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Abstract

The motivation of this reseeh project was in response to problems of
re-condensation in drying, reduced drying rate encounteratidfpod and beverage
packaging industry which led to the aim of developangetter performing drying
system as well as achievirlggh energy efficiesy. A hybrid dryer suited for rapid
drying applications is designgconstructed and experimentally testedl considered
in atmospheric environmeahly. The system employs a heat pump in conjunction with
a heat reactivated desiccant wheel to prowidefficient drying capability and supply
low dew point temperatur@®PT) conditions The combined system utilises the heat
dissipated by the condenser in regenerating the desiccant, winaatrease the
economic feasibility of such a hybrid systddp to 8% heat energy can be saved by
using the hybrid system therapid surface drying applications.

Mathematical models are developed to obtain the correlatimasigthe design
operating and performance parameters of the dehumidification systEnes.
mathenatical models can be used to estimate the performance of the hybrid system as
well as the performance of the individual components of the systpnototypemodel
was designed, fabricatemhd testedThe experimental facility consisted of a heat
pump desicart dehumidifier withthe new ecologicaR134a asa refrigerant which
usedthe heat dissipated by the condenser.

An analysis of the experimental data was conducted to determine the practical
relationship between the operational parameters (C@FRand Tg) andperformance
parameters (SMER, DPT argl of the system. The observed behaviooir the test
cases are suggested to be governedalspecific combination of the operation
parametersThe analysis shows that the proposed hybrid system can dwipely air
atamuch lower DPT compared with the single refrigerant circuit and a desiccant wheel.
It is shown that the specific moisture extraction rate (SMER) for conventional dryers
is 0.5- 1 kg/lkWhandSMER for heat pump based system s43kg/kWh whereas the
hybrid system achiegeSMER > kg/kWh. By operating the combined system in
tandem,a greater amount of dehumidification could be realised due to the improved
ratio of latent tdhetotal load.The present research also confirms the importafce
improving heat recovgrto improve the performance afheatpump-assisted drying
system
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Nomenclature

A;-Azg

Pcomp

hed transfer surfaces areaqm

coefficients of empirical equations to calculate refrigerant thermodynamic prog
condenser outside finned tube surface aréa (m
evaporator outside finned tube surface are® (m
coefficients & empirical equations to calculate steam properties
bypass factor

coefficient of performance

COP of the heat pump

COP of the refrigerator

specific heat at constaptessurgkJ/kgK)

specific heat of dry air (kJ/kg)K

specific heat of moist air (kJ/kg K)

specific heat of condensate refrigerant film (kJ/kg K)
specific heat of water vapour (kJ/kg K)

diameter of tubes (m)

dry bulbtemperature (°C)

diameter of compressor cylind@n)

dew point temperatur@C)

desiccant wheel

compressor power requirement (KW)

fan power requirement (kW)

friction factor

mass velocity (kg/fis)

specificenthalpy of refrigerant (kJ/kg)

specificenthalpy ofair (kJ/kg dry air)

specificlatent heat of vapasation of refrigerant (kJ/kg)
specificlatent heat of vapasation of water at reference temperature & kJ/kg)
specificenthalpy per unit mass of saturated vapour (kJ/kg)
heat pump

heat pump dryer

heat pump desiccant wheel

specificenthalpy of water vapour (kJ/kg)

specificenthalpy per unit mass of water vapour (kJ/kg)
specificenthalpy of condensed water at evaporator surface temperature (kJ/kc



IEC indirect evaporative cooling

K load factor

L length of main tuben()

Lag length of air duct (m)

LMTD log mean temperaterdifference

Ly stroke of compressor piston (m)

Lys tube row spacing (m)

L¢ tube length (m)

m mass (kg)

M moleculamass(kg/mol)

my massof dry air (kg)

M, molecularmassof dry air (kg/mol)

Oma mass flow rate of dry aikg/s)

MER moisture removal capacity (kg/s)

m, dry mass of the product (kg)

Onr mass flow rate of refrigerant (kg/s)

m, masses weight of water vapqug)

M, moleculamassof water vapoutkg/mol)
My massof moisture(kg)

My molar mass moisture (kg/mol)

My mass of moisture removed during drying (kg)
Omwe rate of moisture condensed at the evaporator surface (kg/s)
n moles (nol)

Ny moles of dry aifmol)

Nin number of fins per meter

Ns no. of cylinders

ny moles of water vapoymol)

p absolute pressure of refrigerant (kPa)
Pa partial pressures of dry aiP§

Pg partial pressure of saturated vapdeg (
P pressure of inlet aifg

Pr Prandit number

Ps saturated vapour pressure (kPa)

Py partial pressure of water vapolg

w partial pressure of moisture vapog(
Q heat transfer rate (k\

Qc cooling rate (kJ)

R gas constant (J/mol K)

-V-



Re Reynolds number

RF radio frequencyHz)
RH relative humidity(%)
RSHF room sensible heat factor
SHR ratio of sensible load to total load
SMER specific moisture extraction rateg(kWh)
T temperature of refrigerant (K)
Tr regeneration temperature (K)
t temperature of air (K)
Tub wet-bulb temperature (K)
u specificinternal energy (J/kg)
overall heat transfer coefficient (kWrK)
u velocity (m/s)
\% volume ()
Oha volumetric air flow rate (iis)
Va specific volume of air (kg dry air)
Ovp piston displacement (is)
Vi1 specific volume of refrigerant vapour at suctiori/km)
Vi specific molar volume (ffmol)
W humidity ratio of air (kg water/kg dry air)
Ya mole fraction of dry air
Yo mole fraction of water vapour
oor temperature drogK()
olc cold air temperature reducti¢K)
dis isentropic of efficiency (%)

Greek letters

U desiccanivheel efficiency

¥ humidity ratio

i relative humidity

B specific heat ratio

U heat transfer coefficient (KW/i)
Umech mechanical efficiency of compressor
rotor compressor motor fiiency

dst surface fin efficiency of coil

dv volumetric efficiency of compressor
yr total drying time (s)

u viscosity (kg/m s)

-Vi-
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Subscripts

a
c
co
Ccs
d
di
do
dr
e
eo

2,

density (kg/m)
thermal conductivity (kW/m K)

air

condenser

condenser outlet
condenser surface

at dry-bulb temperature
dryer inlet

dryer outlet

dryer

evaporator

evaporator outlet
evaporator surface
external

condensate refrigerant film
inside

internal

liquid refrigerant
outside

refrigerant

refrigerant in condenser
refrigerant in evaporator
saturated

tube wall

at wetbulb temperature

3 State number
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Chapter 1 Introduction

1.1 Problem Statement

The many applications of drying can be found in chemical, agricultural,
pharmaceutical, mineral processing and biotechnology industries. Its high ledent h
of vapourisation and inherent inefficiency of using hot air as the most common drying
medium marks its reputation as one of the most enetgysive unit operations.
Studies have shown that the industrial dryapgration in the US, Canada, France and
the UK consumed0-15% of the nationsdé energy, wi t h
up to 2025%. Latter figures were obtained from mandatory energy audit data given
by industry[1]. It is important to realise that most studies available in the literature
are amed at specific applications, and not a general overview of all the drying
processes. In particular, there is currently no comparison among the different hybrid
dryer systems based on desiccant wheels in the literature, thus the results of this study
arenot suitable as a guideline to other applications other than product drying.

The rapid transfer of heat and mass in the drying operation often leads to
changes of product quality, such as crystallisation, puffing, shrinkage and other
physical. Sometimes emical and biochemical reactions also occur, which may or
may not be desirable; these usually involve changes in colour, odour and texture. In
addition, the drying operation could potentially alter the effectiveness of certain
catalysts by changing the @rhal surface area, which in turn generates discrepancy in
the expected catalytic activity.

Drying process is an energy intensive activity and plays a signifirole in
many industrial applications such as food, textile and paper and in many other
processing industriesThe largest amount of investment is often spent on the
operation itself, not the initial installation of equipment. Capital expenditureib/gh
is estimated to only reach $800 million per ann@perations such as papermaking
hold 35% of the energy consumption, whereas chemical processing only uses under
5%. In general, the current drying processes are very inefficient. Typically the energy
efficiency is between 20% and 6%, depending on the type of dryer and product
used for drying Stefano De Antonel et al [3], developed and investigateaf
simulation and energy efficiency analysis of desiccant wheel systems for drying
processes offiybrid dryer system configurations based on desiccant wheels and the
evaluation of primary energy consumption for ei&nt hybrid dryer systems are the
main purposes of this work. Both aim to reduce the overall energy consumption, and
both the simulation and analysis processes operate on similar ideas and use



comparable control parameters.

Different values of sensibl® tatent ambient load ratio are used in simulations,
in order to evaluate the effect of ambient and outside air conditions under different
configurations. Reference technology that is based on a cooling coil is compared with
the hybrid system. At first irestigation, primary energy savings of hybrid system is
found to achieve up to 70 80%. Hybrid dryer systems with sorption wheels are in
our particular interest in this case. The analysis is carried out between 2°C and 25°C,
at a relative humidity betwees0% and 75%, whiclare the standard conditioms
drying processes for salami and cheeseTéte.results obtained in this study serve as
good indicators to general approach in drying applications and are helpful in the
preliminary process of assessing aetecting the appropriate applications.

In the current environment when the shortage of energy is experienced in every
country, it is very important that energy is conserved and used with calugenof
hydrocarbon fuels also has problems such ag &f@other emissions and there are
very strict environmental regulations are imposed on industry and businesses and
industries are expected to reduce their carbon footgrirg.global impact of the use
of nonreplenish able fossil fuel resources has reacheshtunacceptable level and is
now reflected in the ever increasing cost of energy. It is obvious that the energy costs
will continues to increaseaherefore like any other industry for drying industry also
there are economic implications of using energy.

Thus it is important that drying industry explores low energy drying options and
employ innovative methods to achieve efficient drying. A drying process involves
heat and mass transfer in a dynamic process and how to achieve proper drying
conditions is animportant research fieldThe innovative methods are sought to
develop low energy or efficient drying systerds ideal drying condition for an
application would offer an optimized drying time and energy consumption.
Currently various technologies asttategies can be used in drying industry may use
to achieve energy savings. Table 1.1 shows the most promising options for energy
savings that can then be selected

Drying of paper accounts for the highest demand of equipment, psottess is
continuous. There are several types of essential drying methods in the industries:
thermal drying is largely adapted in the textile, agricultural and foodstuffs fields, but
spray and freezing dryings are also commonly used. The possible skrihkagnay
occur must be taken into consideration for humidity control, as this is vital for the
ceramic industry, for the drying process determines the quality of the products.
Overdrying should be avoided. Internal moisture gradients within particlds an



inter-particle moisture content variation are important.

Table 1.1 Potential Energy Savings for Sele@egkr [4]

Option Potential energy saving:  Penetration ratiriy
(109 MJly) (% Total)

Heat recovery from dryer exhaust (other than heat pump)18.9 15 High

Heat pumps (closed cycle) 8.9 6 Medium
Vapor compression 26.2 20 Low

Better instrumentation and control 4.3 3 Mediunv/high
Optimization of dryer design and operation 11 9 High
Improved dewatering of feedstock 5.3 4 High

%Penetration rate is a guess of the degree of penetration of the potential market for the development
eventually be achieved

Rapid surface drying is a special form of drying which is widely used in food
and beverage packaging industry such as bottles, cans and food packets and
response.

For dry bulb temperatusy(DBT) of 20 ~ 30°C, productwill be dried at dew
point tenperatures (DPT) of10 ~-20°C for product quality optimisationAs the
machine operates at ambient temperataf@0 ~ 3°C, we will only consider drying
processeskmve OC, thus the system will not reach its frost poifite big issue in
these applications is 4@ndensation and thmoisture interference with the drying
processes which adversely affects the product tyuatid reduces production process
speeds. For example, when the cold cider is bottiegiickly causes condensation
to form on the neck and body of the bottles' surface. This moisture must be
completely removed prior to labelling, coatiagd date stenps otherwise the label
can easily slip out of alignment and water can accumulate under the foil wrap around
the neck presenting possible hygiene concerns to customers. Drying in these cases is
very rapid; compressed air is blown over the bottle on tmeeymr belt, moving at
very high speeds which can be up to 2000 bottles per minute. Therefore, firstly it is
necessary to expose as much of the drying surface to the drying effect in a shortest
time as possible. Secondlyalues of the temperature and hdity need to be
optimatised in order to achieve best performance and maximum efficiency.

1.2 Aim and Objectives

The aim of the presented thesis is to develbgh energy efficiency system for



rapid surface drying applicationdrom recycledheatproduced by the condenster

reduce the impact on the environmdrt achieve this aigrthe following objectives of

the investigation were set. A necessary research methodology was pursued to achieve
the proposed objectives:

1 A critical review of theliterature oncurrent energy efficient technologies
for dehumidificatio in various applicatios

1 A feasibility study of using a hybrid ding systemconsisting of different
technologies i.e. heat pump, desiccant wheel etc. This would consist of an
analysis of design and operating parameters for optimal performance with
desiral drying quality

1 Identifying the primary control variables of the drying process and
optimisation of these variables to improve drying performance

1 Mathematical modelling for determining correlations between design and
operating parameters and for estiim@ drying efficiency and performance
of the proposed dryer

1 Proposal of &ybrid system for drying applications optimized for specifically
surface dryingn order to reduce energy consumption

1 Construction of experimental testing of the proposed system

91 Construction of a novel dehumidification machine in rapid drying processes
for a low energy conditioning process unit that would meet the existing
application. The chosen method will be used to perform a range of heat
energy reclaimed to reduce power conption

1.3 Outline of the Thesis
1.3.1 Methodology Flow Chart

Figure 1.1 represents diagrammatically the proposed methodology. It shows
three main parts of the research, with the central part, repregehé bulk of the
study split into three main sections which are heat pump, desiccant and vortex tube.
These relate to design and analysfishe developed construction of a hybrid drying
system for industrial drying application.

From the initial analys | found that the drying method involving vortex tube
consumes way too much energy to be an appropriate candidate to developing an
efficient system, therefore it was omitted from the reseairthe beginninglready.

Firstly, critical evaluation of esting systems and products in
dehumidification/akconditioning applications carried outsecondly, goroposal of a



hybrid system consisting of the benefits of more than one systamadeand finally
design and manufacture of the proposed systemafad rdrying is presented. The
performance and energy efficiency of the system is theoretiaathexperimentally
testedin the second stagét the enda comparison of energy efficiency of the hybrid
system with various existing systemsliscussed

| Motivation for Research : Problel |
Vi
| DefineAims |
v
Background
| \?/ H Identify
- — Problems with
| DefineObjectives |e Existing
- Products
| DefineMethodology [<—

| Litreature Review |

J v

| HeatPump | | Desiccant | | Vortex Tube |

| Comparison & Analysis I

’———| Hybrid System I—

Theoretical Desgin Data Experiment Setug

Analysis Hybrid Systernr

y

| Results/Discussion:|

| Conclusions |

v

| Recommendation: |

Fig 1.1 Flow Chart of Research Metlubagy



1.3.2 Thesis Layout

This thesis comprises of eight chapters. Chapter 1 is to introduce the problem to
be solved and to lay down the aim and objectives of the research. The Chapter 2 of
this thesis provides theoretical background of the subjectdier @ comprehend the
energy aspects of drying applications. Other aspects such as safety and environmental
factors for dryer selection are presented and external conditions of drying are also
described in detail. Chapter 3 presents a critical review dlighed scientific
literature on heat pump, desiccant wheel and vortex tube, as these systems are relevant
to the current field of investigation. Purpose of this review is to: a) ensure that the
proposed research offer ample scope for a significant catitnibto the knowledge of
the proposed field of study and to avoid any duplication; b) know the pitfalls that may
lay ahead in the required experimental and/or theoretical work; c) carry out a critical
evaluation of the claims made in each paper on this ba®vidence (theoretical or
experimental) presented in the paper. The existing systems are analysed for their
applicability in drying applications and potential for energy efficiency.

Chapter 4 discusses the methodology to achieve the objectivesvabrthel he
approach during the various stages is highlighted to establish a logical procedure of
this researchDesign considerations are outlined and a hybrid system is proposed as
an alternative method for rapid drying applicatior@hapter 5 describes eh
mathematical model of hybrid system descriptidnsthis chaptermathematical
modelsare developed anequations are presentéat heat and madsalance of heat
pump,desiccantind air circuits in all components of thgstem. These models can be
used br design and for the analysis of the complete hybrid system. It was
theoretically found that hybrid system consisting of heat pump and desiccant wheel
offers the energy savings when compared with the individual systems

Chapter 6presents the design, regtruction and experiment setup of theat
pump desiccant wheel hybrid dryer. The experiments were performed to investigate the
effect of various operational and design parameters on the performance of the proposed
hybrid systemChapter 7 provides resslbf these experiments and discussion of the
test results. The present study confirms the importance of improving heat recovery to
improve the performance of hybrid drying systems. Finally, Chapter 8 offers
conclusions and suggestions for obtaining impdomeedictions and recommendations
for further research are offered at the end of this chapter.



Chapter 2 Theoretical Background

2.1 Fundamental Aspects of Drying

Through the application of heat that leads to @li@poration of liquid, solids,
semisolids or liquid substances are turned into solid products as volatile substances
leave the product. Two processes take place simultaneously as a moist/wet solid
undergoes thermal drying. The first being the transfenefgy: the surface moisture
is converted into vapours by the heat from the surrounding environment. The second
process involves the transfer of internal moisture to its surface, by which the first
process follows. Drying of fruits and vegetables etc.nig@ample that operates on
the principle of such process.

Industrial drying yields various rates, which are determined by the way energy
is transferred: heat from the surrounding environment could be transferred by means
of convection, radiation or condumh, or the combined effect of the above, and the
dryers employed by each industry would adapt to the method that produces the ideal
drying effect.

Most drying processes removes excess water by transferring heat from the
surface to the interior, of whicinte s ai d processd outcome and
external conditions such as pressure, temperature, area and flow of exposed surface
and air humidity. In the case of radio frequency, microwave freeze drying or dielectric,
heat is generated from the intarby an external energy supply and spread out to the
surface. It is worth mentioning that the process of freeze drying is a special case
where drying occurs through sublimation, not evaporation, since the process takes
pl ace wunder t h et: the isajidi phasé sf the subgtahce is ghanged
directly into the vapour phase.

The only exception that differs from the conventional evaporation method is the
dielectric, which operates on the principle of conduction. The dielectric involves
sending radidrequency that causes vibrations at the boundaries of the object, for
which the liquid molecules are then agitated throughout the object. The liquid travels
to the boundary of the materiaind thens transported away from the material either
by a mediumgas, or by going through a vacuum. A good example of such drying
method is microwave.

We now discuss the mechanisms of transport of moisture within the material.
There exist several ways in which one can remove moisture from an object.
Sometimes the comtation of methods might even be desirable in terms of efficiency



and maintaining product quality. There are four types of diffusion mechanisms:

1) Vapour diffusion: where the liquid vaporises within the material

2) Liquid diffusion: if the liquid to be removelas a higher boiling point as
the wet material itself

3) Knudsen diffusion: freezdrying is an example. The process takes place in
very low temperatures and pressures

4) Surface diffusion: a method that is possible, but is yet to be testified

The above mechamiss could be combined with each other, or with a fifth type
of drying process, called hydrostatic pressure differences, where the internal
vaporisation rates exceed the rate of vapour transport through the material to its
surroundings. The pressure diffecen forces the liquid to leave the solid.

For convection dryers, the rate of heat transfer (kcal/h) is given by

q = (h—a)(v)(t - tm)

for the batch type andg = (hy)(V)(t —ty),, for the

continuous type. For the conduction drges UA(t, —t,,,) In theseequatiors, t, is

the product temperatey t is the inlet temperature(t — t,,,); is the logarithmic
meanof the temperature differences between the hot air and the product at the inlet
and outlet respectivelyh, is the volumetric heat transfer coefficiekffsK m®); U is

the overall heat transfer coefficiemt)(sk m?); Ais the heating area in contact with

the product (1f); and ¢, is the tenperatureof the heat sourceTable 2.1 shows the

heat transfer rate, (kcal/h °C i) for various dryer type

Table 2.1 Approximate Values bf for Various DryefTypes p]

Type ha (t-tm)l y (°C) Inlet Hot Air Temperature (°C

Convection

Rotary 10071200 Countercurrent: 2807168060
Cocurrent: 100713@071 600

Flash 2000716000 Parallel flow o#dI0OW:T 610007 1

Fluid bed 2000716000 5071150 1001600

Spray 20180 (Il arCcgpainftiewve) ow: 802007 300
Cocurrent: 7071 1Z0@071 450

Tunnel 2001300 Counterflow: 3016071200
Cocurrent: 507170007200

Jet flow h = 100711507 80 6071 150

Conduction U (kcalh °C t«i & (°C)

Drum 1007V 200 5071 80

Agitated through rotar
with steam tubes, etc.

601130 (s 5071100
sticky solids)




2.2 Classification and Selection of Dryers

2.2.1Classification

Dryer types have been identified and classified by Sl@nthrough their
methods of heat exchangewhether they are batch or continuous, through direct
contact with gases or by heat exchange through walls of vessel. This @sdhak
motion of the equi pme n[T] clasgifitabon methoddifferd . Mc Co
from Sl oands: according to how well they d
dryers are classified. Lastly, Schulund&} [9] put the dryers into categoridsy
identifying the physical state of the product and how long the production tiffiees.
classification is based on methods of heat transfer, namely, (a) conduction heating (b)
convection heating (c) radiant heating, and (d) dielectric heating. Freging o
classified as a special case of conduction heating. The next subdivision is the type of
drying vessel: tray, rotating drum, fluidized bed, pneumatic, or $afhy11].

In some cases two or more different types of dryer are required to carry out the
drying process, depending on the materi al &
taken into account for treating the material into comhi ng a particul ar
functioning mehanism

One needs to be aware that many of the new dryers cannot be so readily
categorised into the existing classification system. Many are better than their older
versions and have the potentidl replacing them in some industriapplications;
therefore a new classification system was employed. In 1977, Diftt2hproposed
a system that puts dryers into two general classes, which are adiabatic and
nonadiabatic, and five subclasses stemmingiftbe two general classes.

For the adiabatic class, it is further broken down into whether the drying gases
pass through the material or across the surface of the material. As fadiadatic
dryers, it is the method of heat supply that determines tegamasation; for example,
heat applied through a heat exchange surface, or through direct radiation. How the
extracted moisture is carried away from the material is also taken into consideration in
categorising the dryer.

2.2.2 Selection of dryers

The lack of standardised apparatus to select pipeogriate drying system for
different materials, based on their drying characteristics, has been problematic in
selecting the most suitable mechanism for drying materials. The-rafemgoned



classification of dryers is still yet to be fully agreed upsm,in order to determine
which system is the most apt, some initial information on the physical and chemical
characteristics of the material and drying substances and the dried product (end
product) are needed.

The physical characteristics include the jéetsize distribution in the wet feed,
the presence of previous and the method of supplying material to the dryer etc.
Knowledge on the temperature limitations, fire and explosion hazards and corrosive
properties is also vital in the process of select@memical characteristics of the feed
include the toxicity, odour issues and whether hot combustion gases which contain
carbon dioxide, nitrogen oxides and sulfur oxides could be used to dry the material.

The five types of dryer used in continuous operaare[1]:

1) continuous band circulation,

2) spray,

3) pneumatic,

4) continuous rotary, direct or indirect and
5) fluidised bed

Each of themservesdifferent purposes, depending on the desired product
outcome. It is best to select the drying method using previousienpes. Drying
process requires a lot of trial and error, a slight alteration in quantity, concentration,
temperature or impurity content of material could make a significant difference in the
process, so there are no definitive ways of treating the ralgteri

One needs to keep in mind the compromises that need to be made between
product quality, costs, equipment installations and safety concerns, therefore it is
always wise to run preliminary tests, sometime adodle assessment, to establish
the feasiblity of employing such mechanism. On top of that, the aftermath is just as
i mportant as the drying process itself:
carefully, and the pogirocessing that involves cooling, blending and granulation etc,
al plays a vital role in selecting the mechanism.

2.2 3 Effect of Energy and Environmental Factors on Dryer Selection

A few environmental and health concerns must be taken into consideration
when selecting the drying method. Many involve legal conflicts, eneffgeacy
and hygiene issues, which arise at different stages of drying. Possible scenarios have

been compiled by Lanfl3l as a reference when assessi
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problems:

1) Explosion vents

2) Direct combustion systems malfunction or failing theachanger surfaces
caused by dust in recycling streams

3) Product buildup caused by firextinguishing equipment leading to fire
hazard

4) High pressure drop and increased fan noise for high product collection
efficiency

When seledhg an energysaving dryingsystem, the thermal sensitivity of the
material, the recycling process and the heat economy of the syatstie taken into
considerationwhich sometimes requires the drying process to be split into multiple
stage, where the intermediate stages aremtobo humid to work with easily.

The potential air pollution that accompanies drying installations should be
below a certain standard. The particulates in exhaust air must be kept urtler 20
mg/nnt, depending on the type of particulate. Cyclones, scrsbbsectrostatic
precipitators and bag filters are common like adsorption, absorption and incineration.
Incineration is becoming more frequently used.

Dealing with sound pollution has shown to cost up to 20% of the total system
spending, in the most stgent case. Difficulties exist in trying to achieve a balance
between high collection efficiency and low noise production. This issue could be
resolved by using a simple dirdated dryer with once through airflow heating, which
generates little noise, whit still keeping a relatively high productivity the in drying
process.

