this, commercial desiccant
systems consist of a process air path and a reactivation air path. The desiccant that is in
the process air path has been preparedve h lower vapor pressure than the air passing
over it. Thus, the moisture in the air is transferred onto the desiccant material. As the
desiccant vapor pressure increases due to the presence of the moisture that is attracted,
the desiccant material isatrsferred to a reactivation process. In the reactivation process,
hot air is passed over the desiccant. The vapor pressure of the hot air is lower than the
desiccant surface which forces the moisture to transfer from the desiccant surface into the
hot airstream. The moist hot air is then exhausted from the system into the outdoor air.
The desiccant material that has had the trapped moisture removed is now prepared to
attract moisture as it is transferred back into the process air path. The dry process air
leaving the desiccant is then passed over a conventional cooling coil which addresses the
sensible cooling workequiredto meet the air specification of the conditioned space.

The design and operation of a desiccant system is based on the desiccaat materi
used to accomplish the dehumidification. Desiccant material attract moisture through the
process either adsorption or absorption and sorptin Adsorption is the process of
trapping moisture within the desiccant material similar to the way a spgwide water
through capillaries. Mostadsorbents re solid materials. Absorption is the process of
trapping moisture through ahemical process in which the desiccant undergoes a
chemical change. Most absorbent are liquiistption behavior of both abgmion and
adsorption occur simultaneouslyhese phenomena cleadgpictedin Fig.24. Each of

liquid and solid desiccant systems has its own advantages and shortcomings. Liquid



desiccant have lower pressure drop on air side. Solid desiccant are cdegsastibject

to corrosion and carryové&”.

® O
Adsorption Absorption Sorption

Fig.2-4 Mechanism of adsorption, absorption and sorption

Commercially available desiccant systems are based on five configuration or
technologed®®: %)
- Liquid spray tower
- Solid packed tower
- Rotatng horizontal bed
- Multiple vertical bed

- Rotating desiccant wheel

2.3.1 Liquid spray towers

Spraytower dehumidifiers function much like an air washer, except instead of
water, the units spray liquid desiccant into the air being dried, which is calledoitess
air. The desiccant absorbs moisture from the air and falls to a sump. The liquid is sprayed
back into the air, and continues to absorb moisture until a level control indicstesiid
be dried out and reconcentrated. Then part of the solutidraised off and circulated
through a heater. The warm desiccant is sprayed into a second air stream, called the
reactivation air. Moisture leaves the desiccant and moves to the air.

Liquid spray tower dehumidifiers have some uniquely favorable chasticier
Dehumidification isthermodynamicallyquite elegant, because the desiccant is only
heated or cooled tthe minimum necessary to accomplish the required dehumidification.

Also, the process requires a constant humidity and the inlet air is dry,caatbe added



to the desiccant solution so the conditioner will act as a humidifier instead of a
dehumidifier. Extra liquid can also be regenerated and sent to a holding tank, providing
energy storage in less than 20 % of the floor space of an equivadestbiage system.
Further, since the liquid desiccant contacts the air, particles are removed as well as water
vapor. Liquid spray dehumidifiers are frequently arranged in large, central systems rather
than small, free standing units for small spacess Thipartly because they tend to be
somewhat more complex than solid desiccant units, but also because large systems can be
designed with several conditioner units connected to a single regenerator. This
configuration is similar to a mechanical refrigesat system with multipleevaporators
connectedto a single condenser. For large buildings with sevdetiumidification
systems, this can have advantages of first cost, at the expense of complexity of controls.
Potential disadvantages of liquid systemdude response time, maintenance, and first
cost for smaller units. Because the desiccant solution may be distributed throughout a
long piping system and large reserve sump, the system can take time to respond to fast
changing internal moisture loads orfdient necessary outlet conditions; suclo@surin
environmental simulation chambers. But slow response on the outlet conditions also
means slow response to inlet changes; which can be a