2.24 Energy Aspects in Drying

The unit energy for evapdiag 1 kg of moisture is the standard measure of
energy consumption in drying processes. For continuous timer drying, the quantity of
drying agent required ranges from 3000 to 4000 kJ/kg, with counter current
circulation. In general the value is betwee®@and 6500 kJ/kg in bate dryergl]1it
varies from 5000 to 8000 kJ/kg for the drying of thin and flexible materials like paper
or fabrics. In theory, under standard conditions 1 kg of moisture requires 2200 to 2700
kJ/kg of heat to be evaporated, wh2m®O0 kJ/kg indicates the upper limit of removal
of bound moisture.

Today as the prices of energy thrive, many techniques are used to make the
drying process a lot more energeticadlficient, due to the strict legislations on

-11-



working condition, pollutiorand safety. For example, using mechanical devices such
as centrifuges or presses for liquids; the multistage evaporator results in much lower
energy consumption. As previously mentioned, sioedle tests must be run to
deter mi ne the stast ia ordea to décidecfor dhe aptirhad drying
procedure that is cosffficient, environmentalhsustainable and safe. Table 2.2
presents the overall pattern of energy usage for drying in France and the United
Kingdom.

Table 2.2 Overall Patterrf &nergy Usage for Drying Bl

French Industry British Industry
Drying Drying Total % Due to

Subsector 1O°MIY)  a®MIy) (10 MIKy) Drying
Food and agriculture 46.3 35 286 12
Chemicals 8.6 23 390
Textiles 1.9 7 128
Paper 38.8 45 137 33
Ceramic and buiding 15.7 14 127 11
materials
Timber 7.9 4 35 11
Total 168 128 1103 12

2.25 Drying Efficiency

A study on industrial drying showed that 17 types of the dryers have theg dryin
efficiency ranging from 20% for the convective tower dryer (convective), to about
90% for contact dryers (contact), such as drum, agitated pan dryer, cylinder and rotary
dryers[16]. The heat required for moisture evaporation is supplied by conduction
from tubes, vanes or heated waltsshown in Table 2.

It is not possible to standardise dryer efficiency as there is a vast variety of
drying materials and equipment. However, Bakketema et al [¥] established a
standard index called the Dryleerformance Evaluation Index (DPEI), where the total
energy needed by the dryer to remove one gram of moisture from the grain under
specified conditions is defined. This concerns only the grain drying.

This method is not accepted in the manufacturing industry tdugesting
conditions related issues, and the high costs that accompany the incongruity. The
hybrid systems are also not taken into account for the existing DPEI standard
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Table 23 Average Annual Energy Requirements and Drying Efficiency for Indufrigrs[16]

Energy Requirement, Drying Energy Consumption

Type of Dryer 10° MJly Efficiency, % by Equipment 1dMJ/ly
Direct continuous
Tower 137+32 20-40 (Kiln) 2.6
Flash 528+211 50-75 8.4
Sheeting (stenters) 2.8 50-90 (Air floater dryer) 7.<
Conveyor 1.9 40-90 1.8
Rotary (bundie) 66 40-70 27
Spray 9.5 50 13.2
Tunnel <1 35-40 7.6
Fluidized bed 23 40-80 1.97
Batch
Tray <1 85 (Bin dryer) 13.2
Indirect continuous
Drum 2.4 85 32
Rotary (bundie) 53 78-90 (Tube bundle dryer) 4.
Cylinder 127+53 90-92 ( Drying tenter) 1.6
Batch
Agitated pan <1 20
Vacuum rotary <11 Up to 70
Vacuum tray <1 -60
Infrared <1 60
Dielectric <1
Total 1261 118.5
Source 1 : Ri char dson, A. S. and Jenson, W. M.
Source 2 Larreture, A and Laniau, M. | Dr yi I

Testing individual drying procedures would be extrenedgensivetherefore it
is proposed that a few general drying mechanisms are set to be evaluated under
similar testing conditions, and the results assimilated by computerpefioemarces
of other norstandard drying operations atfgen simulated by the computers from
existing data, to give an approximate estimation for their efficiencies. One thing to
keep in mind is that the simulated or predicted efficiency for a system is always
higher than the experimentally measured value, due to several reasons such as fuel
combustions being not entirely efficient, losses by radiation and convection to the
surroundings and heat losses through leaks in ducts etc.

There is a way to take into accouhé discrepancy between the theoretical and
experimental efficiency values, which is called the Dryer Efficiency Factor (DEF). It
is a ratio of the two values; the higher the DEF, the better the system is in terms of
construction.

However, the first step any energy saving program is to balance material and
energy flow to and from the dryer. This often makes it possible to reveal areas in
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which changes of operating conditions could result in a significant improvement in
the efficiencies of the dryer ogdion and can bring about energy savings amounting
to 10 to 30%[1]. The heat balance measurements required include airflow rate,
temperature, and humidity, as well as material moisture content at various points of
the drying system. An example of the aikition of measuring points is given in
Figure 2.1 showing a conveyor dryer, measured parameters for testing of the drying
system: (1) ambient airflow rate, temperature, humidity; (2) supply steam flow rate,
temperature, pressure; (3) condensate temperatd) process air temperature; (5)
feed solids moisture content, temperature; (6) product solids flow rate, moisture
content, and temperature; and (7) exhaust airflow rate, temperature, and humidity.

ExhaustAir

(7)

5)

Conveyor Dryer —®(—
Prod uciOutIet . Prod ucfii nlet
............................................................................................... 3
E E‘ L]
Ambient Air 514

— =
i T

— O

_'_> Blower

@ i Heater Evaporator

e R RN E NN NN AR EREE R é-t--e.au .(.é.j -------------- (- gﬂ-uc-é.ﬁa-énﬁga-t-( ----------

Fig 2.1 Measured Parameters for Testing of ConvByging Systen{14]

Data presented in Table 1.1 (Chapter 1) show that, in order to increase energy
efficiency, the method applied tachieve fast heat recovery must be given much
attention to.

Traditionally, it is possible to recover heat from a dryer outlet, such as the outlet
gas or the hot dried product. The flow arrangement and type of construction are taken
into consideration whertlassifying conventional heat exchangers of such types.
Typical devices for heat recovery are presented inrEig.2.
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Fig 2.2 Heatrecovery Systems in Dryer§4]

2.2.6 Principles for Energy Efficient Design

In order to design a drying system, beisclale and pileplant tests needed to
be carried out, and previous experience on the dryers sold and the feedback from the
customers are also needed. In general, a computer program based on hard data and
experience is written to formulate the necessargrmaters. Pileplant conduc the
physical examinations of the material in which a desired procedure is tested to see if
the material can be processed in such a manner.

However, the program is not entirely perfect, since the data used might have
been misld by some arbitrary measurements thatenot consistent, or not universal
enough to adapt to every measuring standards. This should be kept in mind when
using a computer to estimate for energy efficiency and such.
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Dryer designs must be constantlyenealuated, since the equipment is subject to
exhaustion by changes in properties of the materials and/or the products, the types of
solvents and the posdtying procedures, therefore it is essential to keep the conditions
of the designs updated.

Many cases arto be considered when carrying out calculations. For example,
the design of the dryér whether the size is able to offer an optimal capital expense
and operating costs. For rgahe controls, the calculations on the input and output
rates need to be germed almost instantly. In most cases neural network models are
required for this task.

2.2.6.1Intensification of Heat and Mass Transfer

There exists several ways in which energy consumption could be lowered. One
can enhance the mechanism by supplyiegt more precisely to the exact locations to
avoid wasting energy to the peripheral regions, using less drying agents and by
shortening the process time and machine length to reduce energy losses within the
production frame.

For most convective dryershdé dominating energy demand comes from
moisture evaporation and airstream exits. Up to 25% of energy could be used to heat
up the material, 3 to 10% is contributed by heat losses to walls and atmosphere and 5
to 20% for other losses§lL

Methods of saving@nergy can be costly. The schemes that involve large capital
expenditure are product cooler, use of exhaust gas to preheat inlet air and use direct
instead of indirect heating. There are also ways that comprise of little or no costs to
reduce energy consption. One can simply change the dryer inlet temperature and
dryer mass flow rate, or improve dryer and heater insulation. The most effective
method is found to be heat recovery from outlet gas, by Bahu, Baker, and Bleay [1

It is important to specifyhe test conditions of the drying process. A drying
material that has a high resistance to internal mass transfer could cause a significant
drop in energy efficiency. Inadequacy in theoretical knowledge of energy
consumption still exists for most industriaactices, therefore more research on the
models of determination and methods of energy reduction is still in high quest.

2.2.6.2Thermal Wheel

The thermal wheel is a type of heat exchanger that is situated inside the system
of exhaust air handling in order to recover heat energy from the process, and is driven
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by a small electric motor and belt drive gst The heat exchange matrix is often
made of aluminium, or plastics and synthetic fibres.

Heat is picked up from the exhaust air as the wheel rotates fp d&0 then
transferred to fresh air stream as the wheel completes its full circle. The tengeratur
of the supply air stream raised in this procedure creates a thermal gradient between
itself and the fresh air streams, meaning that the increase is proportional. The increase
also depends on the efficiency of the device.

2.2.6.3Plate Heat Exchanger

Another means of heat transfer is to use the plate heat exchanger. One major
advanage of using such exchanger is that the fluids are exposed to a much great
surface area of the plate, as the fluids are spread over it. This greatly speeds up the
temperature change, therefore plate heat exchangers are now commonly used in many
hotwatersections of combination boilers.

2.2.6.4Scrubber

Scrubber is a primary device that monitors the gaseous emissions from a drying
process. It operates on the principle of injecting a dry reagent or slurry into the waste
exhaust to eliminate the particulates gases, in particular, acid gasesgddue
condensation in wet scrubbers can be used for heat recovery, by circulating the water
through a cooler to the nozzles at the top of the system, where the hot gas enters from
the bottom. Condensation of water releases heat, and this heat can be defmvere
district heating purposes by the cooler, for example. The gas is initially cooled by
evaporation of water drops, so even though the gas leaves the scrubber at its dew
point, it is still likely that a large amount of water vapour will accumulate.

2.26.5Two-Section Heat Exchanger

This is commonly known as a regenerator, where the flow through the heat
exchanger periodically changes direction, working on a similar mechanism to a
countercurrent heat exchanger, but only that it mixes the two fluid flows.

Fluids flow through both sides dfi¢ twosection heat exchanger and reach high
temperatures, and the incoming fluid is heated using the existing energy in the exiting
fluid that is already contained in the process. The substantial net save in energy in
two-section heat exchanger is achigvBy its thermodynamically reversible heat
exchanges, which could have up to 50% of thermal efficiency in transferring the
relative heat energy from one end to another.
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2.2.6.6Heat Pipe

Heat pipes require little to no maintenance since they contain no mechanical
moving parts. They are usually made of material like aluminium or cooper, which are
with high thermal conductivities, at both hot and cold ends. Air is eliminatedtfre
pipe by a vacuum pump and the pipe is partly filled with a coolant such as water,
sodium, ethanol, mercury or acetone. The fluid needs to match the operating
temperature.

The partial vacuum is near or below the vapour pressure of the fluid, thatefore
causes the fluid to be in either the liquid phase or the gas phase, and it conveniently
removes the need for the operating gas to diffuse through, so that the bulk transfer
occurs at the moving molecul esd mipieed. The
the speed for which the condensation of gas into liquid occur, in the rate of heat
transfer.

Conventional heat exchangers have the following efficiency inditesmal
wheel , 75 to 90 %; pl ate exchanger, a70 %;
two-secti on exchanger, a50 %. Heat may also b
does not cause its rewetting. Heat recovery from a hot stream of out let gases is not
difficult from the technical point of view, provided the outlet gases do not contain dust
or condensable volatiles. Such conditions are encountered in drying of timber, paper,
and so on, where dust filters and heat exchangers that are easy to disassémble an
clean should be used. As an alternative, scrubbers can be used.

2.2.6.7Heat Pump

In a system where there are regions of higher temperature relative to other parts
of the system, a heat pumps acts as a diverter of the heat energy from the source of
heatto the heat sink. Using mechanical work or other means of heat transfer, the
gaseous working fluid is pressurised and circulated by a compressor to go through the
system, then is cooled in a heat exchanger on the discharge side of the compressor.

Next, the condensed refrigerant passes through a metering device to lower its
pressure through devices like a turbine or a capillary tube, before it leaves the
expansion device and enters the evaporator, where it absorbs heat and boils. The
whole cycle repeats dise refrigerant returns to the compressor. A reversing valve can
help exchanging the condenser and evaporator coil, and this is helpful because it
means that a heat pump can serve both as a heating and cooling device.
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2.2.6.8Heat Pump Dryer

Dehumidification drying recycles heat that is usually vented to the atmosphere.
The outlet gas should measure a temperature similar to the wet bulb temperature with
high humidity if he dryer is operating efficiently.

An efficiency parameter, the specific moisture evaporation rate (SMER), is
defined ag20]:

Amountof water evaporated kg

SMER = —
Energy used kWh

2.1)

The variation in cost of energy in each country determines the profitability of a
device, since the atricity used may cost more than the value of the heat recovered,;
the payback time may vary largely due to this reason.

There are a number of ways to optimise heat pump dryer. For example, the
temperature control of the evaporator and condenser in a-stagje compression
should be kept under 40°C, and the heat pump should operate at a constant heat load
under the same condition. The compressors should be designed to function for several
days in continuum as wel2]].

2.3 Psychrometrics

The important variables for drying operations are temperature, humiaki¢y, r
and direction of airflow. External drying conditions are especially important during
the initial stages of drying when unbound surface moisture is removed. In addition to
thesethe physical form of the objects to be dried and the rate of agitatioalsare
important Surface evaporation is controlled by the diffusion of vapour from the
surface of the solid to the surrounding atmosphere through a thin film of air in contact
with the surface.

Since drying involves the inter phase transfer of mass \ahgas is brought in
contact with a liquid in which it is essentially insoluble, it is necessary to be familiar
with the equilibrium characteristics of the wet solid. Also, because the mass transfer is
usually accompanied by the simultaneous transfer aff, lieie consideration must be
given to the enthalpy characteristics. The ability to perform psychrometric
calculations forms a basis on which all drying models are built. One principal problem
is how to determine the solid temperature in the constantgdrgie conditions.

In psychrometric calculations three thermodynamics phases: one consider inert
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gas phase, moisture vapour phase, and moisture liquid phase. Two gaseous phases
form a solution (mixture) called humid gas. To determine the degree of cotyméxi
our approach make the following assumptions are needed:

1) Inert gas component is insoluble in the liquid phase

2) Gaseous phase behaviour is close to ideal gas; this lingt®tal pressure
range to less than 2 bar

3) Liquid phase is incompressible

4) Compaments of both phases do not chemically react with themselves

2.31 Humidity Ratio, Relative Humidity, and Mixture Enthalpy

The humidity ratio ¥ of a moist air samp

~m, Myp,V/RT _M,p,
Ma'pavaT Mapa (22)

w = my
which is the ratio of the mass of vapour to mass of dry air. USgugtion 2.5,

an alternate expression can be obtained in terms of partial pressures and molecular

weights, by elving for my and m,, respectively. The above equation is found by

substituting the results intequation 22.

Introducingpa = p - pv and noting that the ratio of the molecular weight of water
to that of dry air is approximately 0.622, this expressionbeawritten as

w = 0.622 22 (2.3)
p—pv

Moist air also can be described in terms of the relative humigigiven by
6= p—")
Pa/rp (2.4)

A hygrometer can be used in laboratory measurements for a moist air sample,
under which is exposed to the appropriate chemicals until all the moisture is absorbed,
and thewater present is then determined by weighing the chemicals. Transducers with
resistance or capacitancéype sensors are for obtaining continuous recordings of
relative humidity, since their electrical characteristics change accordingly with the
relative umidity.

The values oh andU for moist air modelled as an ideal gas mixture can be
found by adding the contribution of each component at the condition at which the
comporent exists in the mixture. For example, the enthddmf a given moist air
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sample is
h=h,+h, =mgh, + m,h, (2.5)

Dividing by my and introducing the humidity ratio gives the mixturehaipy
per unit mass of dry air

h My
—=h,+ m—hp = hy + wh,, (2.6)

a a

The enthalpies of the dry air and water vapour appearing uatien 26 are
evaluated at the mixture temperature.

Evaluation of the iternal energy of moist air can be done in a similar fashion to
the enthalpy. Enthalpy of the vapolyin Equation 26 can be taken aly at the
mixture temperature:

h, ~ hg(T) (2.7)
and is given by the saturated vapour valogesponding to the given temperature for
a superheated vapour at low pressures, according to the Mollier diagram and reference
to steam table data.

2.32 Evaluating the Dew Point Temperature

To study the partial condensation of water vapour, considestarsynade up of
a moist air sample that is cooled at a constant pressure, as shown in RBgiitee?2.
diagram indicates the states of the water vapour and their locatibssate 1, the
vapour is superheatednd thenis cooled under constant system preg, with a
constant moist air composition. The partial pressure of the vapour would remain
constant since,=y.p, and the vapour would cool at constppfrom state 1 to state d,
the dew point. The saturation temperature correspondipgigccalled tle dew point
temperature and is indicated.

During the cooling process, some of the water vapour that is present initially
would condense as the system eventually cools below the dew point temperature. The
system would consist of a gas phase of dry air aanmwapour that is saturated in
equilibrium, with a liquid water phase at the final state. There is a decrease between
the partial pressurespg, andpy1, as the amount of water vapour present at the final
state is less than that at the initial stateesicondensation occurs.
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Fig 23 States of Water for Moist Air Cooled at Constant Mixture Preqd22ie
2.33 Measuring the WetBulb and Dry-Bulb Temperatures

For aii water vapour mixtur® in the normal pressure and temperature range of
atmospheric air, the wdtulb temperature is an important psychrometric parameter
that can be related to the humidity ratio, the relative humidity, and other
psychrometric parameters. As considered nexg thetbulb temperature is
measurable.

The wetbulb temperature is read from a weitlb thermometer, which is an
ordinary liquidin-glass themometer whose bulb is enclosed by a wick moistened
with water. The term drpulb temperature refers simply to the temperature that would
be measured by a thermometer placed in the mixture. Oftenlawtethermometer is
mounted together with a diyulb thermometer to form an instrument called a
psychrometer.

2.34 Psychrometric Charts

There arghree popular types of psychrometric charts constructed by a computer,
which are Grosvenor chart, Mollier chart and Salin chart, which can also be called the
psychrometric chart, the enthalpymidity chart and the deformed enthalpymidity
chart, respectely. These graphs exhibit several important properties of moist air.
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These are shown in Figured2.
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Fig 24 Schematics of the Grosvenor, Mollier, and Salin CHa@g

Figure2.5 shows the main features of one form on chart; the charts shown are

constructed for a mixture pressure of 1 atm, but charts for other mixture pressures are
also available.

Dry-Bulb Temperature: The temperaturgf air read on a standard
thermometer indicatingstthermal state.

WetBulb Temperature: The equilibrium temperature reached as water
evaporates from a thoroughly wetted psychrometer wick into an airstream.
While this process is not one of adiabatiausation, by applying only small
corrections one can obtain the thermodynamichwdib temperature.

Dew Point Temperature: The temperature of moist air saturated at the same
pressure and humidity ratio. Or more simply the temperature at which water
vapour Wil begin to condense from a sample of air.

Enthalpy: The thermodynamic property defined as energy per unit mass
commonly used to define the internal energy of moist air. The enthalpy of a
sample of moist air is the sum of enthalpies of the air and ther wapour.

On the psychrometric chart Enthalpy is expressed in terms of energy per
weight of dry air.

Humidity Ratio: The ratio of the mass of water vapour to the mass of dry air
of a sample.

Relative Humidity: The ratio of mole fraction of water vapourairgiven
moist air sample to the mole fraction in a saturated air sample at the same
temperature and pressure.

Specific Volume: The ratio of the total volume of air to the mass of dry air in
a sample.
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Fig 25 Psychrometric Chart

The software used fomathematical analysis is Psychometric Analysis by
ASHRAE. It was chosen for its conveniemand clearly led-out userinterface and
powerful analysis of fluidproperties.Procedure of using the software is given in
Appendix2. Psychrometric Algorithmssed are showim Appendix3. The following
is the methodology the program uses in determining the psychrometric properties of
moist air

2.4 Moisture Load Sources

When designing dehumidification installatiom®ie must quantifghe moisture
loads that must be removed by the system. This section will discuss the basic elements
of moisture loads, how they can be quantified, and most importantly, the relative
importance of each element in di#ert situations. There are seven principal sources
of moisture:

Permeation through floors, walls and ceiling

Evaporation from peoples clothing, breath and perspiration
Desorption from moist products, including packaging materials
Evaporation from wet surfas or open tanks

Generation from combustiah open flame in the space

Air infiltration through leaks, holes and door openings

Fresh air ventilation from outside the space.

=2 =4 =4 -4 4 45 4
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By considering individual circumstances, the importance of the sources will
vary with its size relative to the other sources.

2.41 Moisture from combustion

The heat of combustion is the energy released as heat when mpwan
undergoes complete combustion with oxygen under standard conditions. The chemical
reaction is typically a hydrocarbon reacting with oxygen to form carbon dioxide,
water and heat. The heating value or energy value of a substance, usually a fuel or
food, is the amount of heat released during the combustion of a specified amount of it.
It is measured in units of energy per unit of the substance, usually mass, such as:
kJ/kg, kd/mol, kcal/kg and btu/ms3. Heating value is commonly determined by use of a
bonb calorimeter. It may also be calculated as the difference between the heat of
formation of the products and reactants.

In spaces where open gas burners are used for heating, the moisture resulting
from combustion can be a significant load. The exact amot@invater vapour
produced will vary with the composition of the gas, but where the value is unknown;
the engineer can estimate that eattof gas burned producdst88grams of water
vapour.EquationWy = G * 1488, whereW; aremoisture load from gas combustion
(g/hr), G are gas firing rate (chic. meter/hr) and 1448 are moisture produced per
cubicmeterof gas burned (glbic. metej).

2.42 Moisture evaporated from wet surfaces

The fastest evaporation rates occur when the wet suigas@arm, with the
surrounding air dry and travelling at a high speed across the surface, as this airflow
provides high heat transfer rates from air to the water film, leading to high mass
transfer rates from the water to the air. The rate of evaporattrely proportional
to the difference in vapour pressure between the surface and the surrounding air and
also to the rate for which the heat is transferred to the surface water film.

The most critical condition in determining the evaporation rate igeloeity in
which the air passes across the surface, and also when the wet surface is warm. The
effects of these conditions are shown in Figuée 2.
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2.4 3 Moisture from air leaks through cracks and holes

The moisture load carried into the room by air flowing through cracks and wall
penetrations is far more important than the load which results from diffusion through
materials. No building or air handling system is hermetically sealed. All rooms and
ductwork wil leak a certain amount of air, which carries a certain amount of moisture
into the conditioned space. Typical air leak locations include:

1
1

=4 -4 A4 -4 -4 -4 -4 -2 -2 -9

Cracks at duct joints

Gaps in the vapour barrier film at wakiling, wallfloor and waltwall
joints

Gaps betweewallboard and electrical fixtures that penetrate the wall
Electrical conduits through which wires pass into a room

Oversized holes for pipe and duct wall penetrations

Gaps where strips of vapour barrier film are overlapped but not taped
Cracks at access ds of air handling equipment casings

Wall or ceiling penetrations to pass products in and out of the room
Old ventilation louvers in walls and doors

Cracks between the doors and their frames and sills

Open construction above hung ceilings

Open doorwaysplading docks or doorways with plastic strip curtains

2.45 Fresh air moisture load

In general moisture loads are the downstream of the system as they are internal,
but for a dehumidifier, the fresh air brought to the system upstream is where the
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largest mesture load originates.

It is important to separate the ventilation load calculation from the internal loads,
in order to maintain the dry air requirement of the system. Eliminating moisture from
the ventilation air will greatly decrease the cost and eiz¢he dehumidification
systemgherefore it is desirable to achieve this condition.

2.5 Summary

The physical mechanismef drying, governing equationsand factors that
influence dryingand basic definitionare presented in this chapt®farious types of
dryers that are available for a range of drying applicationseviewedfor their
suitability in different conditions, depending on the product and the. &or more
complicateddrying methods, more care needs to be given for a balaoosgramise
made between castind quality selection ofa dryer for a particular application
should consider not only the investment cp&ist also energy consumptiorand
environmental effectsuch as pollution, dustind hygiene which is importanfor a
rapidly growing industry iranyaspect of the society.
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Chapter 3 Advances onDrying Systems

A review of various systems used to dehumidify/condition air in different
applications is presented in this chapter. Three types of systems i.e. heat pump,
desiccant and vortetube are discusde

3.1 Review of Hybrid AssistedHeat Pump Dryer

Hybrid energy effectively eliminates many disadvantages and difficulties in
using the traditional method of using heat pumps separately. Quality control of the
products is much better due to the low terapge and weltontrolled drying
conditions. This contributes to the high quality of the products.

We only consider the case where heat popgratesat atmospheric pressure for
the purpose of this researchleat pump operation below or above atmospheric
pressure is not the same as the drying application discussed in this libasser,
significant differencein air density and water vapour pressure must be accounted for
when considering different altitudes. The effects can be calcubatédm readinga
psychrometric chart at such altitude.

On top of improved quality control, high coefficient of performance and thermal
efficiency and reduced energy consumption were also observed in solar heat pump
drying systems. Figure 3.1 illustrates a classificabbieat pump dryers, with air,
ground and chemical source being the most common means of drying methods in heat
pumps. The focus of research and development in the field ofassdeted drying
systems ought to be the theoretical and experimental asalgsid possible
replacement, of the conventional solar dryer. This poses greater possibilities for future
advancements in drying technologies.

In order to produce high quality product that hasprolonged shelf life, low
temperature of 3@5 °C is crucial to preserve the active and fresh ingredients inside
the food, therefore drying is an operatithiat needs to be both efficient and timely.
The overall thermal performance can be achieved with higher efficiency with a heat
pump dryer than a conventional dryer, as latent heat can be recovered from the
exhaust air. It also has the ability to operatiaer temperatures.

Dryers such as kilns, tray dryers and batch shelf are common dryers that use
convection as a primary mean of heat input, of which their designs is aptly intended to
implement a heat pump. On the contrary, dryers like spray or flagtrsdare
examples which require a large amount of drying air, therefore are not suited for heat
pump operation. The main advantage of using a heat pump dryer comes from the fact
that it is able to recover energy from exhaust gas. It is also sensitiveompetent
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enough to control drying gas humidity and temperature, making them the optimal
apparatus in controlling product quality.

Heat pump dryers
Classification

Air source Chemical source Ground source Hybrid source
Heat pump dryers Heat pump dryers Heat pump dryers Heat pump dryers
Infrared Radiofrequency Microwaves Solar
Heat pump dryers Heat pump dryers Heat pump dryers Heat pump dryers
Conventional solar Direct expansion solaf
Heat pump dryers Heat pump dryers

Fig 3.1 Classification Scheme for Heat Pubyers [24
3.1.1Exergy Analysis of anlsothermal Heat Pump Dryer

Exergy is a term defined as the maximum useful woak ¢hsystem is able to
perform with a given amount of enerdyigure 32 is a sketch of the refrigeration
components that are incorporated in the drying chamber. At Bothe inlet drying
air is passed through the drying chamber and the air takes upoibtire from the
product. This air goes through point 1 and is directed to the evaporator coil which the
refrigerant goes through a phase change from liquid to vapour in order to cool and
dehumidify the airThe air is cooled to its dew point from poihto point 2, and later
on the cooling results in condensation of water from the air. The evaporator absorbs
the latent heat of vaporisation in order to boil the refrigerant, and this recovered heat
is then transferred to the condenser.
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Fig 32 Scheméc Representation of Heat Pump Drying System

A schematic diagram of@oss flow heat pump drysystem is shown in Figure
3.3. The numbers denote the direction of the forward refrigerant cybke.energy
efficiency improvement of this system is exantingy a numerical simulation of a
contacttype isothermal heat pump dryer, in order to make a comparison with a
conventional heat pump dryer. However, albeit the usable design, a practical
application still has not been found thus far. The simulation dsriis detailed plate,
product and air flow model that solve the mass, momentum and energy balances
within the dryer to a preliminary model of the remaining components of the heat
pump dryer. The idealised model is not entirely perfect as local systepergenre
variations are found to be causing a fluctuation in the general accuracy of the model,
but fortunately, this is not enough to lead to any significant errors when integrated into
the complete heat pump dryer modaieversibility in the refrigerancycle is reduced
by contact heat transfer in isothermal heat pump dryer. The amount of heat transfer in
this cycle is found to be approximately the same as that from the condenser to the
product. A factor of between 2 and 3 is found to be associatedtivatisothermal
contact heat pump dryer; an exergy analysis is used to investigate this gain in
performance efficiency.

Carnotés principle of the second | aw
can operateealisticallyat a higher efficiency than th@arnot engineHowever, the
work done by a system can theoretically reach 100% exergy efficiency as this is an
indication of thei nput 6s p ot e mtotheaWwords, this id a calautatiok of
the systembs realistic work output.
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The energy efficiency of a heat pump is defined by the coefficient of performance
(COP).COP+r is given by

CUPHP _ useful heat output (3.1)

power input

The maimum theoretical heat pump efficiency is given by the Carnot efficiency as

TCD’?’.‘. enser
COP grnor = . (3.2)

Teondenser _Tsl:upo'mtw

The COP.not cannot be realised physically but is used as a gauge to determine
such as a refrigeration systenfrism the ideal systenThe SMER (Specific Moisture
Extraction Rate) is a common performance indicator used to express the performance
of a certain dryer. It is defined as bel{®6]:

amount of water evaporated

SMER =

, kg/kWh (3.3

energy input to the year

The real eficiency of a heat pump ranges from 40 to 50% to the theoretical
Carnot efficiency27].
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3.1.2Solar SourceAssistedHeat Pump Dryer

Figure 3.4 shows a simple sketch of tHeolar Assisted Heat Pump Dryer
(SAHPD) system, which illustrates thefférent refrigeration components and the
integration of solar systems in the drying chamber. This combination of solar energy
collectors with heat pump dryer effectively increases the drying temperature and
energy efficiency of the overall system.

Compressor .
-=> Drying
A -> I Chambe|
! I
|
_ V Blower
) 'Y
5 Heat Exchanger
A Evaporator I Condenser
|
I = = = Né _Y ™= Airflowpath

Expansion Valve -=> Refrigerant path

Fig 3.4 Schematic of a simplified SAHPD system

Figure3.5is an illustration of the solaambient hybrid source heat pump drier
in a hothumid weather condition. The COP of a SAHPD shows to vary between 2.31
and 2.77, with an average of 2.54; the heating agpaf the condenser varies
between D kW and 375 kW, with an average of.325kW. SMER is calculated to be
0.79kg/kWh. The moisture content was observed to reduce from about 52% to about
9.2% and 9.8% in 40h for trays at the bottom and the top onaset bf the copra.
Copra obtained in a SAHSHPD has been found to have a higher quality than in other
drying methods.
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3.13 Ground Source AssistedHeat Pump Dryer

Figure 3.6 is a diagram of the components of the gabsource heat pump
drying system (GSHP). Heat from the ground is used as a heat source and heat sink in
cooling mode operations. This works by absorbing the heat and using it to heat the
working fluid. This is unarguably a more efficient alternative asloes not use
ambient air, which is a less therma#liable heat exchange medium than the ground.
Due to this reason, the GSHPs can even maintain an outstanding performance in
colder climates.
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Fig 3.6 A schematic of the groursburce heat pump drying sgat[29]



An exergetic assessment of a growadirceheat pump(GSHP) drying system
presentedby Hancioglu P9]. Exergy efficiencies of the system components are
determined to assess their performances and to elucidate potentials for improvement.
COP valuedor the GSHP unit and overall GSHP drying system are found to range
between 1.632.88 and 1.482.65, respectively, while corresponding exergy
efficiency values on a product/fuel basis are found to be 21.1 and 15.&8%eaid
state temperature of 2Z, resgctively. Specific moisture extraction rate (SMER) on
the system basis is obtained to be 0.R@RW' *h'*. For drying systems, The SMER
of the whole GSHP drying system is found to be kgkW''h' ™.

3.14 Chemical AssistedHeat Pump Dryer

. The use of camical heat pumps requires no mechanical energy input and
allows several functions to simultaneously take place, including improving heat
quality, heat pumping, refrigeration and thermal energy storage. Unit operations that
deal with vast enthalpy changes industrial processes such as distillation, drying,
evaporation and condensation, can benefit from using chemical heat pumps.

Figure 3.7 is an illustration of a solaassisted chemical heat pump dryer by
Fadhel BQ]. Note that the performance of the gystwas tested and studied under the
meteorological conditions in Malaysia. The system comprises of four major
components: solar collector (evacuated tubes type), storage tankgaslahemical
heat pump unit (consists of reactor, condenser and evapoaairdryer chamber.

The reaction studied in this system is between that of CAIEI2 Both a simulation

and an experiment were carried out. Theoretical results and experimental results were
compared: The maximum value of solar fraction from the simulatas found to be
0.795, with the experiment yielding 0.713. The maximefficiency of the solar
collector was predicted to be 80%, against the experimental efficiency of 74%, but the
COP of the chemical heat pump obtained from both simulation and thenespesr

gave 2.2 and 2.0, respectively, showing that a decrease in solar radiatoing to a
reduction of energy at the condenseatecreases the COP of the chemical heat pump
and thus the efficiency of drying.
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Fig 3.7 Schematic diagram of solasssted chemical heggumpdryer[30]

3.15 Two SageHeat Pump System for Drying

The singlestage vapour compression cycle used in many commercial heat pump
dryers has many disadvantages comparing to astage or multstage heat pump
dryer. In a singlestage drying system, there is only one evaporator for all the
operations involved in dehumidifying, cooling and recovering latent heat from the
drying air, as there is a limit to the amount of heat recovered due to the lack of
available area for heat traesf One huge downside of a singkage dryer is its
inability to provide streams of drying with varying humidity and temperature in order
to adapt to several independent drying chambers.

The study conducted by Chua et 8] focuses on the performancd a
two-stage heat pump system for drying. FigBr&illustrates the application of both
low- and highpressure internal evaporators for cooling and dehumidification in the
system. Two swgoolers are placed at the condenser for additional sensible dheatin
and a passivevaporator economiser is also further integrated forcpading and
pre-heating before the air enters the evaporators and the condenser, respectively. The
amount of heat recovered at the evaporators and the system's COP and SMER are
factors to consider when evaluating the performance of the system. Up to 35% or
more of the heat could be recovered by the-$tage evaporator compared to the
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onestage evaporator system. To further recover heat, one can vary the pressure level
of the highpresure evaporator as the ratio of latent to total load at thestage
evaporator is improved.

10 Vapour mixing

EVAPOrator pressure suction main chamber then
regulator —— s COMPIessor
pilot solenoid valve
dry bulb temperature
feedback check valve
high pressurg low pressure
) evaporator vaporator
:w]rm _9 3 } air-off coil
0
thermostatic thermostatic expansion valve
cxpansion valve { low pressure)
{ high pressure) !
from L
condenser from
= condenser

Fig 3.8 Schematidiagram of he Two StageEvaporatorSystem[31]

Figure 39 shows a substantial improvement in the heat pump energy efficiency
going from a sigle- to a twaestage dryer. The implementation of a mslige heat
pump cycle is that it permits regulations of humidity of the air, whicl isuge
advantage over the conventional singlage heat pump cycle.

Singlestage, motaedriven heat pump dehumidifie

1 >
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: Singlestage, engindriven heat pump dehumidifie
3 >

I

1 Singlestage, engindriven heat pump dehumidifier with saboling
4 >

: Two-stage, engindriven heat pump dehumidifier with saboling
5 >

0 2 4 6

Coefficient of performance

—l—

Fig 39 Coefficient of Performance of Vans Heat Pump Configuration3l]
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3.15.1 Advantages and Limitations

Since the 1970s heat pump has been gradually replacing conventional hot air
dryers in various industriefor food and timber drying, due to its high energy
efficiency. However, there are some technical difficulties in trying to achieve the
optimal performance for the drying system. This section discusses these aspects of the
development of the dryer.

Heat pump dryer haveegeral advantages and limitations. Which drying system
is right for a given installation, or even whether to use a drying system, depends on
the circumstances of that particular installation.

The key advantages and limitations of the heat pump dryer mcudigh
SMER ratio (in the range of 1.0 to 4.0), meaning that a significant amount of heat can
be recovered from the moistdi@en air, and not only does it improves the overall
thermal performance, it also yields effective air conditions control. SBcanes a
very versatile system in that its environments can be easily altered to suit the
productdéds value and needs; a wide range
adapt to different materials, without being influenced by weather conditions. And
finally, it improves the product quality by drying at low temperatures, which is
achieved by further reduction of the humidity of air.

Although heat pumpgrying as many advantages to them, there are inevitably
some limitations that are still being worked. Some of the limitations include using
CFCs as its refrigerant and a high machinery cost, due to regular maintenance of the
components and refrigerant supply etc. But even if so, the heat pump dryers still gives
a 40% reduction in energy in comparisonelectrical resistance dryers, according to
the literaturg 32).

3.15.2 Energy Efficiency

The ability of heat pump dryers to convert latent heat of condensation into sensible
heat at the hot condenser makes them unique heat recovering devices for drying
application. The energgfficiency of HPD can be reflected by the higher SMER
values and drying efficiency when compared with other drying systems as shown in
Table 3.1Consequently, higher SMER would then be translated to lower operating
cost, making the payback period fortiai capital considerably shorter.

Table3.1 Comparison between Heat Pump Drying and Oflrging System$33]
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Parameter Hot Air Drying Vacuum Drying Heat Pump Drying

SMER(kg water/kWh) 0.12-1.28 0.72-1.2 1.0-4.0
Drying efficiency (%) 35-40 © 70 95
Operating temperature range (°C) 40-90 30-60 10.0-65.0
Operating % RH range Variable Low 10.0-65.0
Capital cost Low High Moderate
Running cost High Very High Low

Source: Adapted from Perera, C.O. and Rahman, M.S., Trends Food Science Technology, 8(3),75,1990.With

3.15.3Batch and ConveyorHeat Pump Dryer

In the drying chamber, the products are placed on trays, and as soon as the
desired product moisture content is sufficiently reduced to a value, they are removed
from the trays. This operation is illuated in Figure3.10 show a cros$low dryer
configuration, where the drying air can flow parallel or perpendicular to the surface of
the product. Batch drying is commonly used in smaller production rates, but because
of this high costs pursu&ince bath systems permits air to be-cgculated at very
low leakage rates, heat pumps are more apt for such operations, but the thermal load
of batch dryers decreases as the material gradually dries. This leads to drying
processes that are tindependent and tlsuhaving an impact on the performance and
the thermodynamic cycle. A continuous conveyor drying system has shown to be a
more suitable method of drying farop harvests. Jia etl. [34] developedsucha
model that exhibited maximum efficiency. This models later used by Clements et
al. [35] for study purposes, and they used a wet foam rubber in the continuous bed
dryer. This effectively doubled the SMER of the dryer from 1.25tk@bWh 1 1 as
the relative humidity of the air at the dryer inlet increased from 32% to 80%.
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Fig 3.10(a) Batt heat pump dryer; (b) conveyor heat pump dryer; C: compressor; CD:
condenser; D: damper; F: fan; EV: evaporator; EX: expansion valve; LV: liquid valve; M:
motor[36]
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3.16 Modelling of Heat Pump Dryer

All components in a heat pump air dehumidifier that is coupled with a dryer are
independent, thus the heat pump is a completesay that, as a consequence, leads to
many proposal of models:

1 Jolly etdl.: a simulation model that considers detailed heat and mass transfer
in each individual component of the heat pump continuous dryer s{37¢m

1 Jia et al used t he nodanvestigateothie pelfarrhance @fssuch
system[38].

1 Teeboonmeet al.. used the model of Jol Il yos
such systeni39].

1 Prasertsan et aldeveloped a mathematical model to simulate results, using
finite-difference metho4qQ] [41].

1 Achariyaviriya et at developed an empirical model to study the performance,
leading to the discovery that results with closeap operation were yielded
to be closer to the experimental dptd].

1 Adapa et al reported an R134a heat pump drying systihat is a numerical
model, for specialty cord€3] [44].

1 Krokida et al: proposed a mathematical model that accurately designs the
desired and effective energgving system for thermal energy recovery of a
convective dryer exhaustream 45].

1 Sarkaret al: developed a mathematical model that studies the performance
of a transcritical CO2 heat pump dryd#].

Even though empirical equations have contributed towards determining the
thermodynamic properties and steam properties of the refrigeran tbo
complicated to apply different theories and designs to individual heat pump dryers,
that all have different configurations and operating conditions. Simplified
mathematical models are used to design for different components of atypsch
closedloop heat pump dryer, under a steatigte and constant conditions of drying
rate.

3.16.1 Heat Pump DryeModels

There are a few assumptions made tfog heat pump dryer model, used by
ASHRAE in the Psychrometric Analysis software for mathematical analysis.

For the heat pump unit:
1) The heat pump is operated at steathte.
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2) The component housing wall is adiabatic.

3) The expansion of the refrigerant is nigalpic and the compression of the
refrigerant is isentropic.

4) The tubes that connect the heat pump component is insulated, and in the pipe
system, the pressure drop is negligible.

5) The refrigerant at outlet of condenser is saturated liquid, and saturated

vapour at outlet of evaporator.

For the dryer unit:

1) The dryer is in a steaeltate condition.

2) Bother the drying chamber and the air duct are thermally insulated.

3) The air entering the evaporator has the same condition as the air leaving the
dryer. The samepplies to air entering the dryer and leaving the condenser.

4) The drying process is operating under constant rate period, and in this period,
the working air follows the constant wet bulb temperature line in the
psychrometric chart.

5) Both the specific heat pacity of air and the ambient conditions are constant.

6) There exists thermal equilibrium between the drying air and the product.

7) In the system, the air pressure stays constant at one atm, so is the mass flow

rate of circulating dry air.

The mathematical model of a heat pump dryer consists of threaildds[32];
drying models, heat pump models, and performance models. Heat and mass balance
of both refrigerant and air circuits are used for development of the mathematical
models.

3.16.2 Drying Model

The following equation denotes the mass and ena@nbe between the
material and the process air in the dryer.

'gdr - Qma(wdo - Wd:‘) = Qmp(MQi - MBJ”)!]—OC’ (3-4)
Cpatdi + Wdi (hfg + vatdi) = Cpatdo + Win (hfg + vatdo) (35)

3.16.3 Evaporator Model

It is possible to derive the evaporator model based on the mass and energy
balance of drying air making contact with the surface of the evaporator.
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Jmmwe = Qma (]— - BF)(Wdo - M’:}s) (36)
Qe = Qma(l - BF)(hdo - hes) - i:i"m'm,?e'*;lwe = mr(HZ - Hl) (37)

On the air side of a fldinned tube coil, the forced convection hdaansfer
coefficient is calculated by the correlation below:

g = 0.195G, Cpam B, /3 Ry, ~*% (3.8)
R, = Sels (39)

a Ha
by, = 2 (310

The range of 118 <4\ < 787 fins per meter is approgte for this correlation.
The evaluation of the heat transfer coefficient of refrigerant for the force convection
evaporation is as follows:

ky (D;G\ %8
Uy = 9.1825D—;( m‘) K0 (3.11)

KIf — FxH_fg (312)

The total otside finned tube surface area for evaporator and condenser determines the
overall heat transfer coefficient. This is calculated as follows:

1

™ 1/(aqnsf Ao/ (Aiar) (Ao n(Do/ D)/ 2rkewlLs) (3.13)
_ (tdo—teo)

LMTDe = T taoTre) (314)
(oo re)

Qe = U Apo(LMTD), (3.15)

3.16.4 Compressor Model

In order to predict a change in enthalpy of refrigerant, a mathematical model of
a reciprocating compressor is used during compression and energy consumption.

Pcomp = qmr (hz — h2)/ (Mmecnmotor) (3.16)
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T,)? + az; Ty " (Ty — T») + azg (T3 — T5) (3.18)
_ mdp 1y NpnyNs
Amr = — 505 (3.19)
Ps 1fn
ne=1+n—n (g) (3.20)

3.16.5 Condenser Model

At the condenser coil, the condenser model can be used to predict the mass flow
rate and the energy transfer of tieérigerant.

Qc = qmr (het - hS) (3-21)
Qcint = 9ma (Cpa + Wd:'cpv) (tco - teo) (3-22)

The heat pumper dryer systembébs energy bal at

Qc=0Q + Vh = Qc,:'nt + Qc,ext (323)

The heat transfer coefficients of the redrignt side of the condenser for single phase:

0.8 0.4
@, = 0.023% (Eﬁ) (E’i-’i) (3.24)
D; Hf k’f

Equation 3.14 calculateti¢ airside forced convection heat transfer coefficients.
Equation 3.18 calculated the overall heat transfer coefficients.

LMTD, = —teg—tee) (3.25)
()
Q. = U.Aco (LMTD), (3.26)
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3.16.6 Capillary Tube Model

A pressure reduction is achieved by using a capitlaive as a model for the
expansion device. It is assumed that the expansion is isenthalpic:

hg = hy (3.27)
There are several stages of temperature drop in the capillary tube: the frictional
pressure drop and friction factor of each segment of drop is calculated, and using
equation 3.28 and 32the required length of capillary tube can be determined.

PrfrVLuf
Vp, =—,— (3.2

0.32

fr = for turbulent flow (3.29)

ReP-23

3.16.7 Fan Power

The following equation calculated the-aide prassure drops:

_ zfaiadas%
Vp, = e (3.30)

The correlations of ASHRAE determine the friction factiyr,of air in the
evaporator, condeser, and air duct. The change in direction and velocity causes the
dynamic pressure losses in ducts, and this change is calculated for the total pressure of
fan.

Fan power Tequirment(Pfan)

= Fan total pressure X Volumetric air flow rate

(3.32)
3.16.8 Performance Model

COP evaluas the drying and dehumidification performance of the system, in
particular the heat pump and the specific moisture extraction rate, SMER, and the
moisture extraction rate, MER.

Heat delivered in internal condenser

Power inpuf to compressor
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SMER — Water evaporated from product (333)

Total energy input

Water evaporated from product
MER = d fromp (3.34)

Drying time

3.16.9 Improving Performance Heat Pump System

The two interactive working fluids in heat pump dryer, which are the refrigerant
and the drying air, influence its efficiency due todtsnplex system, therefore the
question of whether an optimum design exists still remains. When a heat pump is
coupled with a dryer, the interdependency of all components contribute to a
complicated system, whereby the performance of the dryer depends$eon t
configuration of t Both dyirgrrdtei ohthe pfoduct iardldhé f | o ws
ambient condition of the system determine the preferable operation configuration. In
tropical climate and high drying rate, the best operating mode is usually thdypartia
open system, but at a low drying rate, the operation is slightly more complicated, as
the optimum configuration is sensitive to the drying rate and the ambient temperature.
The heat pump dryer configuration design must be continuously changed fowthe |
drying rate product. On top of that, it also requires an external condenser and cooler in
order to function properly.

There are three factors that regulate the efficiency of the heat pump energy
efficiency. One evaluates each component as follows:adhepr essor 6s ef fi ci
not within the control o f -theshelf pedud;tthe més d e s
choice of refrigerant has a small impact on the cycle efficiency, and it generally
depends on the size and type of application. The last auenpds the heat exchanger,
which now appears to be determining factor for the optimisation of the heat pump
dryer system.

There exist two heat exchangers in the heat pump system, one being the
condenser and the other being the evaporator. The condepsateprheat for the
drying air, the medium, which means that it plays a vital role in the overall
performance. Studies conducted by Saensabai and Praévisgt8] discovered that
the COP could be improved up to 27.6% by changing the refrigerant fithy qoad
increasing the coil depth has shown to improve the COP by 12.3%, concluding that
effects of the arrangement of the heat exchanger is not to be neglected.

The optimum performance of a heat pump drying system is achieved by using
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an evaporator or aafge surface area, minimum fin space, minimum depth, low
airflow rates, no superheat across the coil, and uses the high evaporating temperature
as the system can operate at. The coil performance is shown to improve by a change
i n the r efr iogtealoagrthe 8osv patha Bhis cam reduce to up to 5% of

the heat transfer area. This research done by Liang[éBJateports the effects of
condenser coil arrangement on the heat pump dryer, which aims for the optimal coll
design. The mathematical mddend simulations used in this study was developed
based on the heat and mass transfer concept of both the refrigerant and the air side,
plus the thermal process analysis.

The simulation procedure puts an emphasis on the small control volume
approach, inor der to take care of the working f
thermodynamic and therrqhysical properties.

1) Optimal design of condenser and evaporator coil: The heat exchanger
coil configuration is represented byye, where x and y are the number
of rows (r) and circuits (c) respectively.

2) Demand of refrigerant flow: The demand of refrigerant flow was the
flow rate of refrigerant in each circuit of condenser coil for working
with high efficiency. In condenser coil design, the optimum refrigerant
flow rate must be used in order to maximize the heating capacity
(heating COP).

3) Optimum heat exchanger arrangement: In some conditions, they need
only one or two refrigerant circuits. But, for other conditions, three or
four circuits are needed.

Many interreated parameters must be taken into consideration whilst assessing
the design of a heat exchanger of a heat pump dryer. Improvements can be made by
alterations on the systemdés refrigerant ma
configuration, such athe number of rows, circuits and modules, can affect the heat
transfer capability and the pressure drop of both the refrigerant and the air side.
Verified mathematical models determine the optimum parameters, and the matching
of the components was basedtbe heat pump dryer performance.

3.2 Desiccant Dehumidifier

There are two methods in which atmosphere air dehumidificataon be
achieved, one done by cooling the air below its dew point, then removing the moisture
by condensation, the other completed by sorption by a desiccant material, as
desiccants in either their solid or liquid forms have a natural tendency to remove
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moisture. The latent heat released as the desiccant removes the moisture from air
heats up the air itself. This warm air can then be cooled by sensible coolers, such as
heat exchangers, evaporative coolers or evaporator coils, to the desired conditions.
Thedesiccant can only be regenerated or reactivated when the moisture in it has been
removed by means of heating. Energy sources to conduct such heating include waste
heat, solar energy, waste heat, or simply electricity.

3.2.1Regeneration methodf desiccant in drying applications

Higher energy efficiency can be achieved by using renewable energy or waste
heat from other systems, or regenerating desiccant material at a low temperature. The
process of regenerating materials typically uses electrical héates@rgy and waste
heat as a mean of energy drive. Here we discuss about the three methods and evaluate
their effectiveness and economy.

3.2.1.1Solar energy

This method for the regeneration process is highly researched and studied, as
the sourceitself s consi dered Afreeo. The capital f
additional accessories is high, but taking the payback period into consideration, the
long term overall savings may be able to compensate for the initial@ostmajor
issue with solaenergy is that its operation is weatigependent, so there is a need for
additional backup energy when the main energy supply fails, in order to keep the
drying process runninghlosaimy and Hamed50] developed and investigated the
application of a flat plate solar water heater to regenerate the liquid desKiceuj.
et al.[5]] studied a twestage solapowered liquid desiccant dehumidification system
with two types of desiccant solutiomshmed et al[52] constructed an open tdebp
for the desiccant wheel to conduct experiments and thus validate the numerical model.
Lu et al.[53] developed two solar desiccant dehumidification regeneraystems
known as SDERC and SRAD.

3.2.1.2Waste heat

This is arguably one of the best alternatives for regeneration as there is no
regeneration cost. Whilst it is nearly the best option out of all, only equipment that is
able to exhaust waste heat betwedh’C and 140C can use this method for
desiccant regeneration, and they are not so readily available Bgh&ntonellis et al.

[54] investigated seven HVAC afigurations for drying based on desiccant wheels to
find the most energgfficient system. Zaltash et 455 reported on this topic. TA
systems use the DG's hekhaust gas for heating, cooling, and regenerating the
desiccant material in dehumidification systems.
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3.2.1.3 Electrical heater

This is a much more consistent heat source than solar energy. It is simple and
reliable, but electrical heaters tend to havagh energy consumption and thus high
operating cost, therefore they are only generally considered suitable as a backup
energy source, or when waste heat is not sufficient to run on itsBagsuoni56]
investigated the performance of the structured packing cross floligaid desiccant
contacting surfaces on the dehumidification and regeneration of the system.
Mandegari and Pahlavanzadgsv] introduced a novel efficiency definition for a
desiccant wheel by comparing the process of air enthalpy between outlet and inlet.

3.2.14 Ultrasonic technology

Ultrasonic technologys a norheating drying method. Studies have found that
it improves drying kinetics and increases energy efficiency, but as it is ultrasonic after
all, there have been safety concerns regarding health and the environment. Yao et al.
[58][59] investigated five different drying models to quantify the drying kinetics of
silica gel regeneration by hot air combined with ultrasonic power.

3.2.15 Electro-osmosis

In domestt applications, solid and liquid desiccant dehumidification is not
viable, as the process requires large electricity consumptions in order to generate heat
that regenerates the desiccant material. Researchers are seeking for alternatives with
lower costs.Li et al. [60] experimented on using electoemosis (EO) for
regeneration. In this technique, low voltage DC supply is used.

3.2.1.6 Vapour compression system (hdgpump)

Low energy consumption is characteristic to a heat pump. This is particularly
prominent with a system that combines heat pump and a desiccant system. It is a
system with high energy efficiency and the processed air produced has a much lower
humidity level. The dehumidification process carried out by an evaporator and a
desiccant material can produce processed air with a better conditiow ahergy
consumption as well. Furthermore, the heat released by the heat pump can be used to
regenerate destant materials.

When the latent load is high in a desiccant system, it is particularly useful, as it
removes moisture more economically than it removes sensible heat. In addition, when
thermal energy comes into play, the cost of dehumidification with regeedition
system falls under the cost of a dehumidification with a desiccant. When the desiccant
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regeneration i s dpeakdlectridty or wadusat gas, ihis mdre of f

economical compared to regular electric refrigeration, since therensetbto reheat

with desiccant dehumidification systems, so another appropriate use is when
conditioned air is reheated after exiting a coil to reach a suiting dry bulb temperature.
The use of a desiccant is apt when dehumidification is required at lesiels
freezing dewpoint temperaturesmost solids are qualified as desiccant material as
they attract moisture.

Desiccants have a low surface vapour pressure, and this is essential to their
moisture collection characteristic, because if the desiccaobisand dry, its surface
vapour pressure will be low, therefore it is able to attract moisture in air, since the air
has a higher vapour pressure when it is moist.

After moisturecollection the desiccant becomes wet and hot. As a result its
surface vapoupressure increases and itredeases water vapour into the surrounding
air again. However, desiccant dehumidifiers use the change of vapour pressures to dry
air continuously in a repeatingycle; therefore the mechanism ensures that the
re-released vapaus reabsorbed into the desiccant material again. The equilibrium is
illustrated in Figure 32.

At point 1 the desiccant begins its cycle. As the desiccant picks up the moisture,
it changes from being dry and cool to wet and hot. This phenomenon is syow
point 2, which, at this point the desiccant cannot collect any more moisture, as its
vapour pressure is now equal to that of the surrounding air and thus there is not
pressure difference. After this point the desiccant is removed from the moistlair an
heated to be placed back into a different airstream. The surface vapour pressure of the
desiccant is now higher than the surrounding air, so the moisture moves off the
surface to the air to equalise the pressure differ&fbdst it is still hot at poih3, the
desiccant is unable to collect moisture from air due to its high vapour pressure, but it
can be cooled to restore its low pressure point, and the whole cycle starts again at
point 1.
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Fig 3.12 Repeating Cycle of Desiccabehumidifier

The cycle is driven by thermal energy. When the desiccant has a high moisture
capacity and a low mass, the over efficiency of the process is improved. The required
heating and cooling energy is directly proportional to the mass of the desitchn
the mass of the machinery that presents the desiccant to the airstream, so in an ideal
world with an ideal desiccant dehumidifier, it would have an infinitely low mass and
an infinitely high surface area to collect moisture.

The desiccant that cottes moisture can be either a solid or a liquid. An example
for a solid desiccant is the small packets inside camera cases and consumer electronic
boxes. These often contain silica gel. As for the liquid example, triethylene glycol is a
powerful desiccanthiat is similar to autordifreeze. Apart from the phaskfference,
both solid and liquid desiccants function on the same principle, in which their surface
vapour pressure dictates their temperature and moisture content.

There is one subtle distinction beten the different types of desiccants however,
and that is their reaction to moisture. There are two moisture collecting mechanisms,
one is when the water is held the surface of the materidlhis is called adsorption,
which is how most solid desiccantvork. The silica gel mentioned earlier is an
example of such adsorbent. Other types of desiccants absorb moisture, which give rise
to physical or chemical changes as they collect water, and this is how liquid and some
solid desiccants work. An exampleligium chloride and sodium chloride, with are
both salts.

The mechanism does not usually play a
design, but the distinction exists and the engineers should be aware of the differences,
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as it is still important to knowhat happens to the air when it is being dehumidified.

The reverse of evaporation liberates heat, but in a coblisgd dehumidification
process, the effect is not as distinct as the heat is removed almost instantly by the
cooling coil. With a desiccamtehumidification system, the process air usually leaves
the dehumidifier warmer with respect to how it was before it entered the desiccant
unit, because the heat is transferred to the air and then to the desiccant.

Figure 3.B shows a direct proportiongli between the temperatursesto the
amount of moisture removed from air. One can see on the psychrometric chart that,
the drier the air when it leaves the dehumidifier, the warmer it will be. It is evident
that desiccant dehumidification is differemrin coolingbased dehumidification.

The total enthalpy of the air remains constant, due to the relationship illustrated in
figure 3.13. On the other hand, the total energy increases due to a transfer of waste
heat from the regeneration process to theTdirs temperature rise is desirable in
many cases, in particular, applications of notable product drying and unheated storage.
It is, however, not desirable, nor it is advantagetherefore the dry air is cooled
before it is delivered to be used.

There ae five typical equipment configurations for desiccant dehumidifiers, each of
them has its own advantages and disadvantages, but nevertheless all have been
commonly used in the industry.

Desiccant wheel
Liquid spraytower
Solid packed tower
Rotating horizatal bed
Multiple vertical beds

= =4 =4 4 -4
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Fig 3.13 Heat from Desiccant Reactivation Carried Into the Dry Air Stream

3.22 Thermal Transfer Coefficients ofDesiccantWheel

A desiccant wheel dehumidifier works on the principle of relying on a rotating
honeycomb whel to deliver the desiccant to the operation and to present it to the
reactivation airstreams. The sec@ramic structure contains fine desiccant materials,
which are integrated in a way that appears to be a grooved cardboard rolled up into a
shape of a weel. The wheel slowly rotates between the operation and the reactivation
airstreamskigure 3.14shows a rotating cylinder containing small honeycendped
channels covered with silica gel. Figure xx shows how the desiccant wheel is divided
into two halves, with one being the desiccation part, where water vapour is adsorbed,
and the other the regeneration part, where the water vapour is desorbed.

A model studied by Roula and Ghia{8l] that is based on heat and a
masstransfer equation is developed witlgay-box approach in order to identify the
thermal transfer coefficients experimentally. By defining the unknown parameters of
the model as a function of a single parameter, the Nusselt number and heat and
masstransfer coefficients can be obtained.

Lessthan 10% of discrepancy is found between the literature and experimental
values of the thermal transfer coefficients, thus the-gmyidentification method is a
reasonable estimation for the thermal coefficients of the desiccant wheels with
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Fig 3.14Desiccant wheel: (a) simplified illustration of a desiccant wheel; (b)
crosssection view of a channfgb]]

The design of the desiccant wheel is very flexible. It allows different kinds of
desiccants, both liquid and solid, to be loaded into the structure, on top of that, the
structure is also very lightweight and porous. This versatile charactetisties the
wheel to adapt to a wide range of specific applications. As the flutes of the structure
are analogous to individual air ducts, the desiccant surface area exposed to the air is
maximised even when the airflow of the system remains unstirred.rétluces the
air pressure resistance compared to the packed beds. By combining a variety of
desiccants into the same wheel, high capacity and low dew points can be reached,
whilst the design remains energfficient. This is because the total rotating mas
low compared to its moisture removal capacity. Furthermore, the design is easy to
maintain as it due to its simple and reliable nature.

One major concern with the design of a desiccant wheel is the cost of the
rotating wheel. Its construction costs @amts to a higher value then if the system
simply uses granules of dry desiccant, albeit the more emdfigient approach.

Great care should be taken to ensure that the wheel remains undamaged. Desiccant
wheels are widely adapted into many desiccant médtitier configurations, so it goes
to show that theesults outweighhe equipment capital.

3.22.1Liquid Desiccant

Figure3.15illustrates a typical liquidiesiccant dehumidifier system with its
main five components: a dehumidifier, a regenerator to concentrateldihltdion
from the dehumidifier, a heater powered by hot water and a chiller with vapour

compression cycle to heat and cool the desiccant solution in the dehumidifier and
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regenerator, and an internal heat exchanger to recover energy from two columns

wheredesiccant solutions of different temperatures meet.
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Fig 3.15Schematic diagram dijuid desiccant dehumidifier systdit2)

A modelbased optimisation strategy for a chilthiven dehumidifier of liquid
desiccant dehumidification system with lithium chloride solution was presented by
Wang et al. 2. To reduce the energy consumption to a maximum while keeping the
outlet air conditions at specific spbints, several measures are taken, including
formulating an optimisation problem and the constrains of mechanical limitations and
component interactions. Algorithm used in medased optimisation strategy could
obtan optical sepoints for desiccant solution temperature and flow rate, thus
reducing energy consumption. The result of a comparison between experimental and
theoretical optimisation shows a 12.2% reduction in the dehumidifier operation in the
proposed opinisation strategy.

The minimum heating and cooling in a dehumidification process makes the
liquid spray tower dehumidifiers a thermodynamically elegant operation. Only the
necessary steps are carried out, for examphen the process needs to obtain a
constant humidity, water can be freely added to the desiccant solution if the inlet air is
dry, that the condition can act as a humidifier. If required, extra liquid can also be
reproduced to provide energy storageeiss than 20% of the floor space when being
sent back to a holding tank. As well as the removal of the water vapour, particles in
the air are also simultaneously removed as the liquid desiccant comes into contact
with the air.

Liquid spray dehumidifiers ar somewhat more complex than their solid
desiccantunits; therefore they are oftentimes arranged in large, central systems,
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instead of small and freet andi ng wuni ts. Large systems?o

for larger buildings with any dehumidificatiosystems, since it is able to
accommodate several conditioner units that are connected to a single regenerator, this
gives an advantage in cestvings, but the complexity in system control is a slight
drawback to this setup.

There are a few potential disathtages to liquid systems. These include the
maintenance, fist cost and response time of the smaller units. The slow response time
may be caused by a long piping system and a large reserve sump for desiccant
solution distributions. Information on rapid afige in internal moisture loads and
difference necessary outlet conditions may not be received by the system immediately.
However, this slow response time may have a positive side to it: a large mass of
re-circulating desiccant can protect an internal psscfrom changing too quickly
under the influence of weather moisture. For the maintenance aspect of it, the extend
of protection and renewal varies from system to system, but since some desiccant
materials are corrosive, more care needs to be taken. ditioagd some liquid
desiccant may dry out rapidly at low humidity levels, so in order to avoid desiccant
solidification, liquid levels more be carefully monitored.

3.22.2Solid Desiccant

There are two towers in a packed tower dehumidifier. Solid desiccants such as
molecular sieve or silica gel are loaded into a vertical tower, and picks up moisture in
the process air thatolws through the tower. The process air is then diverted into a
second drying tower after the desiccant has become saturated with moisture, whereas
the first tower is cleared of its moisture with a small reactivated airstream and heated
to ensure a dry eimonment is established for a new cycle to begin again.

The performance of molecular sieve desiccants when they absorb or release
water studied by Ta®bp] is evaluated by the weighing method. In a simulation of an
environment with constant temperaturegthtypes of saturated salt solutions of zinc
bromide, Magnesium chloride and potassium acetate were employed to show the
saturated water absorbing capability of molecular sieve desiccants. The experiment
showed a clear dependence on the environmentalitmndf depositing, more
specifically, a linear increase with the deposited time, with the temperature being a
constant parameter. The slope varies with humidity. Relative humidity equilibrium
exists between environment and molecular sieve desiccantladtevater absorbing
capability is saturated, while the molecular sieve desiccant's humidity varies in the
range of 6.1 31.9%. The adsorbent water deposited on the surface of the molecular
sieve desiccant was released once a lower humidity is reacttesisiica gel and the
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desiccant.

A composite material that consists of silica gel, sodium polyacrylate and
polyacrylic acid developed by Chen et &4][were to be tested for its optimal mixing
ratio, which was found to be 10:1:1. This material is oathjn developed for
air-conditioning systems. The material exhibited a sorption capacity that is 41%
higher than silica gel in a closed environment of a relative humidity of 70%°&.25
Tests on dehumidification capability at various air velocities, reggion and inlet
temperatures were performed, specifically at inlet air temperature df 30
regeneration temperature of 4@nd relative humidity of 70% for 15 minutes, the
material maintained 80% of itself being at its highest performance state. Téraima
also showed a higher average dehumidification amount per minute (2.73 g/min
compared to 2.46 g/min for silica gel). In addition, the airflow design of the composite
material made a pressure drop of 149 mmAg/m in the system. From the above results,
one can see that the composite material has a great potential in-saeryy.

The packed tower dehumidifier is often used to dry pressurised process air, as
both drying and reactivation take place separately in sealed compartments. The same
configurationis used to both gases and liquid chemicals. The process can achieve
extremely low dew point like40°C when a significant amount of desiccant are
loaded into the towers, where the packed tower usually consists of desiccant
dehumidifiers for compressed .althis design can lead to a change in outlet condition,
even when the configuration permits low dew points. The desiccant can dry the air to
a great extend when it first exposes to the process airstream, but as the process goes
on and its moisture absorlgirtapacity reaches a limit, the drying speed slows down.
Therefore a changing outlet condition must be closely monitored to avoid the process
air condition becoming too wet.

Velocities of the air flow matters a great deal for packed tower dehumidifiers.
The larger the process airflow requirements, the larged¢hemidifiers become, as
the air velocities are usually kept low. The low air velocities gives an even air
distribution through the bed for the air to be fully exposed to the desiccant. It also
avoids lifting the desiccant, which would collide with otlparticles and with the
vessel of the dehumidifier. This fractures the desiccant upon impact, and the specks
would then be blown out of the unit as fine dusts. The configuration of units with fine
dusts are used in small and low dew pointstieams, andt ioffers compensating
advantages to overcome the eamtd energyrelated disadvantages in largeflow,
atmospheric pressure and higher dew point applications.
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3.22.3Limiting performance of desiccant

Goldsworthy p5] published a study on limiting performance in desiccant wheel
dehumidification. At low temperature regeneration (<~80 °C) the regeneration air
relative humidity limts the supply air exit condition of a silica gel desiccant. It is easy
for commercially available silica gel to reach relative humidity effectiveness that is
higher than 85%.

The reduction in relative humidity to yield a useful dehumidification process
can be achieved by keeping the temperature rise of the supply air to a minimum as it
passes through the desiccant wheel. The desiccant dehumidification is at its most
efficient when there is a minimal heat release in adsorption and low thermal mass to
the syply air stream.

There are two ways to increase the capacity of the rotating bed, one is the
increase the number of bed stacked on top of each other, and the other is to increase
the diameter of the rotating trays in order to accamiate more desiccant materials.

The rotating horizontal bed is able to proviééatively constant outlet moisture level

if the desiccant is evenly placed on the trays, and less floor space is occupied than
with a dualtower unit as a high airflow capacitgn be reached. However, it is never

the case that the trays are completely filled with the desiccant until the top of the bed,
as a result the desiccant settles slightly whilst in operation, causing air leaks from the
side of the reactivation airstreamthe process air side within the tray.

The rotating bed is usually designed to prevent this leakage by arranging the dry
process airflow and moist reactivation airflow in parallel, eatthan a counter flow
configuration. Pressures between the process and reactivation sides are kept more or
less equal using this format, therefore effectively reducing the leakage and enhancing
the performance. As effective as this method appears tmbe,the units are prone to
low tolerance of moisture condition of the reactivation airstream, its energy
consumption is significantly higher compared to other designs. However, this is
compensated by the low first cost of the rotating horizontal bed rdeagy it is
expandable and easy to manufacture. Problems such as fracture of desiccants and the
desiccant debris in the airstream can be easily resolved by replacement of the
material.

3.22.4Effect of rotational speed of desiccant wheel

Angrisani 6] argues that there must be an optimal rotational speed on the
performance of a desiccant wheel ethidepends on the operating conditions. The
choice of the rotational velocity of the desiccant wheel is important as it affects how
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the exiting temperature of the process air. It should lead to a high dehumidification
performance and an outlet temperatinat is low enough to reduce the cooling load

on the cooling apparatus. Angrisani performed the experiments on a silica gel
desiccant wheel. This puts an emphasis on the effect of the rotational speed on its
performance. The results were used to calcutetemain performance parameters of

the wheel, which are the dehumidification coefficient of performance (DCOP), the
dehumidification effectiveness and the sensible energy ratio (SER). The result showed
that the dehumidification performance is optimisedthe velocity range of 30
revolutions per hour.

3.2.2.5Choosing between Desiccants and Cooling Dehumidifiers

Figure 316 shows the differences between a coolaged dehumidifier and a
desiccant dehumidifier in a psychrometric chart, as there already exists many
circumstances, where both dehdiflers remove moisture from air. Both
dehumidifiers have their own advantages, to which could be applied depending on
how close to saturation the air should be delivered from the system. The air leaving a
cooling coil has a near 100% RH saturation. M technologies are most competent
when one compensates for the limitations of the other, therefore it is most efficient to
use the two together.

1 The optimum combination of the two drying materials in a particular situation
depends on the difference in ta$ thermal energy and electrical power. Given a
cheap thermal energy and high power costs, it is more favourable to use desiccants
to remove the bulk of the moisture, and vice versa.

1 Coolingbased dehumidification is seldom used to dry air that is baldew point
of 5°C, as the condensate freezes on the coil and thus reduces the capacity in
moisture removal. They are more economical than desiccants when operating at
high moisture levels and high air temperature.

1 They are efficient in different areas dfying. Coolingbased dehumidification is
efficient when drying air to saturated air conditions, so if the air is drier than when
it first entered the machine, whilst still saturated with moisture at a lower
temperature, this method is more desirable. B dther hand, desiccants are
efficient when drying air to create low relative humidity, and this is particularly

useful when the air has a low relative humidity level.
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Fig 3.16 DifferencebetweenCooling andDedccantDehumidifier inPsychrometricChart
3.22.6 Desiccant Wheel Dehumidification Performance

Desiccantwheelremoves water from air using the vapour pressure differences
between the air and the desiccant surface to attract and release mdikeire
equipment choice depends on the project requirements, especially the peak load
requirements of a system, so it is vital to understand how the performance changes
with difference operating conditions, bearing in mind the extreme peak design. Below
is the disassion in engineering a desiccant system, in particular the mechanisms of
the dehumidifiers and the relation between the operating variables of the equipment,
and also their implicationsThere are eight key parameters which affdog t
performance of desiccant dehumidifi¢g3-70]. These include:

a) Process air moisture

b) Process air temperature

c) Process air velocity through the desiccant

d) Reactivation air temperature

e) Reactivation air moisture

f) Reactivation air velocity through the desiccant

g) Amount of desiccant presented to the reactivation and process airstreams

h) Desiccant sorptiowlesorption characteristics

-58



Desiccant dehumidifiers remove moisture from one airstream, called the
Aprocesso air, and move itctiov atniodrhée r aiari.r
initial moisture in the process air, high reactivation air temperature and low process
air velocity are combined to remove the largest amount of moisture from the process
air.

Figure 3.17 shows what happens to the air on each sideeotlehumidifier. As
the process air is dehumidified, its temperature rises. Conversely, the reactivation air
is being humidified, so its temperature drops as it picks up moisture. The process air
leaves the dehumidifier warmer and drier than when itrert@ °C and 5 g/ kg. On
the reactivation side, a smaller air volume enters the dehumidifier from the ambience
air. It passes through a heater and proceeds to the desiccant wheel. It heats the
desiccant, which gives up moisture. The air is cooled as arladshe moisture from
the desiccant, leaving the dehumidifier very moist, but much cooler than when it
entered the desiccant wheel.

A desiccant dehumidifier moves latent heat from one airstream to another,
analogous to a heat pump that shifts sensiblé fn@@ one airstream to another, so
t he operation has of t en been call ed a A
dehumidifier removes moisture from the process air to a smaller reactivation airstream,
it can be thought as a Amoisture concentr a

First it needs to be known that the dehumidifier is assumed to operate at
equilibrium from the beginning, meaning that the total energy on the process side is
balanced by the energy in the reactivation side. The dehumidifier will not perform in a
stable manner if theystem is not in equilibrium. This is often caused by uncontrolled
temperatures and airflows. Once this equilibrium is established, then other factors
such as key variable changes can be considered for unit performance changes.
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3.23 Effect of Desiccant Isotherm

The unique sorption characteristics of each individual desiccant can be
demonstrated graphically as a capacity isotherm. These characteristics affect the
performance of the dehumidifier and give a general indication of how moisture
capacity changes as a function of relative humidity, under the condition that both the
air and the desiccant have the same temperature.

Chung [r1] uses numerical simulations in the stuof the effect of desiccant
isotherm on the performance of desiccant wheel, which focuses on the effect of
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desiccant isotherm on the optimal conditions of operating and design parameters. A
range of temperature from 8C to 150°C was used to examine thetation speed

and the area ratio of regeneration to dehumidification. The range was found by an
evaluation of the wheel performance by means of Moisture Removal Capacity (MRC).
Effects of outdooair temperature and humidity were also examined for thienam

design parameters.

Figure 3.18 shows the illustration of a desiccant wheel. It is reasonable to
represent the multiplannular layers as in Figure xx due to geometrical similarities,
and thus a thredimensional cylindrical coordinates can be reduded a
two-dimensional, or more, a oftBmensional problem, which is a lot more unsteady
than the previous two. The cxd@nensional model is developed for coupled heat and
masstransfer process in rotary desiccant wheel. The model accepts the assumptions
that the air flow is also ordimensional, the axial heat conduction and mass diffusion
in the fluid are negligible, and that the desiccant wheel is completely sealed, including
the fact that all ducts are considered adiabatic and impermeable, with no ahange
thermodynamic properties. Finally, the heat and ryassfer coefficient between air
flow and the desiccant wall is taken to be constant along the channel as well.

a .

W

Regeneration air

b .

Air duct A Computation domain
Matrix material and [_

desiceant layer ’

v
-

— o —

Fig 3.18 Schematics of (a) desiccant wheel and (b) computatdomahing 71]

The cuwe in Figure 319 shows the evolution of vapour pressure at the desiccant
surface as a function of the moisture content in the desiccant wheel; for each angular
position, the vapour pressure is averaged for the width of the wheel. C to D shows a
heating zoe at a constant adsorbed humidity, which is where the hot air meets the
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wheel. From D to A there is an increase in partial vapour pressure caused by a transfer
of moisture in the desiccant towards the air. There must be a corresponding cooling
zone for aheating zone, and that is from A to B in the figure. This zone helps to
decrease the water vapour pressure and the temperature at the surface of the desiccant,
and it occurs at neaonstant adsorbed moisture, as a result of the introduction of
process ai Then, from B to C, the desiccant gradually loses its ability to adsorb water
vapour in the air due to an increase in the vapour pressure. Over time, the
performance of the desiccant material is influences by the airstream contaminants and
thermal cycling Dueto these reasons, desiccants are chosen on the ground of thermal
durability and resistance to contamination effects.

Some contaminant materials can polymerise upon exposure to high reactivation
heat, these over ti me woand mtentadynngdifgthe t he
surface characteristics. This may occur when organic vapours from indoor air are
adsorbed by solid desiccants.

An example of alteration of chemical properties is when the presence of other
chemicals affect liquid absorbents,chuas triethylene glycol and lithium chloride.
These chemicals can interfere with the reaction or modify the desiccant itself.
Particle contamination in airstreams is inevitable as both thermal cycling high air
velocities fragment a desiccant, regardeesiesiccant is a solid or a liquid.

350

1500[ Ay e

1000f -~ N oo

Vapour pressure at desiccant surface (

500f -/ 2T s e

0.00 0.04 0.08 0.12
Desiccanmoisture content (kg/kg

Fig 319 Vapour Pressure Evolution at Desiccant Surfa@ [
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3.23.1 Process inlet moisture

Changing the original content of moisture of the incoming air on the process
side will have a predictableffect on the outlet moisture. If the moisture content
entering is larger than expected, then the process air will be warmer as more moisture
will have been removed and the air will leave the dehumidifier marginally more
humid. This is when additional cafy might be needed if a constant temperature at
the exit of the system is required.

3.23.2 Process inlet temperature

A de s i c eraonterdt snd wempgerature of the material dictates its surface
vapour pressure, thus the temperature of the incoming air plays an important role in
determining the performance of the desiccant. When other variables are kept constant,
one can clearly sedé relationship between inlet air temperature and performance:
higher temperatures reduce performance and lower inlet temperatures enhance
performance.

If higher temperatures cannot be exempted from the process, then firstly the highest
temperature andttey st emés capacity at that temperat
information is used to select a desiccant that is less temperature sensitive.
Alternatively, an extra cooling step could be added to achieve a desire outlet moisture.

One reason why desiaot units are more often used than cocliaged dehumidifiers

in coldstorage areas is because they do not require heating in the wintertime.
Furthermore, performances are not worsen by having cooler process air conditions, so

that is why desiccants arsually more desirable than cooldbgsed dehumidifiers.

3.23.3 Air velocity through the process side

Changing process air velocitiie slower the air moves through the desiccant
bed, thedrier the outlet moisture will be. Lowering process velocity allows more time
for the air to contact the desiccant, so more moisture is removed. However, lower
velocities mean larger equipment for a given airflow, so dehumidifiers are generally
selected &the highest process air velocity that the application will allow.

The difference seems minor, and indeed, dehumidifiers are generally selected at
the highest velocity that will accomplish the moisture removal because high velocities
mean smaller, less stly equipment.The velocity of the process air plays an
important role if the outlet moisture is very low, therefore an airflow monitoring
device and control system might need to be implemented into the system to avoid
unexpected changes in velocity. lontrary, the performance difference between low
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and high velocities is small at high inlet moistlegels; therefore applying larger
equipment may not be able to improve the performance significantly. More
economical equipment that is smaller in sizesufficient; under the condition that
high velocity is resulted from prioritising high inlet moisture levels over delivered air
dew point.

3.23.4 Air temperature entering reactivation

The hotter the desiccant becomes by being heated by the air entering the
reactivation side, theasier it releases moisture. This shows that the temperature of
the reactivation air in a rotary dehumidifier influences the performance significantly.
The moisture a desiccant can absorb as it rotates into the paorséEandepends on
how dry it can B made in reactivation. Therefore if the reactivation temperature needs
to be used if a dry outlet conditions are desired.

Even with reactivation heat sources that have very low temperature, desiccant
dehumidifiers can still make use of them. If necesdasywater from cogeneration or
steam condensate can be used to achieve the desired temperature, as this is more
economical than energetically heating up the desiccant. But in order to do this, the
size of the dehumidifier has to be bigger than the oatubkes a higtemperature
reactivation energy source, so that the same outlet condition is achieved in the process
air. To maintain the equilibrium, larger reactivation airflows are required for the net
energy addedvif x )qtd be kept the saen From £ x  Jpdne knows that for an
increase in temperature, there has to be a decrease in airflow.

The air is much cooler in autumn and winter than in the summer. For this reason,
dehumidifiers are selected in the summer conditions, asatheentering the
reactivation heats is already quite warm, even without it being heated. Lower
enteringair temperature should be checked by the designer for the unit capacity, as
the reactivation air temperature has a large influence on the performanice o
dehumidifier. During some time in the other seasons other than the summer, it might
be necessary to increase the capacity of the reactivation heat if the moisture load on
the process side stays constant between summer and winter for a dehumalifier th
dries makeup air downstream of a condensing cooling coil. In a storage application
with recirculation, reactivation energy requirements are lower in a decrease in load
during winter times, so heater made to adapt to the summer peaks would be
sufficienly appropriate even when the reactivation air is much colder than in the
summetr.
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3.23.5 Moisture of air entering reactivation

The desiccant is lithium chloride, which is not especially sensitive to moisture
levels of the entering reactivatiair. Having said thatsome other desiccants such as
molecular sieves are sensitive to reactivation inlet moisture. Air leakage between the
moist air entering the reactivation side and the dry air exiting the process side is a
mechanical concern of thenit. This leakage will raise the moisture level from
reactive to process considerabRotary dehundifiers must have good air seals
betweerreactivation entering air and the dry process air leaving the unit. Any leakage
at this point can raise the moisture level of the dry process air. For system designers,
this suggests that when using rotary bed, ipleltvertical bed or rotary honeycomb
desiccant units:

Theeffect of any air leakage between the two sides nieeds consulted by the
manufacturer in any given circumstances. Although there have been suggestions to
avoid the leakage, in extremely dry letitconditions, it is more sensible to mount the
process air fan before the dehumidifier, rather than after it, or apply any mechanical
changes. The ensures dry process air will be moved to reactivation if any leaks occur.

3.23.6 Velocity of air through reactivation

Heats, as well as moisture in a rotary dehumidifierpatt carried away by the
reactivation air ong it is being released by the desiccant. Higher velocity of this air
is essential for heating than for carrying away moisture, and to keep the temperature
and the reactivation airflow proportional to the moisture load absorbed by the
desiccant, energy algd must be altered to keep the system in equilibrium: an
increase in the moisture loading of the desiccant, the more energy is required to
ensure a complete reactivation.

Since the net heat available to the desiccant is a function of the temperature
difference between the desiccant and the air, multiplied by the airflow, having less
reactivation air is comparable to having a lower reactivation temperature. Using this
mathematical model, one can predict the heat applied to the desiccant: high
reactivation airflows and high temperatures gives more heat to the desiccant,
consequently its moisture absorption capacity increases, since the material would have
been dried more thoroughly in the reactivation side. Energy could be carelessly
wasted if the airflow isincreased unnecessarily, whilst the temperature entering
reactivation stays constant. Except the case where more moisture is needed to be
removed from the desiccaintthis means that the reactivation air would leave the
dehumidifier at a higher temperagutmplications for the system designer include a
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rough filtration of reactivation air. This is important as the bugtwill eventually
clog the filters, thus reducing airflow and degrade performance.

System control such as fixed or modulating airflaavmgbers for the reactivation
air is also necessary to avoid unexpected high air velocities through the desiccant.
There is a wide range in choice for operational conditions for reactivation, due to the
various seasonal changes in the process air moistate even though there are
limitations in the mechanical considerations for the selections of heaters and fans.
Maximum load has to be the model but it must be realised that the fan and heat
choices will be restricted, unless the owner is willing to réisebudget and install
modulating controls.

3.23.7 Amount of desiccant presented to the airstream

The amount of moisture removed from the air depends on the quantity the
desiccant that the air comes in contact witithe more deascant in the dehumidifier,
the drier the air becomesalong with other factors. Turning the wheel faster or
making the wheel deep are ways to introduce the air to more desiccants in a rotary
honeycomb dehumidifier, but both strategies increase the emesgy albeit the
effective moisture removal. The larger the depth of the wheel, the more resistance is
posed to the air when it flows through the unit, as a larger surface area creates more
air friction. The flow is turbulent in rotary tray, multiple iedl beds or packed
towers, since the desiccant is granular, meaning that the resistance to airflow increases
as the square of the velocity of air.

While the resistance still increases accordingly with the wheel depth, the effect
in honeycomb dehumidifielis less prominent than the others. Rather than a turbulent
airflow, the air going through the straight passages is laminar. Other than the two
strategies mention above, there are other methods to increase exposure to more
desiccant for the air. For exameplfor solid desiccant units, the bed or wheel can be
turned faster between the process side and the reactivation side. In liquid desiccant
dehumidifiers, a desiccant solution can be pumped more quickly between the
conditioner and the regenerator

The amounof heat in the desiccant when it returns from the reactivation side to
the process side is proportional to the mass of the desiccant and the difference in
temperature between the cooler process air and the warm desiccant. Consequently,
more heat is movedver into the process side as more desiccant cycles between
process and reactivation, and this means more energy is needed to cool the process air
and the desiccant. Increasing the bed depth has a similar effect of transferring more
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mass between the twalss, thus also requiring more energy for cooling.
3.24 Desiccant Applications

The applications of different categories of dehumidifiers will be discussed in
this section, and how the diverse nature of them will lead to a creativity stimulation of
systemengineers. Working with such equipment is a rewarding task, and a good
design is often profitable and could have a very positive impact.

The system of desiccant dehumidification is designed based on the application
of product drying and all have differesizes and complexities. Of course, the cost of
construction also varies. The main aim of the dehumidification system is to remove
moisture from materials, and these materials include photographic film, plastic resins
and pharmaceutical products etc. ThsrBowever, also another type of dehumidifier
to remove moisture quickly from buildings that are damaged by water. These
dehumidifiers are frestanding, and the process is similar to drying a product that
cannot be damaged by the procedure, to whiclidineage is often caused by high air
velocities or temperature. In this case, dry air simply becomes more economically
advantageous.

It is important to understand the purpose of the project to achieve maximum
efficiency. The preliminary preparations inclugstablishing control levels and
tolerances, calculating heat and moisture loads, selecting/locating controls and
adjusting the components.

Prioritising the design concerns can double the processing speed of a production
line, at the same time improvingetlguality of the product. This is achieved by using
dehumidified air in many cases. A product drying dehumidification system with a
good industrial building room control can pay back its construction and installation
costs in months or even weeks.

3.24.1 Product Drying

It must be kept in mind that some products contain biologically substances, like
enzymes, which can be easily destroyed by heat, and yeast will not be able to work if
it is dried by very hot air. To that, conventional hot air drying cannot be used for such
moisture removal. It is also sometimes too ticoasuming to dry with just hotra

The | ower the temperature of the air,
performance is. It is often between to use dehumidified air rather than air that is
simply heated when drying at temperature below 50°C. In a fluid bed, the drying
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capacity isdouble when the dew point temperature of air is dropped from 18 to
°C. This means that the size of the bed can be potentially cut in half, if the process
does not need so much of the apparatus.

Over the years, companies have seen the improvementalityqin using
dehumidifiers, without the sacrifice of the efficiency. The advantages of
low-temperature drying meant an expansion in the range of product drying
applications for dehumidifiers.

3.24.2 Condensation Prevention

Water vapour condenses on a surface whe]
than the air, which contains moisture. This may cause a few problems which are often
overseen by a good portion of our society, as people usi@hypt realise the intricate
engineering in trying to resolve issues caused by condensation. This is surprisingly
ubiquitous, for instance, glass doors of a refrigerator display will be covered in
condensation in supermarkets, which would lead to a lastvenue as the consumers
are not able to see the products in the refrigerator.

A condensation control usually cannot fully prevent a problem, it can only make
more economical opportunities. For example, in many production processed, chilled
rollers thatare blanketed by dry air are used to cool thin films or coatings. This
technology allows much lower coolant temperatures to be used without the occurrence
of condensation. Products can thus be cooled faster, and the whole process can
potentially be completd in one machine alone.

3.24.3 Surface Preparation & Coating

When applying a coating to large and cool metal surfaces, such as chemical
storage tanks and ship interiors, the coating ufenturers must ensure that the
surface is clean and dry when the coating is applied, otherwise they cannot promise a
lasting coating. Contractors nowadays use desiccant dehumidifiers to be able to blast
and coat, even in adverse weather conditions, sscieduling of a coating operation
is much more flexible. It also means a cheaper cost and better coating for contractors.

3.24.4 Air Conditioning

Supermarkets are therdt industry to realise the low capital cost and air
conditioning applications of desiccant dehumidification. Currently, there are more
than 500 supermarkets that integrated desiccant dehumidification into electrically
driven refrigeration system in paakag [73-76]. The desiccant system operates as a
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pre-conditioner for ventilation in these integrated designs, where it removes the latent
load. Better humidity control, more efficient latent load removal and reduction of
peak electric demands are all aclei@ by desiccant dehumidification, as this
technology is extremely efficient in its energy usage. This greatly facilitates electric
demands during peak periods where providing sufficient electricity is difficult.
Applications of desiccant dehumidificati@re also seen in hotels, food restaurants,
ice rinks and medical facilities etc.

3.3 Vortex Tube

The vortex tube (also called the Ranigdésch vortex tube) is a mechanical
device operating as a rigferating machine without any moving parts, by separating a
compressed gas stream into a low total temperature region and a high one. Such a
separation of the flow into regions of low and high total temperature is referred to as
the temperature (or energsgparation effect. The vortex tube was first discovered by
Ranque[77] [78], a metallurgist and physicist who was granted a French patent for
the device in 1932, and a United States patent in J&4many years, vortex tubes
hawe been not considered to be used for its thermodynamically high inefficiency, it
was only until a German engineer, Hildat9], who reported an improved efficiency
of the vortex tube in his theoretical and experimental studies. Inlet pressure and
geometrial parameters were systematically examined for their effects on the
performance of the vortex tube, and Hilsch also gave a possible explanation to the
process of how the energy separates.

It is very difficult to try to simulate the vortex flow in a vortexbe, since the
phenomenon is compressible and complex. They are commonly used in
low-temperature commercial applications, including cooling set solders, parts of
machines, electric or electronic control cabinets, fooditéesperature sensors and to
dehumidify gas samples etc. Other many practical applications are a liquefaction of
natural gas, a quick stamtp of st eam power generati on,
air suppliers, hyperbaric chambers, cooling for nuclear reactors and separating
particles in waste gas industry etc., many to be named. The vortex tube is known by
many different names, commonly called Ranque vortex tube, Maeatlon vortex
tube, Hilsch vortex tube, Rangtilsch tube or simply vortex tube.

There are two types of vortex tube in general, one being the standard type,
which is the counteflow vortex tube, and the other being the paralletfiow vortex
tube. They are respectively showmnFigure 3.2 and Figure 3.2
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The components of a countibow vortex tubeare as follow: a vortex/hot tube,
an entrance block of nozzle connections with a central orifice and a valve that is
coneshaped. At a high velocity, a source of compressed gas with a high pressure
enters the vortex tube tangentially, going through onaare inlet nozzles. A vortex
that spins rapidly is then created inside the tube by the expanding air. Due to the small
diameter of the orifice, the air flows through the tube, which has a larger diameter,
rather than passing through the central orifice ihaituated next to the nozzles. The
length of the tube varies between 30 and 50 tube diameters, and depending on the
system, the length has to be determined individually, as there is no general guideline
for the optimal length. The pressure inside thigetdrops sharply as the air expands
down the tube, results in a pressure that is just slightly above atmospheric pressure.
The air velocity at this point can reach near the speed of sound. This constrained
vortex is kept close to the inner surface ofttiise by the centrifugal motion.

The quantity of air that is made released at the other &nldectube varies
between 30% and 70% of the total airflow, and this is regulated by act@owol
valve that is typically shaped as a cone. The remainder of the air is passed along the
axis of the tube through the centre, acting as a cofloteing stream. The air near
the axis is cooled down in the tube as a vortex is established, while the air at the
boundary increases in temperature, with respect to the inlet temperature, and this
process is called the temperature separation effect, also known RaritpeeHilsch
effect. Under this effect, the gas the escapes through the orifice is colder than the hot
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gas flowing out in the other direction. This set up is remarkable in its high
effectiveness and ease and simplicity of operation, without the needaws¥ he
mechanics.

The uniflow vortex tube consists of a vortex tube, an entrance block of inlet
nozzles and a corghaped valve with a central orifice. On contrary to the
counterflow vortex tube, which is more popular, the cold air exit isunid
concentrically with the hot ait annular exit. The mechanism of dlowivortex tube
is similar to that of countdtow version. The temperatures at with a-flow vortex
tube operates at ranges from 140°C to 4BPand generally speaking40 °C is the
practical lowpoint temperature limit for cold airstream, and 2@0 for high
temperaturg81] [82]. Both higher and lower temperatures have been measured with
research equipmen{83]. Considering reliability, low equipment costs and
compactness, vax tube is an excellent choice over other drying mechanisms, if the
operating efficiency is not of main concern. In cooling devices, such as for space units,
mines, industrial process coolers, are typical applications of vortex tube.

This section defines some important terms in vortex tube work.

Equation 3.35 is an important parameter called the cold mass fraction, defined
as cold air mass flow rate divided by inlet air mass flow rate. It serves the purpose of
vortex tube performance indication and the separation of the temperature/energy
inside the vortex tube. The cone valve located at the hot tube end controls the cold
mass fraction.

_ M
=

I (3.39

whereM, is the mass flow rate of cold air ahti is the mass flow rate of the entry air.
The decrease in temperature, or the cold air temperature drop, is expressed as the
difference in temperature between entry air tempezand cold air temperature:

AT. =T; —T. (3.39

in whichT; is the entryair temperature antis the cold air temperature.

Cold orifice diameter ratidhj is defined as the ratio of cold orifice diametdr (
to vortex tube diameteD):

B=%p (3:37

The principle of adiabatic expansion of ideal gas is applied in order to calculate
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the cooling efficiency of the vortex tube. The expansion occurs in isentropic process
as the air flows into the vortex tube. EqoatB.38 demonstrates the process:

T;-T,
.= T 3.3
s n[l—(PafPi}(V"e’v)} (3.39

where ds, pi, Pa @and o are the isentropic efficiency, inlet air pressure, atmosphere
pressure and specific Heaatio, respectively.

The same principle of isentropic expansion of ideal gas is used to fine the
coefficient of performancedOR/y). Equation 3.39 shows the calculation of the
coefficient, and is defined as the ratio of loog rate to energy used in cooling.

COPyr =% (3.39

in which Q. is cooling rate per unit of air in the inlet vortex tube, and mechanical
energy used in coiolg per unit of air inlet.

The cause of vortex thermal separation is primarily the diffusion process of
mean kinetic energy, past analysis showed. Low total and low static temperature are
both found near the tube axis awavers even more towards the standard vortex tube
cold exit, or the orifice. The vortex tube generally serves two purposes, the first one is
to obtain the maximum temperature separation, and the second one is to obtain the
maximum efficiency. The same tenmptire separation can be achieved even by
different parameters, on the basis that the same supply pressure is applied. The design
parameter would consequently affect the vortex tube performance if it has an
influence on the flow field.

Parameters to be ceidered when designing a standard cortex tube include the
cold orifice diameter, the tube length, the tube diameter, the hot valve shape and the
number, size and location of the inlet nozzles. The dimension of these parameters does
not guarantee in a uniguvalue of maximum temperature separation, but the
knowledge on the temperature separation would indicate a more desirable design that
is relative to the conditions applied. A vortex tube with a very small diameter would
give significantly higher back presres with fixed inlet conditions. Due to the lower
specific air volume that is still high in density, the tangential velocities between the
core and the periphery would not differ considerably, whereas the axial velocities
remains high in the core regioGonsequently, this results in low diffusion of kinetic
energy that leads to low temperature separation. However, having evaluated the result
of using a small diameter tube, the same would also be obtained with a very large tube
diameter as well. Large digeters produce lower tangential velocities, in both the core
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and the periphery region, leading to low diffusion of meant kinetic energy and low
temperature separation.

Low temperature separation is also observed by using a very small cold orifice,
which gives a higher back pressure in the vortex tube. Conversely, a very large cold
orifice produces a weaker tangential velocities near the inlet region, due to its
tendency to draw air from the inlet, resulting in low temperature separation. This
phenomenon ialso observed when using a very small inlet nozzle, because it leads to
a significant pressure drop in the nozzle itself. Using a large inlet nozzle would not be
appropriate either as it will not be able to establish a proper vortex flow. To yield a
high tangential velocities near the orifice, the inlet nozzle should be located as close to
the orifice as possible. Too far away will not generate a tangential velocity that is high
enough to produce a high temperature separation.

3.3.1 Summary of Experimental Studies orVortex Tube

Table 3.2 summarises the experimental data, where several operating conditions
and tube dimensions are employed. Tube diameters range from 4.6mm to 800 mm.
The table also presents the variations in the maximum temperature difference between
the hot and cold streams and the inlet streaorley W and McGree Jr [84] applied
an inlet pressure of 2.0 atm (abs.), obtaining a temperature difference of &jut 8
whereas Venno$85] applied an inlet pressure of 5.8 atm (abs.) and obtained a
tempergéure difference of 12C. Both used the same standard tube type. From this,
one can conclude that it is not possible to predict the performance of a give tube, since
the nature of the flow inside the tube is unknown, but if the mechanism of the energy
sepaation is understood, the prediction may not be atetahed. Scheller and Brown
[86] have reported that the static temperature exhibits a decrease in -@uageidly
manner concerning the gradient of the radial static temperature, in contradiction to
ot her researchersoé6 findings of an increase

Two categories in experimental investigations performed on vortex tubes are
the parametric studies on the effects of the geometric variations of the vortex tube
components, and the othées the studies of the mechanism of flow and energy
separation inside the vortex tube. At various stations between the hot valve and the
inlet nozzle, the pressure, temperature and velocity are measured. The latter category
considers the operating conditi and uses a ufiow vortex tube. The cold orifice is
blocked so all the air exits through the hot valve. There also exists two groups for the
effective parameters on the temperature separation in the vortex tube, which are the
thermophysical and the genetrical parameters:
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1) Increasing the inlet nozzles number results in a higher temperature separation

2) A small cold orifice ¢/D = 0.2, 0.3, and 0.4) produces a high back pressure,
whereas a large cold orifice/D = 0.6, 0.7, 0.8, and 0.9) permits highdantial
velocities to enter the cold tube, causing lower energy/thermal separation in the
vortex tube.

3) Optimum values for the cold orifice diametefd), the angle of the control valve
(0), the length of the vortex tub&/D), and the diameter of the imleozzle (i /) D
are found to be approximatetyD& O0G &, 50HR§ 20,0/ dDnd. 33,
respectivelyThese sets of standards gredelines to a good vortex tube.

4) For optimal efficiency, the inlet gas pressure should be maintained at 2 bar.
Higher temprature difference is given by helium in the inlet gas, in comparison to
those containing methane, air and oxygen. The high inlet pressure is caused by
high temperature separation.
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Table 3.2 Summary of Experimental StudiesVortex Tube$80]

Year Investigator Dia., D (mm) p;, atm (abs.) Total temperature (°C) €
Tui T T T

1933 Ranque 12 7 38 -32 -
1947 Hisch 4.6 11 140 -53 0.23
1950  Webster 8.7 - - - -
1951  Scheper 38.1 2 3.9 -11.7 0.26
1 9 5 6 Haftnett and Eckert 76.2 2.4 35 -40 -
1956 Martynovskii and Alekseev 4.4/28 12 - -65 -
1957 Scheller and Brown 25.4 6.1 15.6 -23 9.506
1958  Otten 20 8 40 -50 0.43
1959 Lay 50.8 1,68 9.4 -15.5 0
1960  Suzuki 16 5 54 -30 1
1960 Takahama and Kawashima 52.8 - - - -
1962 Sibulkin 445 - - - -
1962 Reynolds 76.2 - - - -
1962 Blatt and Trusch 38.1 4 - -99 0
1965  Takahama 28/78 - - - -
1966  Takahama and Soga 28/78 - - - -
1968  Vennos 41.3 5.76 -1 -13 0.35
1969  Bruun 94 2 6 -20 0.23
1973  Soni 6.4/32 1.5/3 - - -
1982  Schlenz 50.8 3.36 - - -
1983  Stephanetal. 17.6 6 78 -38 0.3
1983  Amianiet al. 800 3.06 15 -19 0.4
1988 Negmetal 11/20 6 30 -42 0.38
1994  Ahborn et al. 18 4 40 -30 -
1996 Ahborn et al. 25.4 2.7 30 -27 0.4
2001  Guillaume and Jolly il 9.5 6 - -17.37 0.4
2003  Saidiand Valipour 9 3 - -43 0.6
2004 Promvonge and Eiamsa-ard 16 35 - 33 0.33
2005 Promvonge and Eiamsa-ard 16 35 25 30 0.38
2005  Aluwayhel et al. 19 3 1.2 -11 0.1

Note:p; = inlet pressure before noz

3.3.2Vortex Tube for Drying in Further Research
3.3.2.1Reversing System for Heat

When the Ranque Hilsch phenomenon is reversed, a substantial amount of heat
rise that could reach up to 80°C Iaboratory experiments is produced by a
temperature separation. This heat rise can be applied to raise temperature for desiccant
for regeneration. Furthermore, when the vortex tube system undergoes defrosting for
performance maintenance, it is reversedperarily to melt ice in the coolinbased
system.
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3.3.2.2Condensation Water from Air

As the temperature drop occurs, a temperature below dew point can also be
achieved, thus removing water from air. The inlet air is 30 °C at relative humidity
80%, and 10C with 0% humidity for exit conditions. A great advantage of this is
that the water collected from air is considered clean. A closed system is represented in
the following equation that determines the quantity of water generated, which is the
relationshipbetween volume and mass flow:

Q = gma(hy — hy) + qQuua(wy — w3 )h, (3.40

Q in equation 3.40 is the refrigeration capacity, determined by the vortex
performance; is amount of water per kilogram of dry air (0.0216 kg water/kg dry
air) andws is (0.0098 kgwater/kg dry air). Table 3.8hows the water gendi@n per
hour, which is calculated by the mass balance and condensation of inlet air that is
assumed to be complete. The inlet air temperature is 30°C and leaves at 10°C, with a
relative humidity at 80% and a constant 0.6 cold fraction. The productionbmay
significantly more substantial than predicted by the assumptions, as it largely depends
on the environment of its installation.

Table 3.3 Water Produced from Variety of Vortex Tuf&$

Vortex Tube Size (Siemens) Predicted Water
Standard Liters Per Second (SL} Produced (Liters/Hour)
1 0.03
2 0.05
4 0.11
5 0.15
7 0.2
12 0.34
17 0.47
24 0.68
35 1.01

3.3.2.3Increased Vortex Efficiency

The overall efficiency of the system will be dramatically affedigdn increase
of the vortexoés efficiency, as iMuchi s the
researchhave gone into making it more effective as a refrigeration devicgreat
improvement in the overall performance in ice production is foundpapar written
by Williams [87]. The cold production was increased by twisted airflow disturbance,
and an increase in the refrigeration effect was observed by up to 25% in the rigid
spiral.
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3.3.2.4Compressed Air

Compressed air is in itself a type of energy storage system. One of its benefits is that
it could be used to power small electric generators to, for example, run lighteeAno
useful benefit is that it could help in fossil fuel combustions, since it is rich in oxygen.
Care has to be taken when it is going to be used in this way, but when applied, it can
minimise the consumption of fossil fuels.

3.3.2.5Waste Usage

40% of the inlet mass flow generated by the vortex tube is a stream of waste air.
Al beit being Awasteo air, it could be wused
by a small electric generator. Tperatures can be maintained around O degree Celsius
with these devices, and they are more efficiency at above freezing. Temperature of the
mass flow is around the same as the ambient temperature, therefore it can be used as
forced air convection over a hleank, which helps to move heat from drying space.

3.4 Summary

The literature review presented in the preceding sections highlights the
practicability of using heat pumplesiccantwheeland vortex tube in rapid/surface
drying applicationsVortex tube requires compressed air and its energy efficiency is
low for drying applications at industrial scaleleat pump proves to be energy
efficient when used in drying as it can use heat frioenboisture laden exhaust air.

Rapid surface drying is a special case and the involved drying conditions are
very different from general drying applications. The design and operating parametric
conditions are further influenced by product type. Theeefequirements of different
applications must be understood before using any drying system justified only on
economic grounds. A detailed analysis is generally required to compare the
costeffectiveness of a hybrid system with a conventional drying sysfdmase
include maximum allowable moisture level in the drying space, ratio of the latent
drying load to the total heating load, amount of dehumidification air required, design
outlet dew point temperature, availability of exhaust hot air for regeneratiaty h
energy required, and the benefits of improved product quality.

Desiccant dehumidification systems are usually integrated with air conditioning
or cooling systems in to control the humidity of the conditioned space and reduce
system latent heat loa@hese systems are also used for condensation control at the
surface in applications such as painting, coating and blasisgally the initial and
operating costs are low for desiccant dehumidification systems. There are other
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advantages such as enviromta friendliness (no CFCs used), potential for energy
saving due to the fact that waste heat and/or solar heat may be used for regeneration.
Therefore the desiccant whemlay be considered an alternative way of drying by
incorporation into a conventiondleat pumpdrying system. The mechanism of
removing water vapour from the air by desiccant material is analogous to water
vapour condensing on an evaporator surface, and the latent heat corresponding to the
extracted water liberated into the surroundingisianalogous to energy recovery
through the condenser of a hgatmp dryer.From the above analysishe most
suitablehybrid system is thus chosen to bemposed of &deat pump and a desiccant
wheel.
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Chapter 4 Methodology

This chapter discusses the methodology to achieve the objectives of the project.
The approach during the various stages of the project will be highlighted to establish a
logical procedure of this research.

Mathematical models based tmermodynamics fundamentals were developed
for predicting efficiencies of various components of the drying systems. These models
were used in conjunction witfPsychometric Analysis software by ASHRAB
calculate the heat and moisture loads of the heappdesiccant wheel and the hybrid
system. These calculations yield acceptable results for using in the design and
estimating performance of dehumidification systefige hybrid system was designed
based on calculations for a range of operating conditéorts manufactured. The
performance and energy efficiency of the system was therefore experimentally tested.

4.1 Justification of Objectives

As discussed in previous Chapténe drying industry is facing challengdse
to new regulatory environmental poksi on combating global warmingand
increasing energy pricedue to a shortage of supplyf fossil fuels and other
economical factors To respond to these challenges, more eneegfycient
dehumidification technologies are needed.

There is a wide varietyypes of equipment available to choose from however
it was observed from reviewing the literature that despite various types of dryers and
drying techniques exist, the information and research on rapid surface drying
techniques is not available in scidiatliterature. The producers of beverage are under
increasing pressure from customers to produce high quality products at increasing
speeds of production, since the quality and visual appearance of bottles and cans need
to be maintained efficiently, to sare maximum impact is achieved on supermarket
shelvesUsually beverage and food products are dried at low dew point temperatures
(DPT) of-10 ~-20°C and low dnpulb temperatures (DBT) of 20 ~ 30°C for product
guality optimisation. Moisture can iterfere with the drying processes, resulting in
lower quality of product and reduced production speeds. For example in this case
when the cold cider (& 5AC) is bottled,
neck and body of the bottles' surface.isTmoisture must be completely removed
prior to labelling, coating, date stamps or the label can easily slip out of alignment.
Industry in general uses very inefficient methods such as blowing hot air or
compressed air.
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Therefore it is essential that thenergy efficient and better performing
methods/system are sought which dehumidifies air to overcome surface drying
problems such as condensation removal, water removal and moisture removal.
order to compare the performance efisting systemdor the casidered drying
application the design conditions were selectdtere are three methods to remove
moisture from air: by cooling it to condense the water vapour (e.g., cdudsed
dehumidifier, heat pump dryer), by passing the air over a desiccantdesg:¢ant
dehumidifier, desiccant wheel), which pulls moisture from the air through differences
in vapour pressures or by increasing its total pressure (e.g., compressed air, vortex
tube), which also causes condensation.

Mathematical models were develapby software is Psychometric Analysis of
ASHRAE to calculate the heat and moisture loads and performance of the heat pump,
desiccant wheel and the hybrid system consisting of both the systems is compared.
These calculations yield acceptable resultsif® in dehumidification drying industry
work. Then the hybrid systems was designed and manufactured and its performance
and energy efficiency of the system was experimentally tested.

The research also investigated the behaviour of heat pump dryer and desiccant
wheel dehumidifier in order to propose improved correlations for design and
construction of the procesAs there are no standardized methods for determining the
efficiency d dryers, correlations for determining efficiency are proposed.

4.2 Theoretical Design

Theoretical design of the proposed hybrid system consisting of a heat pump and
desiccantwheel is presented in the context of an industrial case study where rapid
drying of beverage bottles takes place. The bottles are dried on conveyer belt at the
speed of about 2000 bottles per minute. The process air is taken from the surrounding
inside the room, and blown into belt drying bottlessidle air is at 22°C and 71%
relative humidity (11.79 g/kg) in Julfpuring summer the production rate is affected
due to high moisture and dryirgg high speed becomes ineffective. Therefore it is
essentiako reduce humidity of the drying air, so the fast production rates of winter
can be maintained year throughothis particularcaseis chosenas it is the prime
example of theaim of this research: to reduce the latent heat of the surface of the
product by removing the surface moistungthout raising the temperature of either
the surrounding or the producConventional drying method simply amgd heat
treatmentto the product, consequently alters the quality and the properties of the
product. The desiccant dryingmethod of this researchnly removes thesurface
moisture and namnore, which is a muctesirableand energy efficierspproach.
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Thedrier the airthefaster the product will dry. Aetemperature of the product
(in this case bottlessndthe surroundingconditions establish the humidity level that
affects the dryingspeed without over drying the product. Temperature and humidity
must be controlled to meet the needs of products. Equipment energy consumption
must modulate to follow the load, so the energy is not wasted. Humidity control is
achieved through a set of mdding dampers which bypass air around the
dehumidifier when the moisture load is low.

4.2.1Design Conditions

Following Design data is needed for designing any drying system
1 Required drying air temperature and relative humidity.
1 Amount of material to beraed per batch.
1 Initial and final moisture content of the product.

1 Required drying time.

The internal condition is determined by the product or process, and there are as
many possible specifications as there are different applications. The important point
about the control level is that it must be specified in the absolute terms (grams per
kilogram) before any calculations can proceed.

Figure 4.1 showsmoistureload which depend on specific humidity difference
between the two pointall other things beim equal The moisturdoad is proportional
to the differencéoetween the specific humidity inside room and dlgsideambient
environmentThe larger thalifferencethe greater the load.

Outside weathezondition
Inside room surrounding conditio§ 38/AC @ 87 % RH = 34.74 g/kg
22/C @ 71 % RH =11.79 gkg

22.95
a/kg
Drying space
controlled at 22C @ 3~'/3k72
5.2% RH = 1.02 g/kg g/kg
= -15 DPT

Fig 41 MoistureLoadsDependOn Specific Humidity Difference[23]
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Figure 4.2 (a) (b) and (c) show average temperature and relative hurfodity
London in the UK(Data from Would Weatrer & Climate Information) The weather
conditions are assumed that in the summer time in July for area surrounding London.
The drying room is controlled at 22°C and 5.2% RH (1.02 g/kg), daldgram of
infiltrating air brings 10.77 grams into the drying room. With this in mind, it becomes
clear that the first and most important step in calculation of the moisture loads is to
determine the temperature and moisture conditions inside and outside the controlled
spacelnside room surrounding condition can be given:

1 Dry bulbtemperature : 22 °C
1 Relative humidity : 71%
1 Humidity ratio: 11.79 g/kg

The minimum conditiog of the delivered airfor the heat pump and desiccant wheel
are as follows:
Heat pump

1 Dry bulbtemperature : 7 °C
71 Dew point temperature : 5 °C
1 Humidity ratio: 5.42 g/kg

London, United Kingdom
Month Average Temperature °q Record Temperature °C| Relative |Average Rai
Min Max Min Max Humidity fall (mm)
Jan 2 6 -10 14 86 54
Feb 2 7 -9 16 85 40
Mar 3 10 -8 21 81 37
Apr 6 13 -2 26 71 37
May 8 17 -1 30 70 46
Jun 12 20 5 33 70 45
Jul 14 22 7 34 71 57
Aug 13 21 6 38 76 59
Sep 11 19 3 30 80 49
Oct 8 14 -4 26 85 57
Nov 5 10 -5 19 85 64
Dec 4 7 -7 15 87 48
(a)
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()

Fig 42 Average Temperature and Relative Humidity Data for the UK

Desiccant wheel

9 Dry bulbtemperature : 25 °C
1 Dew point temperature-15 °C
1 Humidity ratio: 1.02 g/kg

4.2 .2Control of the levels and tolerances

In this case d/ing room control levels are

9 Dry bulbtemperature : 25 °C +5 °C
9 Dew point temperature-15 °C £ 5 °C

1 Humidity ratio: 1.02 g/kg (+0.590.97 g/kg)
1 1300 kg/hairflow for every each drying cycle

4.2 .3Calculation of heat and moisture loads

If the air retunsfrom the dryingbottles directly, it will carry the moisture load
from the bottles surface. If it comes back through the inside room, it will contain the
moisture loads from the room as well as the inside room surrounding condition. These
decisions have certainly simpéfl the moisture load calculation. The only heat and
moisture loads on the system are contained in air taken from the inside room
surrounding condition. There are no relevant outside weather loads or door openings.
The system must simply take surroundimngaad deliver it at 25 °C and 1.02 g/kg for
the bottle coating ancbndensation preventiofihe heat load consists of thrieetors:

i Total heat from the inside room surrounding air
i Sensible heat generated by product pieces cider in the drying bottles
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1 Latent heat in the inside room surrounding air, converted to sensible heat by
the desiccant wheel

Therefore the total heating load and dehumidification rate are shown in below:

1300 kTg + (52.08 — ZO.GT)E—JI kJ
=11.34 ’y (kW)

Total heating load = 3600

k
Sensible heating load = 6.6?] (kW)

k
Latent heating load = 5.84 ?j (kW)

Cepe _ kg g . kg
Evaporator dehumidification rate = 130{)? + (11.79 — 5.42) E =83 T

k k
Desiccant wheel dehumidification rate = 130{)% * (5.42 — 1.02)% = 5.7 Tg

4.2.4Input energy of hybrid system

Heat pump desiccant whedehumidfication converts moisture to sensible
heat, the dehumidifier must be selected and its performance determined before sizing
the cooling system which follows theybrid dryer The size of thehybrid dryer
depends on the temperature and moisture conditiotie @ntering air. Economically,
it makes sense to pmool and dehumidify the inside surrounding air before it enters
the desiccant unit. Thpower input to heat pump compressod alesiccant wheel
efficient isshown in below

11349 k]

ower Input 1o compressor 343 S ( )

. . (27.72 — 20.67)
Desiccant wheel ef ficient (%) =1 — 2067 +100% = 65.89%
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The total systemidlow is largein surface drying applicationsecause of the
need to maintain high velocity across all surfaces of the producthButyer does
not needto handle all that aiThus the evaporator fan can be small in comparison to
the airflow requiredo create high velocity within the drying chamber which can be
achieved by adding large circulation blower in the chambethe presenexample
the airflow, temperature and moisture can stay constant because product batches are
identical in size, shapgpe of coating and degree of dryness required.

4.3 Summary

In this chapter the problem and design considerations are outlined. The heat
pump in tandem with the desiccant wheel is an alternative method for rapid drying
products.

In order to achieve beperformance of the hybrid systems, variables that affect
the particular application need to be thoroughly understood, which include air
temperature, air moisture, drying air velocity and moisture load through the system,
quantity of desiccant introducetb the process and reactivation airstreams, the
reactivation air temperature and the adsorption properties of the desiccant. These
variables have a great influence on the energy use and the effectiveness of the hybrid
system, and they vary accordingly toetweather and the moisture load in air.
Understanding what the effects of these variations have on the system is useful to the
systembs designer.
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Chapter 5 Analysis of Hybrid Systems

In this chaptemathematical modelsase on §8-94] for heat and mass balance
of both refrigerant, desiccant and air circuits in all components ofykeem are
developedThe developed mathematical model together with Psychometric Analysis
softwareis usedto calculate the heat and moisture loads of the heat pump, desiccant
wheel and the hybrid systefihe software uses algorithms trere generally accepted
by the HVAC (heating, ventilation, air conditioning) and drying industry for heat and
moisture load in various components of gystem. Complete state point, process
report and charts produced by this software. The models arefarséee design of
different components diybrid dryeroperating under constant drying rate condition
and for the analysis of the complete hybrid system.

In order tocomputethe energy input, work done and COP of a process, we need
the following assumptiozs and mathematical equations dalculate the change in
states.

5.1 Assumptions

Following assumptions are made in order to simplify the mathematical model:
1) Temperature flierence between the heat exchanger surface and the refrigerant
is 5°C
2) The bypass factor for evaporator and condenser coil is 0.2
3) 90% fin efficiency
4) 95% mechanical efficiency and 85% motor efficiency of compressor are
assumed
5) 65% desiccant efficiency
To size the system the influence of operating parameters on the design is
estimated. In particular, the effect of following factors influences the design:

1 Necessary relative humidity and drying air temperature
7 Drying time needed
1 Quantity of material to be dried per batch

TProduct s initial and final moi sture ¢

5.1.1Heat Pump
Following calculation steps are necessary for heat pump:

1 Step 1: Calculate theequiredtemperaturgefor the product
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1 Step 2: Calculate the specific heat, specific volume, enthalpyhuliettemperature
and humidity ratio of drying air usingéhpsychrometric charts. Saturation vapour
pressure at wetulb temperature, which is assumed to be less than theutlry
temperature, is calculated. This saturation temperature that corresponds to the
pressure can be obtained by equating psw. The temperature must be assumed
to be the webulb temperature even when this temperature is not the same. Using a
successive iteration method, the sbetb temperature is calculated.

1 Step 3: Calculated the required heat for mass, drying and volumetric flowfrate
the drying air.

Qar = Gmwa X hfg (5-1)
— Qd‘r
Qe = Coam (tg—t, )84 (52)

V,=v, Xm, (5.3

1 Step 4: Calculate the humidity ratio and the temperature of the air at dryer outlet.

1 Step 5: Determiné he dew poi nt temperature and t hi
water vapour pressure. The former is taken to be less than theldriemperature
of the exhaust air, and the latter is calculated from Wdo. pd is the saturated vapour
pressure at dew poirgmperature, and the corresponding saturation temperature is
obtained from the assumed dew point temperature. When two consecutive readings
are closing to be the same in an iteration process, a value of the dew point
temperature can then be taken.

1 Step 6: @lculate the saturated vapour pressure of air in close contact with
evaporator surface, the humidity ratio and the temperature of the evaporator
surface from the bypass factor.

W —BF =Wy,
Wes - # (54)

thetemperature of the evaporator surface is assumed to have a lower value than the
dew point temperature of the exhaust air from the dryer. Successive iteratio
method is used again here to find out the corrected value.

1 Step 7: Calculated the air temperature at the evaporator outlet and the refrigerant
temperature inside the evaporator.
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Tre =tes—5 (5.5)
Log = tes + BF(tdo - tes) (56)

1 Step 8: Calculate the refrigerant temperature and also the temperature of the
condenser surface inside the condenser.

E_BF g0
Les = & .l_B);t (5.7)
T,,=ts+5 (5.8)

1 Step 9: Calculate the enthalpy of the refrigerant, the delivery pressure and the
saturated suction that correspond to the refrigerant temperature inside the
condenser and the evaporator.

1 Step 10:Calculate the outlet of evaporator and condenser and the enthalpy of the
air at the dryer with Eq. 5.9:

h = cpat + W(hfg + cppt) (5.9
1 Step 11: Calculate the cooling load oe #vaporator and the refrigerant flow rate

requirement:

Cooling load = qpma(hge — heo) (5.10)

Gmr = Cooling load/(Vh) (5.11)

1 Step 12: Calculate the required power of the compressor and the piston
displacement with Eq. 5.12:

Vry

I';J = Gy X
My

(5.12)

1 Step 13: Calculate the heatiraad on the internal condenser and the flow rate of

the refrigerant in both the internal and the external condenser.

Heating load = q,,,(hg — h,,) (5.13)
Gmrinte = Heating load/(Vh) (5.14)
Qmr.extc = Qmr — Qmr.intc (515)

1 Step 14Calculation of SMER, COP, and dryer efficiency.
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SMER = —mwd__ (5.16)

Feomp+FPran

COP = Heating load/E,, (5.17)

7, = 2ide (5.18)

tdi—tw

1 Step 15: Calculated the heat transfer coefficient of theidér and the refrigerant
side, the LMTD values and the overall heat transfer coefticien both the
evaporator and the condenser. Determine the evaporator and the condenser
requirement for the surface area on the outside of the finned tube

1 Step 16: Calculate the required capillary length for the desired pressure drop.
Determine tle total pressure and power of the fan.

1T Step 17: Finally, based on manufacturer
compressor, evaporator, condenser, capillary tube and fan to match the calculated
values.

The above mathematical equations of different components of a heat pump
assisted dryer are essential for design calculations, simulation of results, and
performance evaluation of the drye

5.1.2 Desiccant Wheel

Desiccant drying systems have been introduced as attractive alternatives to
conventional vapour compression systems due to their advantages of utilizing low
temperature energy and of providing an environmentahscioupeaation[78-82].

A system (Fig 5.1) operating on the drying mode was constructed for this
purpose. In the process side, desiccant wheel adsorbs moisture from the space air
resulting in dehumidification and heating of ambient air. Evaporator reduces the
temperature of process air. The cool and dry process air leaving evaporator is passed
through a desiccant wheel, which adds moisture to the air, reducing its temperature
further to provide design state for the conditioned air. Hot air from the conditioned
spae passes through condenser and desiccant wheel in its return path resulting in the
regeneration side of desiccant wheel operation. The temperature of the air from the
ambient air is increased through condenser and desiccant wheel together with heating
andhumidification. The heat transfer in desiccant wheel, which operates the outcome
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of condenser, produces sensible hot air. Hot and dry air is used for the regeneration of
rotary desiccant wheel with further moisture absorption, i.e. humidification resulting
in wet and cooled air for the termination of the operation cycle.

A mathematical model is developed which can be usedhabse the desiccant
wheel performancdor different operating parametershe model can be better
understood by referring to the schatic setup is shown in kige5.1

Desiccant wheel efficiency and its operational performance is determined by the
combination of its mass and heat transfer. The effectiveness of the air stream
dehumidification system are influenced by these two peasgsn addition, they also
give different definitions of the efficiency. First one is the thermal effectiveness, given
by Eq. 5.19:

T3—-T:
T5-T2

fpwi = (5.19

The inlet process air, ] outlet process air sland the inlet regeneration air
temperature Jare presented in Figures 5.1, with the desiccant wheel performance
being illustated in terms of calorific. The definition given by Eq. 5.19 is in fact
derived from the assumption that a desiccant wheel is a heat exchanger, and the
relation is deduced from the effectiveness of a heat exchanger. Eq. 5.20 gives the
regeneration effecteness of the desiccant wheel:

(wy—wg)h
Epw,z = —2n5—14 1g (5.20)

79 /\Compressor
TP
Variable speed drive

O
Condenser Desiccantwheel .
Regeneratiorian

Ambient air:> 4 me ja 5 * 19 6 [:D—X :> Regeneration air

o

AVAWAY

Process air {_< X‘[]:L__] 3 to 2 v 19 1 < spaceair

Proces$an -
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Fig 5.1A Schematic Figure of Desiccant Wheel Experimental Setup
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w is the specific humidity anld is the vaporisation latent heat of water. Although Eq.
5.20 can be used to calculate the regeneration heat consumption ab&vapaf the
adsorbed water, it would not yield a useful outcome when the mass flow rate of
process air and regeneration are not equal, since the equation is dimensionless. An
alternative to E.20 is thus proposed to amend this issue5.Bg) includes rore
parameters to account for a more realistic condition.

im Process(W2—Wz)lfg QLMQE; (521)

Epw,3 = =5
! qm Regenemtion(hs_hd-) QRegeneration

where Quaent IS the vaporisation latent heat rate of adsorbed wateQaBg@nerationlS
the input hat of regeneration rate. BEq22 takes into consideration the
dehumidification process / mass transfer of the desiccant wheel for its effectiveness:

s —
Epw.a = 7&}2_13 i:eai (5.22
W2 ,iqeallS the ideal outlet of air stream of desiccant wheel. An ideal desiccant wheel has
a value of zero fom;geas Which means that the air is completely dehumidified.
Eq.5.22 is the most useful in desiccant wheel optimisation and is generally considered
the reference function.

The wheel material, construction, wheel speed, temperature and humidity of
inlet air andthe regeneration air temperature determine the difference between the
enthalpy of inlet and outlet air. Eq. 5.23 is a new expression that considers the
importance of the enthalpy deviation, and is called the adiabatic desiccant wheel
effectiveness:

(hg—h;) _ 2hy—hs
hz hz

(5.23)

Epws =1 —

The ideal state of the desant is achieved by a completely adiabatic operation
according to E&.23. Only in this condition 100% efficiency would be reachdds
concept according to psychrometric chart is shown inreig.2.
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Fig 52 Adiabatic Efficiency on Psychrometric Chart

5.2 Analysis of Different Hybrid Dryers

The energyaving mechanisraf a hybrid dryeiis understood bgomparing the
dehumidification and cooling processed of the conventional and the dedieszat
systems. Both systems can be operated in various modes (recircyjagonpling
and mixed). As shown in Higes 5.3 ard 5.4 the following steps describehe
psychrometric process fdehumidification air and regeneration air.

Figure 5.3 is a psychrometric chart that compares the process drying air with
that of a coolingpased dehumidifier system. The stepsr cooling and
dehumidification with a conventional vapour compression system are demonstrated in
the chartThe letterorrespond to state points on the psychrometric chart.

5.2.1Dehumidification process

1: Intake-hot and humid outdoor air enters the desiccant wheelimit pn the
psychrometric chart in Fige5.3.

1-2: Dehumidificationi the heat generated during sorption of moisture from the
outdoor air stays in the air stream, which in turn increases the sensible load of the air
stream. This process is similar tondensation. When the latent heat converts into
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sensible heat, a slight increase in the enthalpy takes places, and this air is hot at state
B, thus needs to be cooled down before being used to cool the conditioned area.
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Fig 5.3Desiccant Dehumidification Air Process

5.2.2Cooling process

2-3: Heat loss or postoolingi at the rotary heat wheel enters the dehumidified
outdoor air, for which heat is exchanged with the exhaust air stream from the
conditioned space. The hot and dry outdoor air is cooled down in this process,
whereas the coldxhaust air is prbeated for desiccant wheel reactivation.

3-4:  Supplemental coolingi further cooling with a conventional
directexpansion vapour compression cooling system is needed for the air leaving the
rotary heat wheel before it is allowed to erter conditioned space.

4-6. Space cooling load at state E, the exhaust air leaves the conditioned
space

5.2.3Sensible cooling process

1. Intakei at point A on the psychrometric chart, hot and humid outdoor air
enters the evaporator coil of a conventional vapour compression system.

1-5G Sensible cooling at a point wherghe hot and humid outdoor air is
sufficiently cooled and reaches saturation, it can then be used in the conditioned space,
but as it is saturated with moisture, it cannot be circulated. In order to remove the



moisture in the air, it must be cooled to beitsmdewpoint temperature.

5.2.4Dehumidification and reheat process

5 &: Dehumidificationi the saturated air stream is continuously being cooled
by the evaporator, which also condenses the moisture at the same time to reduce the
humidity and the drpulb. When the requirement for huntidis low, meaning less
than 5.82g/kg of dry air, it is essential to cool the air to less than 6.1°C to condense
enough moisture.

5-4: Reheati the cold and dry air stream is either mixed with hotter air, or
alternatively, reheated to the circulation tenaere that is desired (state

4-6: Cooling loadi at state E, the exhaust air exits the conditioned space.

5.2.5Regeneration process

6-7: Heat recovery Part of the heat lost in st@g3 is recovered in this process
as the exhaust air stream enters the rotary heat wheel. Heat is exchanged between the
air stream and the hot and dry air that leaves the desiccantsiloget in Figire5.4.

7-8: Heat additioni further heating of the hot exhaust air is carried out for
raising the vpour pressure to a degree that is high enough at the desiccant.

8-9: Reactivationi the hot exhaust air stream driesd thenit reactivates the
saturated desiccant.
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The differences of the two systems in whibky conduct dehumidificatioare
shown in the psychrometric processes. Sk is the part of the process which
exhibits the amount of energy saved by the system, of which depends mainly on the
hybrid systemds ability t o-graéthermal spuece,t of
at thesame time eliminating reheat. The increased air pressure drop through the
desiccant and sensible wheel leads to a manual increase in the fan power. The hybrid
system and the desiccant based systems all provide energy conservation, as well as
other benefit.

1. Due to part of the cooling load being shifted to the desiccant system, the
size of the conventional system in the desiccant systems are often able to be
reduced, which saves energy and also decreases the demand of electricity,
sometimes even reducing timitial capital investment.

2. It is possible to replace some vapour compression system with cheaper
evaporative cooling systems that are either direct or indirect.

3. The control of temperature in conventional cooling systems is done directly,
and the humiditys left to fluctuate, whereas the temperature and humidity
in a hybrid system are both independently controlled.

4. The conventional cooling systems can dehumidify the air to apdéut
temperature that is above 0°C, and desicbastd systems can achieve a
reduction in moisture much below 0°C.

5. The precise humidity control of the desicchased systems is able to
improve indoor air quality. For desiccamhsed system, the problem of
microbial growth in the ducts and condensate drain pans that occurs in
humid climates is usually not of concern, because there exists an
insignificant amount of water on the paigsiccant cooling coil and the
pans and ducts that follow.

6. Hybrid systems can provide several things all year round, for example, the
boiler that is use for reactivation can be used for comfort heating, and the
heat wheel can be used to recover energy.

7. The desiccant systems can be used to compensate for the replacement of
CFCG11, CFCG12, and CF&2 refrigerants with HCF223 and
HCFCG134a. The new refregants provide only 90% of the existing
capacity.

5.2.6Energy Savings Mechanism in Hybrid System

Desiccant wheel heat pump drying system uses vapour compression
refrigeration especibl under conditions involving high latent loads. It can be used
either in a stan@dlone system or coupled judiciously with a vapour compression
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system to achieve high performance over a wide range of operating conditions. The
potential of energy savings imybrid system is due to making use of exhaust heat
from condenser. In this section, the analyses of a detailed study of desiccant wheel
heat pump hybrid drying systems are presented.

Desiccant based hybrid dehumidification system is a process that esn@in
vapour compression machine and a desiccant system, which is illustrated in Figure 5.5.
Moisture is removed by the desiccant, and the sensible heat load is shared between the
vapour compression system and the heat exchanger.

1
|:>I Exchanger
1

1 1
1 1
1| Desiccant |} i |
! ! 1 1 1 1
! 1 : : : ‘ Com:
! ! 1 1 1 1
I P P i
1 1 £
1 1 : : : Ex : |
| P L : u
1 1
i [Regenerato :<:|i Reheat IK::]E Condenseri Drying Chamber'

Fig 5.5Hybrid DesiccanDrying System

Both the sensible load from the heat transfer into space and the latent load from
moisture generation in space need to be met in all dehumidification systems. To meet
these loads, coolingased dehumidifier systems use vapour compressfageration,
for example, the air needs to be dehumidified by cooling it below its dew point to
meet the latent load, and the evaporator temperature becomes lower when the latent
heat load becomes higher. The evaporator temperature must remain abpwe 0°C
constant heating is necessary in cocliaged dehumidifier systems, which also
means low energy efficiency and large mass flow rates due to the limited moisture
removal per unit mass of air.

A material that has a high affinity for water is usedimple desiccant systems
to deal with latent heat loads. In such a system, process air is made to come in contact
with the material for moisture absorption and adsorption. Consequently, the heat that
is released in both processes heats up the air. ddteclkchanger and the evaporative
cooler cool the air afterwardSimple desiccant systems are well suited to meet latent
heat loads.
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Figure 5.6 is a psychrometric chart that plots togethechlaeacteristics of all
the mentioned systems. Air is directly cooled and dehumidified from ktatstate5
in the coolingbased dehumidifier system. This is achieved by passing the air over a
coil that contains circulating refrigerant. States not found to be lying on the room
sensible heat factor line in high latent load applications, therefore reheating the cold
air from stateb to 4 would have to be done to meet the load requirements.
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Fig 5.6 Hybrid Desiccant Dehumidification on Psychrometric Chart

The mixed air at staté is dehumidified tovery low moisture conten2 ,6in a
simple desiccant system. Air that is heated in the process is sent td diatbe
cooled by the method of indirect evaporative cooling. At sfatkis air is further
cooled with direct evaporative cooling.he psychrometric chartshows detailed
calculationsfor deciding upon the most energsind costeffective system, which
depends on the performance of the dehumidifier and the coolers etc.

Figures (5.7-5.9) are hybrid system configurations for drying, they are Air
Mixing Cycle, Air Recirculation Cycle and iA Exchange Cycle, and the figures
compare their performance with the conventional drying system.

Figure 5.7 shows that only the outside air at state 1 passes through the
dehumidifier in the Air Mixing Cycle. At state 2, the dehumidified air is cooled by
indirect evaporative cooling before it is mixed with teeirculated room air at state
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Further sensible cooling of the mixed air at state 4 takes places in a chilled
water roil at states-8 until the RSHF line is reached. The heat of thetevasndenser
is used to preheat the air from states, land this step regenerates and recycles the
desiccant. Further heating after state 7 is supplied by other supplementary heat
sources. The air that passed through the desiccant now carries moistisrea@oidd,
at state 9 it is expelled out of the system.
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Fig 5.7 (a) Schematic Diagram and Plot of Air Mixing Cycle
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Fig 5.7 (b) Schematic Diagram and Plot of Air Mixing Cycle

Figure 5.8 shows that the Air Recirculation Cycle is different from the Air
Mixing Cycle, for its state ®f recirculated air and the outside air is passed through
the dehumidifier. Larger volumes of air thus results, therefore the size of the



dehumidifier is larger for a bigger capacity to handle the amount of air. However,
when comparing figures 5.7 and SiBreveals that the total amount of moisture that
needs to be removed per kilogram of air is significantly smaller, so the regeneration
temperature required is lower than the temperature in the Air Mixing Cycle.
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Fig 5.8 (a) Schematic Diagram an@fdf Air Recirculation Cycle
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Fig 5.8 (b) Schematic Diagram and Plot of Air Recirculation Cycle

Figure 5.9 shows the Air Exchange Cycle, which is essentially a variant of the drying
cycle. There is no indirect evaporative cooler used to cool theédmotmidifies air in the heat
exchanger, instead, ambient air is used to help. In addition, the condenser heat is not reused

anywhere, but the ambient air used is heated again to the regeneration temperature in the
auxiliary heater.
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Fig 5.9 (b) Schematic Diagram and PlotAif ExchangeCycl

Comparing to the coolinrbased dehumidification systems,esie cycles produce
energy savings ranging from 56.6 to 66% in conditions of 30°C, 0.016 kg/kg da,
RSHF of 0.35 and space conditions of 24°C, 0.0104 kg/kg da. The SHF was over 0.9
whilst drying high sensible heat load, and in high latent load, it varied @8 to
0.5.Depending on the season, energy savings could range from 24 to 40% in high
sensible heat load applications.
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5.3. Summary

The purpose for the different case studies in this chapteragpiorevarious
paths for a system to achievéifferent outcomes The mechanisms are shown
graphically andin their correspondg psychrometric charts. This is a necessary
introduction to the development of the researesh pr ot ot y pe adesv | demo
drying methodshatmeet different need®epending on the nature of the product and
cost analysis, one can decide which medmano employfor drying

The models can be used for design and for the analysis of the complete hybrid
system.From the simulations that | have doimewas theoretically found that hybrid
system consisting of heat pump and desiccant wheel offelsghestenergy savings
when compared witlindividual systemsA practical system can now be developed
from this finding.
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Chapter 6 Design & Construction of a Hybrid Dryer

The performance of three hybrid cycles (which are Air Mixing Cycle, Air
Recirculation Cycle andir Exchange Cycle) for typicadrying spaceconditions has
been evaluatedising a detailed procedure for the analysis of rotary desiccant
dehumidifier, the most commonly employed industrial dehumidifier, based on the
analogy method dPsychrometric AnalysisEffect of space room sensible heat factor,
mixing air ratio, and regen&tion temperature has also been studied. The results show
that desiccant wheel heat pump assisted hybrid drying system can give substantial
energy savings as compared to based cooling conventional vapour compression
refrigeration and single desiccant whegstems in most commonly encountered
situations Following the findings itheprevious chaptsra heat pump desiccant wheel
dehumidifier as a hybrid dryer is constructed.

6.1 Description of the System

Figure6.1 shows the system whiasesarefrigerant circuit in conjunction with a
heat reactivated desiccant wheel to provide efficient drying capability. Due to the
capabilities of the desiccant wheel, the unit can continue to provide substantial capacity
and low supply dew point conditions. rAdehumidification can be achieved by two
stages: (I) cooling the air below its dew point and removing moisture by condensation
from evaporator and (ll) sorption by a desiccant material. The heat pump desiccant
dehumidifier is used and the simple analysssng the drying efficiency model is
employed in the drying process. The steathte drying process can be assumed in the
loop-type dryer due to their continuous process, but the steady state cannot be obtained
in an opertype dryer such as a conveyer eltyDuring the constant rate period, the
drying process might be a steady state in the -ty dryer. In the present study a
steady state is assumed. The variables used in the analysis such as temperature, relative
humidity, enthalpy, are the averagedues in a given state. The local variations of the
variables are not considered in the heat exchangers, pipes, air flows with a
pressureenthalpy (Ph) diagram.

As shown inFigure 6.1, a fansendsthe coolant airflow from the ambient ait
state 4into the condenser. The air at the condenser outletaifigh temperature and
low relative humidity. The air passing through the condenser is related only to sensible
heat transfer, the absolute humidity is kept to be constant while tisehaated in the
condenser.
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Once the compressor is switched on, the condenser is heated to a high temperature and
the evaporator is cooled to a very low temperatlihe desiccant wheel is a rotating
wheel that is in contact with both segments of thacimme that is important in
regulating the air temperaturBhe upper part is isolated from the lower part.
Theambient temperatuiar inside the product chamber is drawn in at (1) and is cooled
by the evaporator. As ieacheq?2), the portion of the rotating desiccant wheehat

came from the upper pdneats it up to an ambietemperatureagain Ambient airis

drawn from the atmosphere at (@yd relatively dry air at approximately ambient
pressure ided to the desiccant regenerator(&f from the condenseand as the air
meets the rotating desiccant wheel, the hot air is rapidly cooled down by the section of
the wheel that has been in the lower segment of the machiee airthus gains
moisturein a nearly isenthalpic processdaexitsat state 6with much higher water
content There is also a slight increase in the entropy of the air daddibion of the
moisture The moist air exiting the regenerator desiccant is still relatively hot and nearly
at amlent pressure.

Expansion
valve \ Desiccant

Condenser N:‘ompressor / wheel
£y < (ad L] Evaporator
| \ - —
Ambientair [ > 4 ‘ moe Qe 5 Qe [:DX :] 6 [__> Regeneration air
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@ :E R — - 1T
AARARAA T

Blotver \

Humidity Temperature Pressure Flow Outlet Product surface to be dried
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Fig 6.1 Hybrid System Combining Heat Pump and Desiccant Dehumidifier
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For drying air cycle a fan is also necessary to provide the evaporation airflow
from the dryer air at state 1. The moist drying air from the dryer enters theraapo
where the air is dehydrated as the moist condense on the surface of the evaporator. Thus,
the latent heat of condensation is recovered from the moist air in the evaporator. At the
evaporator outlet at state 2 the air temperature is nearly sathtatesdalso very cool
and low humidity ratio. Then the air through desiccant material comes into contact with
the desiccant wheel, and exits the dehumidifier hot and dry at state 3. The wheel is then
rotated so that the desiccant portion that has pickethaipture is exposed to hot
reactivation air and its moisture removed.Fgp6.2 shows that a drying process heat
pump desiccant dehumidifier on the psychrometric chart. As the desiccant removes the
moisture from the air, desiccant releases heat and wtrensir, i.e., latent heat
becomes sensible heat. Touse the desiccant, it must be regenerated or reactivated
through a process in which moisture is driven off by heat from condenser waste heat.
The dried warm air can obtain desirable condition byibEnsondenser.

To increase the economic practicality of such a hybrid system, the combined
system utilises the heat dissipated by the condenser heat energy in regenerating the
desiccant wheel. The location of the compressor and expansion valve ioléheengs
to enhance this heat recovery by creating relatively large temperature differences.
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Fig 6.2 Hybrid Dryer Drying Process on the Psychrometric Chart
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6.2 Experiment Setup

The photo of the hybrid system experimental equipment is shownefa. A
heat pump desiccant dehumidifier was developed on the basis of the design parameters
obtained from the mathematical model in Chapter 4/5. The honeycombed silica gel
composite desiccant wheels were used in this experiment. It can work well under lower
regeneration temperature and achieve higher dehumidification capacity. Hydraulic
diameter of each honeycomb channel is 2.1 mm and it is coated with a 2 mm thick silica
gel layer. Therefore the air channel walls are coated adequately desiccant material and
are capable of removing the moisture from the passing process air. The ratio of
regeneration section to adsorption section is 1/4. Desiccant wheel has a diameter of 32
cm and is 20 cm long. The wheel speed is 24.5 revolutions perAayuanalysis the
process and regeneration-ow rates were chosesuch that the condensed water at
the evaporator will not be blown out of the water collector and that the temperature of
the condensewill be too low

Evaporator

Fig 6.3 Hybrid Sytem Experimental Equipment

Instrumentation & Measurement

In the constructed test system equal amounts gfirmthe process and
regeneration sides were used due to theralesef the conditioned spaciests were
conducted to determine the influence of three design parameters namely cooling
capacity, airflow rate and COP of heat pump cycle on the following performance
parameters:
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The specific cooling capacity of space air

Total moisture removal capacity of dehumidification space air
Qmw = Qma (Wl - WS) (6.2)
The cooling capacity of desiccant wheel heat pump assisted and COP
Qc = Qma X AH (6.3)
Q%
COP = (6.4)
Pr:omp

Based on a detailed uncertainty analysis taking intaccount the accuracies of
the sensors/ instruments, errors in various parameters are estimated and are
shown in Table 6.1and Table 62 show the measured and calculated properties for
experimental test.

Measurements for the process and regeneration air streams include inlet and
outlet dry bulb temperature (DB si ng 6T6 t ype °C)hdativmocoupl e
humidity using RH sensors (£0.5% RH) and air flow rates using hotwire anemometer
(x0.02 m/s). The refrigerant side measurements include refrigerant temperatures using
6TO6 type t heifCmand pressuiee using(inluttivel pressure nnares's
(x0.05 bar) at inlet and outlet of evaporator, condenser and compressor, and power
consumed by the compressor using a Watt transducer (z20aMg 6.1 shows the
parameters to be measured for analysing the syateihable 62 show the measured
ard calculated properties for experimental test.

Table 61 Measured Parameters

Measured parameter Unit Measuring range Accuracy
Drying temperature °C 0-50 +0.1
Ambient temperature °C 0-50 +0.1
Relative humidity % 0-100 +0.5
Air volocity /s 0.1-20 +0.02
Ambient pressure mbar 0-2000 +0.05
Electrical energy kwWh 0-1000 +20W

The inaccuracies of the equipment are absolute errors given by the
manufacturers. Experimental errors are neglected because as long as the controlled
parameterssuch ashie temperature and pressuaee kept at an atmospheric scafe
deviations are tolerabkes miniscule temperature fluctuations do aib¢ct the drying
performance.
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Table 6.2 Measured and Calculated Properties for Experimental Test

Measured Calculated
Humidity = Temperature Humidity Enthalpy Dew Point
(%) (°C) (gkg)  (kJ/kg) (°C)
Inlet space air 54.2 19.3 7.57 38.6 9.7
Outlet evaporator air 8l.1 8.5 5.6 22.63 5.4
Outlet process air 14.2 26.2 2.99 33.96 -2.8
Inlet ambient air 46.4 23.2 8.24 44.28 11.1
Outlet condenser air 14.4 44.1 8.24 65.6 11.1
Outlet Regeneration air  34.3 43.8 19.68 94.84 24.6

Figure 6.3 shows the heat pump cyclehpdiagrams. The system was designed to
have a refrigeration capacity of about 3.5 kW in the compressor, obtained with the
conditions such as the heat release rate of the condenser of 12kW, heat rate at the
evaporator 7.5 kW. Thaverage condensing temperature of 60°C, average evaporating
temperature of 7°C, superheating 4Clthe sub cooling atZ and the COP of the heat
pump cycle is 3.43.

12kw

ﬂ 16.8Bar 60°C

Condensation

Sulrooling
5

COR+3.43

Expansion

Evaporation

h

Fig 6.3 Heat Pump R134a Refrigerant Cycle
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6.3 Summary

In this chapter aheat punp desiccant wheel dehumidifier hybrid dryer is
constructed, the unit can continue to provide substantial capacity and low supply dew
point conditionsfor rapid surface drying applicationShe results of the effect of
various parameters on the performamtethe systemswill be discused in next
chapter.

The desiccant wheel integrated heat pump is driven by a cooling load of 7.5 kW
nominal cooling capacity. During the experiments, the space air (or process air) of
desiccant wheel, is equal to return agrnted as regeneration air of the wheel. The
return/regeneration air is controlled at 19.3/23.2 + 0.3 °C DBT and 54.2/46.4%z+ 1%
RH. The tests are envisaged to assess the influence of design parameters, namely, inlet
air temperature, air flow rate, COP of abepump cycle and regeneration air
temperature on the performance of the desiccant wheel heat pump assisted drying unit.
These are varied respectively from 18 to 32 °C-9600 ni/h, 2.55.5 and 3%6 °C,
the corresponding variations in the system peréoroe are discussed.
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Chapter 7 Results and Discussion

This chaptempresents the theoretical results based on ideal hybrid system as a
bench mark for comparison of real results.

7.1 Realsation of the Operation Cycle of Hybrid System

Psyichrometric diagram of a real hybrid system shown inuf@g/.1 was
considered as a bench mark for comparing the results of various test cases. Firstly the
processes in the two units of the hybrid system were considered separately and then
both processes@ considered in series within a full cycle. In this approach, particular
consideration was given te2land 45 processes occurring in heat pumi8 and 56
processes occurring in desiccant wheel.

In an ideal cycle for a steady state operation of tlecdant wheelthe lines
representing operations through22d a-hd &t ates awe748hrewn i n
approximately parallel to Enthalpy linddowever calculated realized cycles deviate
from the ideal cycle as can be seen from the psychrometriadiagsf one of the test
cases. The deviation of realized cycle from an ideal cycle may be due to a number of
factors such as characteristics of the system, however the realization of the cycle
significantly has influenced by thme,, andTg. The behaviour othe processes in heat
pump between state$ 2 and 45 was similar to that for the ideally expected case in
most of the test cases. However the processes in desiccant wheel betweenr2states 2
and556 have shown a consi denrprdcéseof cohestantat i on
enthalpy, the realized cycle follows the patB and 56.

The observed behaviours of test cases are governed by the specific combination
of the operation parameterdleanwhile inspections of the data resulted in the
following estinmations:

1. The processes occurring in desiccant wheel were influenced by
regeneration and dehumidification air temperature with a critical
magnitude of regeneration air temperatwkich can be suggested s
05 0 Ténerature above 50 °C will greatly reduce the efficiency of the
condenser.

2. Heat pump cycle was almost of secondary importance in comparison with
desiccant wheel efficimy regarding both the complete cycle and
operation through desiccant wheel.
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3. The magnitude of air flow rate was the dominant parameter under the major
influence of regeneration air temperature with an expected relationship &
(my) for the overall cycle realization.

A e ) ASHRAE PSYCHROMETRIC CHARTNO.1 4 A
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Fig 7.1 Psychrometric Representation of the Realgde Test Results of {rid System

Figure 7.2 shows the schemataf the hybrid system and the test conditions at
different stages in the systefollowing conditions of the air used are considered: at
the evaporator inlet: the DBT of 19.3°C and RH54f2%, air flow rate of 1300 ffh.

The air is dehydrated and cooled down in the evaporator. Then the air enters the
desiccant at DBT of 8.5 °C and RH increases to 81.1% and due to the temperature rise
in desiccant, leaves the desiccant at DBT of 26.2ntCat very low RH of 14.2%.

The volumetric flow rate of the air varies slightly due to the density change with
temperature, but the mass flow rate is kept constant because the air flow system is
assumed to be closed. On the condenser side, the ambieon@itions are DBT 23.2
°C and RH of 46.4% inlet the condensEinen regeneration air is heated to sensible
reheat to DBT of 44.1 °C before passing through the desiccant wheel, where desiccant
material picks up moisture from the process air and tratssfwothe hot regenerated air.

The air leaving the desiccant wheel is DBT of 43.8 °C and RH of 34.3% exhausted to
the ambient, the humidity ratio of regeneration air is increased and its temperature
decreases.
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The results of the effect of various paraenston the performance of the systems
arepresented in the following sections.

T=19.3/C

T=23.2/C
n=54.2% n=46.4%
¥= T7.609d/lkg = 8.2

Evaporator Condenser

(7.5kW) (12kW)
T=8.5/C T=44.1/C
nN=81.1% nN=13.2%
¥= 5.6¢9 g ¥= 8. 2|4

Compressor
(3.5kw)

Desiccant Regenerator
T=26.2C Expansion Valve T= 43.8/C
N=14.2% "o
¥y= 3.0 g nN=34.3%

¥= 19.

Dryer
T= 20/C l
N=52.1% _
¥=7.6¢g Refrigerant Path Air Path

Fig 7.2 Hybrid System Drying Air Process

7.2 Effect of Inlet Air Temperature

Comparisons between single refrigerant circuit systenglesidesiccant wheel
system and hybrid system operating in tandem are shown umeFi@. These three
system are tested at the following conditions, airflow rate 1300, melative humidity
= 60% and outlet air dew point temperature kept at®.a he \ariation in input energy
required for each system with respect to inlet air temperature frot@ 20 30°C is

plotted.

It shows that the input energy required for all systems increases with the inlet air
temperature due to increased driving potentialnfiass transfekHowever the energy
demand for the hybrid system is less than the other two individual systems at all inlet
temperatures. It is evident that the energy requirement is reduced and 39% energy can
be saved via the hybrid systefrhis improvement in heat recovery may be associated
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with the greater heat transfer area for heat transferring with the drying air. The
evgporator undegkesa part of the cooling duty to cool the air to dpaint temperature.

In this way, the desiccant could dedicate more of its surface for latent heat recovery. In
a physical sense, the hybrid system may be viewed to have enlarged theicaéchan
boundaries for heat recovery in a drying air cycle.

10
9 1 Desiccant wheel
g8 ™~
X 7
§ 6 - Refrigerantircuit
e 51 /
()]
5 4
Es
2 1 Hybrid system
1 4
0
18 20 22 24 26 28 30 32
Inlet air temperature”C)

Fig 7.3 Effect of inlet air temperature on input energy required

Figure7.4 shows that the SMER of the refrigerant circuit system is more than that
of the desiccant wheel system but less thahdhhybrid system throughout the range
of inlet air temperature as the hybrid system was gradually activated. The addition of
desiccant wheel improved the system performance in terms of SMER. The introduction
of the desiccant wheel not only gained moistfeom evaporator but also provided
additional sensible heating to the air without the need of an auxiliary heater.

The gradual activation of the hybrid system improved SMER in the range of
37142%. The additional advantage gained in terms of system pem@e is by
employing both dehumidification and regeneration. This observation may be attributed
to the finite rate of heat transfer in the heat exchangers as the air interacted with more
heat exchangers.
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Fig 74 Effect of inlet air temperature on SMER

Figure 7.5 presents the effect of inlet temperature on sensible heat for all three
systems. It is observed that due to the moisture transfer from inlet air to outlet air via the
hybrid system the sensible heat rise in the inlet air is significantolt@leals that this
free heat supply by condenser heat release is comparable to the amount of heat energy
that is required in the refrigerant circuit systémaddition, the desiccant wheel further
dehumidifies the outlet air. Both input energy and sBesieat collectively enhance the
effectiveness of the system, the sensible heat transfer is found to be between 2.58 and
6.26 kW, based on the condenser heat release in the desiccant wheel.

10
< 9 Refrigerantircuit
< g
=~ \
S 7
2
o 6
$ 5
°
QL 4 - \
Qo
D 3 Desiccant wheel
c .
[ Hybrid system
n 2

1 -

0 \ ‘ :

18 20 22 24 26 28 30 32
Inlet air temperature/C)

Fig 75 Effect of inlet air temperature on sensible heatgner
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Figure 7.6 shows that the drying performance, the total moisture removal
capacity in drying process increases with the inlet air temperature as expected. The inlet
air relative humidity and the outlet air dew point temperature were kept at 6034and
°C respectivelyTherefore, the drying rate increases almost linearly with the inlet air
temperature.

20
18 -
16 - Hybrid system
14 -
12
10 -

N

Refrigerantircuit
or
Desiccant wheel

apr (kg/hr dry air)

O N b~ O
| I I

18 20 22 24 26 28 30 32

Inlet air temperature/C)

Fig 76 Effect of inlet air temperature on total moisture removal capacity

Figure 7.7 shows theairflow rate 1300 rih, relative humidity = 60%nd outlet
air dew point temperature kept at 8@ which are the outcomes read directly off the
psychrometric charfThe variation for each system with respect to inlet air temperature
from 20°C to 30°C is plotted in psychrometric chafable 7.1 (A) (B) (C) (D) shows
the result of three systemsingpsychrometric Analysistate point and process report.
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Table 7.1 (A) Statedint & Process Report
STATE POINT & PROCESS REPORT

Report Date: Tuesday, March 15, 2011 Altitude: 0 (Meters)
Project Information: Barometric Pressure: 760.001 (mm Hag)
Atmospheric Pressure: 101.325 (kPa)
1.1
STATE POINT DATA
Air Flow Dry Wet Relative Humidity Specific Enthalpy Dew Density apor Absolute
(Standard) Bulb Bulb Humidity Ratio Volume Paint Presszure Humidity
(kg/hr) ("C) (*C) (%) {g/kg) (cu.mikg) (kdikg) (] (kg/cu.m) (mm Hg) (g/cu.m)
1,300.0 20.000 15135 60.0 877 0.842 42357 12.0093 1.1984 10.5267 10.418
2.2
STATE POINT DATA
Air Flow Ciry Wt Relative Humidity Specific Enthalpy D Dengity Wapor Absolute
(Standard) Bulk Bulk Humidity Ratio Volume Puoint Pressure Humidity
(ka/hr) {*C) {°C) (%) {g/ka) (cu.mikg) (kdfkg) {"C) (kgicu.m] [mm Hg) (g/cu.m)
1,300.0 7.000 5.303 90.8 566 0.801 21.254 5.6000 1.2563 6.8232 7066
Process: Cooling Coil
Total Total Sensible Latent Dehurnidification Sensible Enthalpy’
Start Point Name Codling Enerngy Energy Energy Heat Ratic Humidity Ratio
(KMY/hr) {Wrhr) (W /hr) {(Wihr) {kg/hr) (kdikg ! gfkg)
1 -7.619 -7,619 -4 765 -2,854 -4.0 0.625 6.759
3.3
STATE POINT DATA
Air Flow Dry Wet Relative Humidity Specific Enthalpy Dew Density apor Absolute
(Standard) Bulb Bulb Humidity Ratio Volume Point Fressure Humidity
(kg/hr) ("C) (*C) (%) {g'kag) (cu.mikg) (kdikg) (] (kg/cu.m) (mm Hg) (g/ew.m)
1,300.0 22.000 16.866 60.0 994 0.848 47363 13.8679 1.1885 11.9041 11.702
4,2
STATE POINT DATA
Air Flow Dy Wet Relative Humidity Specific Enthalpy D Density Wapor Absolute
(Standard) Bulk Bulk Humidity Ratio Volume Puoint Pressure Humidity
(ka/hr) {*C) {°C) (%) {g/ka) {cu.mikg) (kg ) {"C) (kglcu.m} (mm Hg) (g/cu.m)
1,300.0 7.000 5.303 90.8 566 0.801 21.254 5.6000 1.2563 6.8232 7066
Process: Cooling Caoil
Total Total Sensible Latent Dehurmidification Sensible Enthalpy’
Start Point Mame Codling Energy Energy Energy Heat Ratio Humidity Riatio
(KM/hr) {Wrhr) (W/hr) {(Wihr) {kg/hr) (kdikg / g'kg)
3 -9.428 -9,426 -5.493 -3,927 -5.8 0.583 6.082
5.5
STATE POINT DATA
Air Flow Dy Wet Relative Humidity Specific Enthalpy Drew Dengity Wapor Absolute
(Standard) Bulk Bulk Humidity Ratio Volume Point Pressure Humidity
(kg/hr) "C) (°C) (%) {g/ka) (cu.mikg) (kg {"C) (kgicu.m) [mm Hg) (g/cu.m)
1,300.0 24.000 15597 60.0 11.24 0.857 52.725 15. 7656 1.1806 13.4364 13120
6.2
STATE POINT DATA
Air Flow Dy Wet Relative Humidity Specific Enthalpy Dew Density WVapor Absolute
(Standard) Bulb Bulb Humidity Ratio Volume Point Pressure Humidity
{kg/hr) {*C}) {"C) (%) {g/ka) (cu.mikg) (kd'kg) {°C) (kgi/cu.m) (mm Hg) (g/cu.m)
1,300.0 7.000 5.303 90.8 566 0.801 21.254 5.6000 1.2563 6.8232 7.066
Process: Cooling Caoil
Total Total Sensible Latent Dehumidification Sensible Enthalpy’
Start Point Mame Codling Energy Energy Energy Heat Ratio Humidity Ratio
(K\W/hr) (W/hr) (W /hr) {(Wihr) (kg/hry (kdikg ! gfkg)
5 -11.362 -11,362 6,232 -5,130 -7.3 0.545 5620
7.7
STATE POINT DATA
Air Flow DOy Wet Relative Humidity Specific Enthalpy Drew Dengity Wapor Absolute
(Standard) Bulk Bulk Humidity Ratio Volume Point Pressure Humidity
(kg/hr) "C) (°C) (%) {g/ka) (cu.mikg) (kg {"C) (kgicu.m) [mm Hg) (g/cu.m)
1,300.0 26.000 20.331 60.0 12.69 0.864 5B8.481 176422 11717 15,1383 14 683
8.2
STATE POINT DATA
Air Flow Dy Wet Relative Humidity Specific Enthalpy Drew Density Vapor Absolute
(Standard) Bulb Bulb Humidity Ratio Volume Paint Pressure Humidity
{kg/hr) {*C}) {"C) (%) {g/ka) (cu.mikg) (kd'kg) {°C) (kgi/cu.m) (mm Hg) (g/cu.m)
1,300.0 7.000 5.303 90.8 566 0.801 21.254 5.6000 1.2563 6.8232 7066
Process: Cooling Caoil
Total Total Sensible Latent Dehumidification Sensible Enthalpy’
Start Point Mame Codling Energy Energy Energy Heat Ratio Humidity Ratio
(KW/hr) {Whr) (Wihr) (Wihr) {kg/hr) (kdikg ! g'kg)
T -13.440 -13,440 6,965 6,475 9.1 0.515 5273
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Table 7.1 (B) State Point & Process Report
STATE POINT & PROCESS REPORT

9.9
STATE POINT DATA
Air Flow Diry Wet Relative Humidity Specific Enthalpy Dew Drensity Vapor Absolute
(Standard) Bulk Bulb Humidity Ratio Volume Paoint Pressure Humidity
(ka/hr) [ (*C}) (%) {g/kq) (cu.mikg) (kMg ) [ (kglcu.m) {mm Hg) (glew.m)
1.300.0 28.000 22.068 60.0 14.31 0.872 64671 19.5177 1.1629 17.0251 16.404
10.2
STATE POINT DATA
Air Flow Dy Wet Relative Humidity Specific Enthalpy Dew Density Vapor Absolute
(Standard) Bulk Bulb Humidity Ratio Volume Paoint Pressure Humidity
(kg/hr) [ {*C}) (%) {g/kg) (cu.mikg) (kJikg ) [ (kgicu.m) {rm Hg) {g/ew.m)
1.300.0 7.000 5.203 90.8 5.68 0.801 21.254 5.6000 1.2563 6.8232 7.068
Process: Cooling Coil
Total Total Sensible Latent Dehumidification Sensible Enthalpy’
Start Point Name Cooling Energy Energy Energy Heat Ratio Humidity Ratio
(KW/hr) (W/hr) (Wihr) Wiy (kgiry (kJkg ! gikg)
g -15.674 -15,674 -7.698 -7.977 -11.3 0.491 4.9599
11.11
STATE POINT DATA
Air Flow Diry Wet Relative Humidity Specific Enthalpy DCresw Drensity Vapor Absolute
(Standand) Bulk Bulb Humidity Ratio Yolume FPaint Pressure Humidity
(ka/hr) [ (*C}) (%) {g/kq) (cu.mikg) (kMg ) [ (kglcu.m) {mm Hg) (glew.m)
1,300.0 30.000 23807 60.0 16.11 0.5881 71.340 21.3921 1.1541 19.1135 18_295
12.2
STATE POINT DATA
Air Flow Diry Wet Relative Humidity Specific Enthalpy Dew Drensity Vapor Absolute
(Standard) Bulk Bulb Humidity Ratio Volume Paoint Pressure Humidity
{kg/hr) ("C) ("C) (%) (g/'kg) (cu.mi/kg) (kdikg) {"C) (kgicu.m) {mm Hg) (g/eu.m)
1.300.0 7.000 5.203 90.8 5.68 0.801 21.254 5.6000 1.2563 6.8232 7.068
Process: Cooling Coil
Total Total Sensible Latent Dehumidification Sensible Enthalpy’
Start Point Name Cooling Energy Energy Energy Heat Ratio Humidity Ratio
(KW/hr) (Wihr) (Wihr) Wihr) (kgir) (kdikg ! gikg)
11 -18.082 -18,082 2431 -9.651 -136 0.466 4772
13.13
STATE POINT DATA
Air Flow Diry Wet Relative Humidity Specific Enthalpy D Density Vapor Absolute
(Standand) Bull Bulb Humidity Ratio Yolume Paint Pressure Humidity
{kg/hr) ") (°C) (%) (g/kg) (cu.mikg) (kJikg) {°C) (kgicu.m) {mm Hag) (g/eu.m)
1,300.0 27.TE3 15212 244 566 0.860 42 365 S.B08T 1.1695 6.8273 6582
Process: Desiccant Dehumidification
Total Sensgible Latent Driumid- Sensible Enthalpy Sensible Energy
Start Point Mame Energy Enengy Energy ffication Heat Ratio Humidity Ratio Per Dehumidification
[(Wihr) W/hr) WWihr) (kg/hir) (kg { gfkg) (kdikg)
1 3 2 B53 -2,850 4.0 1051.889 -0.020 -2,558
14.14
STATE POINT DATA
Air Flow Diry Wet Relative Humuidity Specific Enthalpy D Density apor Absolute
(Standard) Bulk Bulb Humidity Ratio Volume Paint Pressure Humidity
(kg/hr) [ (*C}) ()] {g/kg) (cu.mikg) (kg ) °C) (kg/cu.m) (mm Hg) (g/cu.m)
1,300.0 32.716 16.977 18.4 5.66 0.874 47.374 S.6087 1.1506 6.8273 6476
Process: Desiccant Dehumidification
Total Sensgible Latent Drfiumid- Sensible Enthalpy! Sensible Energy
Start Point Mame Energy Energy Energy Hication Heat Ratic Humidity Ratio Per Dehumidification
(Wihr) {(Wihr) Wihr) (kg'hr) (klikg { g/kg) (kalkg)
3 4 3.928 -3.924 -5.6 1117167 -0.020 -2.562
15.15
STATE POINT DATA
Air Flow Diry Wet Relative Humidity Specific Enthalpy D Density apor Absolute
(Standard) Bulb Bulb Humidity Ratic “olume Point Pressurs Humidity
{kg/hr) *C) (°C) (%) {g/kg) (cu.mikg) (kdikg) {"C) (kgdcu.m) {mm Hag) (gleu.m)
1.300.0 37.994 158.746 13.7 5.66 0.589 52.733 5.6087 1.1311 6.8273 6.366
Process: Desiccant Dehumidification
Total Sengible Latent Drhumiid- Sensible Enthalpy/ Sensible Energy
Start Point Mame Energy Energy Energy Hication Heat Ratio Humidity Ratio Per Dehumidification
(Wihr) {Wihr) Wihr) {kgthr) (kJikg { g/kg) (kal'kg)
5 2 5.130 5127 -T.3 2158.375 -0.019 -2 565

16. 16
STATE POINT DATA
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Table 7.1 (C) State Point & Process Report

STATE POINT & PROCESS REPORT

Ajir Flow Dy Wet Relative Humidity Specific Enthalpy Drew Drensity Wapor Absolute
(Standard ) Bulk Bulb Humidity Ratio Volume Point Pressure Humidity
(kg/hr) *C) ("C) (%) {g/'ka) {cu.mikg) (kal'kg) {*C) (kglcwu.m) {mim Ha) {g/euw.m)
1.300.0 43.669 20.517 10.1 5.65 0.905 58.469 5.5834 1.1109 6.8153 6.241
Process: Desiccant Dehumidification
Total Sensible Latent Drehumid- Sensible Enthalpy’ Sensible Energy
Start Point Mame Energy Energy Energy fication Heat Ratio Humidity Ratio Per Dehumidification
{Wihr) (Wihr) (Wihr) (kg/hr) (kJkg / g/kg) (kJikg)
7 ) 5476 5481 92 1473600 0.016 D565
17.17
STATE POINT DATA
Air Flow DOy Wet Relative Humidity Specific Enthalpy Drew Drensity Wapor Absolute
(Standard) Bulb Bulb Humidity Ratio Volume Point Pressure Humidity
{kg/hr) (*C) ("C) (%) {g/kg) (cu.m/kg) (kdikg) {°C) (kg/cu.m) {mm Hag) (g/cu.m)
1.300.0 49.761 22.308 T4 5.66 0.923 54.680 5.6087 1.0899 6.8273 6.134
Process: Desiccant Dehumidification
Total Sensible Latent Drehumid- Sensible Enthalpy’ Sensible Energy
Start Point Mame Energy Energy Energy ification Heat Ratio Hurmidity Ratio Per Dehumidification
(Wihr) (Wihr) Wiy (kg/hr) (kJkg / g/kg) (kdikg)
9 3 7977 -7.973 -11.2 2474909 -0.019 -2 572
18. 18
STATE POINT DATA
Air Flow Dy Wet Relative Humidity Specific Enthalpy Dew Drensity Wapor Absolute
(Standard) Bulb Bulb Humidity Ratio Volume Point Pressure Humidity
(kg/hr) *C) ("C) (%) {g/'kg) (cu.mikg) (kJkg) {"C) (kgicu.m) {mim Hg) {g/cu.m)
1,300.0 55.328 24100 5.4 5. B6 0.942 71.348 S 6087 1.0682 6.8273 6.012
Process: Desiccant Dehumidification
Total Sensible Latent Drehurmid- Senszible Enthalpyy Sensible Energy
Start Point Mame Energy Energy Energy fication Heat Ratio Hurmidity Ratio Per Dehumidification
(Wihr) rhiry WWihr) (kghr) (kJikg [/ gikg) (kal'kg)
11 3 9,651 -9 645 -13.6 3293.800 -0.0159 -2.575
19.19
STATE POINT DATA
Alr Flow Dy Wet Relatrve Hurmidity Speciic Enthalpy D Drensity Wapor Absolute
(Standard) Bulk Bulk Humidity Ratio Volume Point Pressure Humidity
(kg/hr) (°C) ("C) (%) {g/kg) (cu.mikg) (kJkg) °C) (kg/cu.m) (mm Hg) {g/cu.m)
1,300.0 20.000 &8.799 17.3 250 0.533 26.442 -4 9356 1.2028 3.0301 2999
Process: Desiccant Dehumidification
Total Sensible Latent Drehumid- Senzible Enthalpy’ Sensible Energy
Start Point Mame Ensrgy Energy Energy fication Heat Ratio Hurmidity Ratio Per Dehumidification
(Wihr) {WWihr) (Wihr) (kg/hr) (kJkg / g/kg) (kdikg)
2 1,873 4737 -2.865 4.1 2.530 -1.661 4175
20. 20
STATE POINT DATA
Air Flow Dy Wet Relative Humidity Specific Enthalpy Dew Drensity Wapor Absolute
(Standard ) Bulk Bulk Humidity Ratio Volume Point Pressure Hurmidity
{kg/hr) (°C) (°C}) [ {g/kg) (cu.m/kg) (kdikg) {°C) (kg/cu.m) {mm Hg) (g/cu.m)
1,300.0 22.000 9706 15.3 2.50 0.539 28.461 -4 9356 1.1946 3.0301 2.979
Process: Desiccant Dehumidification
Total Sensible Latent Drehumid- Sensible Enthalpy’ Sensible Energy
Start Point Mame Energy Energy Energy ification Heat Ratio Humidity Ratio Per Dehumidification
Wihr) {(Wihr) W ihr) {kg/hr) (kJkg / g/kg) (kdikg)
2 2,602 5466 -2 865 4.1 2.101 -2.301 -4.515
21. 21
STATE POINT DATA
Air Flow Dy Wet Relative Humidity Specific Enthalpy DCrew Drensity Wapor Absolute
(Standard) Bulkb Bulb Humidity Ratio Wolume Point Pressure Hurmidity
{kg/hr) (°C}) {°C}) [ {g/kg) {cu.m/kg) (kdfkg) {°C}) {kg/cu.m) imm Hg) {g/cu.m)
1.300.0 24.000 10.586 13.5 2.50 0.545 30.480 -4.9356 1.18566 3.0301 2.959
Process: Desiccant Dehumidification
Total Sensible Latent Dehumid- Sensible Enthalpyf Sensible Energy
Start Point Mame Energy Energy Energy ification Heat Ratio Humidity Ratio Per Dehumidification
{Wihr) {Wihr) Wihr) (kg/hr) (kJkg f gikg) (kJ'kg)
2 3,331 6.195 -2.865 4.1 1.860 -2.941 -5.454
22,22
STATE POINT DATA
Ajir Flow Dy Wet Relative Humidity Specific Enthalpy Drew Drensity Wapor Absolute
(Standard ) Bulb Bulb Humidity Ratio Volume Point Fressure Humidity
(kg/hr) *C) ("C) (%) {g/'ka) {cu.mikg) (kal'kg) {*C) (kglcwu.m) {mim Ha) {g/euw.m)
1.300.0 25.000 11.441 120 250 0.851 32.499 -4 9356 1.1787 3.0301 2.939

Process: Desiccant Dehumidification

-118




Table 7.1 (D) State Point & Process Report
STATE POINT & PROCESS REPORT

Total Sensible Latent Dehuinid- Sensible Enthalpy Sensible Energy
Start Point Name Energy Energy Energy Hication Heat Ratio Humidity Ratio Per Dehumidification
(Wihr) (W) (W) (kgMr) (kg / gikg) (kJikg)
2 4,059 £6.924 -2.865 4.1 1.706 580 -£.094
23.23
STATE POINT DATA
Air Flow Dry Vet Relative Humidity Specific Enthalpy Dew Density Vapor Absolute
(Standard) Bulb Bulb Humidity Ratio Violume Paint Pressure Humidity
/hr) {*C) c) (%) (=TH k) ¢c) (kgicu.m) (mm Hg) (gfeu.m) |
1.300.0 28.000 12.272 10.7 2.50 0.856 34.518 -4.9356 1.1708 3.0301 2.920
Process: Desiccant Dehumidification
Total Sensible Latent Dehumid- Sensible Enthalpw Sensible Energy
Start Point Name Energy Energy Energy ication Heat Ratio Humidity Ratio Per Dehumidification
(Wihr) (W/hr) (Wihr) (kghr) (kMg / a/kg) (klikg)
2 4 788 7653 -2, 865 4.1 1.598 =4.220 5,734
24. 24
STATE POINT DATA
Air Flow Dry Wet Relative Humidity Specific Enthalpy Dew Density Vapor Absolute
(Standard) Bulb Bulb Humidity Ratio Violume Paint Pressure Humidity
fhr) C) ) (%) (o/kg) (cu.mikg) kJkg) (*C) (kgfcu.m) (mm Hg) {g/cu.m)
1.300.0 30.000 13.080 2.5 2.50 0.862 36.537 =4 9356 1.1631 3.0301 2.901
Process: Desiccant Dehumidification
Total Sensible Latent Dehumid- Sensible Enthalpy/ Sensible Energy
Start Point Name Energy Energy Energy ification Heat Ratic Humidity Ratio Per Dehumidification
(Wihr) QMN/hr) (W) (kgMr) (kg / gikg) (kJ'kg)
2 5517 B.382 -2,565 -2.1 1.515 -4.8 BT
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Figure7.8 showsthe comparison between the hybrid system, desiccant wheel and
therefrigerant circuit (heat pump) operating at the refrigerant load of 7.5 kW cooling
capacity. The supply air DPT increases with the inlet temperature due to increased
driving potential for mass transfer. Further, the supply air DPT of the hybrid system is
lower than that of the refrigerant circuit and desiccant wheel at all inlet tempsrature
This is because the hybrid system reduced the sensible and latent load on the cooling
coll, resulting in reheat and dehumidification on desiccant wheether wads, the

potential for sensible heat transfer is reduced, while the potential for moisture transfer is
increased.

It is observed that supply aiFT of the hybrid system is lowered by abe20
°C compared with that the refrigerant circuit and desicedrgel, which enables to
maintain low humidity in the dryer.

5 .
Refrigerant
circuit
-5 -

Desiccant
-10 - wheel

-15 1 N Hybrid

-20 system

‘25 T T T T T T
18 20 22 24 26 28 30 32

Inlet air temperaturefC)

Supply air DPT £C)
o

Fig 78 Effect of inlet air temperature on DPT

Figure7.9 shows that the supply air DBT of the hybrid system is more than that of
refrigerant circuit but less than that of desiccant wheeligfhout the range dafilet air
temperatureThe hybrid system basically converts the latent load to sensible load by
absorbing moisture and releasing heat to air. Hence its supply air DBT is always by
approximatelyl3 °C higher throughout the range. Hovegyit is less by abouit2 °C
when compared to that of the desiccant wheel. Thus the hybrid system is far better than
single refrigerantircuit in providing low humidity, while the single desiccant wheel
cannot provide low humidity at all.hus the hybridgystemcan reach to minus twenty
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one Celsius degres far better than single refrigeramicuit in providing low humidity,
while the single desiccant wheel cannot provide low humidity at all.

45
40 - )
——__ Desiccant
5) 35 1 wheel
= 30 -
O 25 - ~~__ Hybrid
8 20 | system
>
S 15 -
>
® 10 - _
Refrigerant
S - circuit
0 : ; ;
18 20 22 24 26 28 30 32
Inlet air temperatureC)

Fig 79 Effect of inlet air temperature on DBT

Figure 7.10 shows theairflow rate 1300 rifh, relative humidity = 60% anithe
same refrigerant circuit load 7.5 kW cooling capacihich were outcomes read
directly off the psychrometric chaithe variation for each system with respect to inlet
air temperatre from 20°C to 30°C is plotted in psychrometric chafiable 7.2 (A) (B)

(C) (D) shows the result of three systemssngPsychrometric Analysistate point and
process report.
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ASHRAE PSYCHROMETRIC CHART NO.1
NORMAL TEMPERATURE
BAROMETRIC PRESSURE: 101,325 kPa
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STATE POINT & PROCESS REPORT

Table 7.2 (A) State Point & Process Report

Report Date: Tuesday, March 15, 2011

Project Information:

Altitude: 0 (Meters)
Barometric Pressure: 760.001 (mm Hg)
Atmospheric Pressure: 101.325 (kPa)

1.1
STATE POINT DATA
Air Flow Dry Wet Relative Humidity Specific Enthalpy Dew Density Vapor Absolute
{Standand) Bulb Bull Humidity Ratio Volume Point Pressure Hurmidity
(kg/hr) C) (*C) (%) {g/kg) {cu.m/k kJkg) {C) (kglfcu.m) mm Hg) (glcu.m
1,300.0 20.000 15,135 60.0 877 _ﬁ_ﬁfj_ 42357 12,0033 1.1964 10. 9{’3?57_
2.2
STATE FOINT DATA
AIr Flow Dry Wet Relatve FHumidity Specific Enthaipy Dew Density Vapor Absoine
(Standard) Bulb Bully Humidity Ratio Volume Point Pressure Humidity
(kg/hr) (*C) (] (%) (gfkg) (cu.mikg) (kMkg) C) (kgleu.m) (mm Hg) (gfeu.m)
1,300.0 7021 6.466 840 550 0.802 21.584 5.1918 1.2531 6.6322 €.850
Process: Cooling Coil
Total Total Sensible Latent Dehumidmcation Sensibie Enthalpy!
Start Point Name Codling Energy Energy Energy Heat Ratio Humidity Ratio
(KWihr) (W) (Wit} (Wihr) (kgihr) (kg / gfkg)
1 -7.500 -7.500 -4.500 -3.000 -4.3 0.600 6.328
3.3
STATE POINT DATA
Air Flow Dry Wet Relative Hunidity Specific Enthalpy Dew Density Vapor Absolute
{Standand) Bulb Bulb Humidity Ratio Volume Point Pressure Humidity
(*C) (*C %) cu.m/kg) kg {*c kgfcu.m) mm Hg} (gfcu.m}
1,500.0 22,000 6. 0 ‘ﬂ%’——‘m !57%3 13.#75__‘%5% %9041 11.702
4.4
STATE POINT DATA
Air Flow Dry Wet Relative Hunidity pecific Enthalpy Dew Density apor Absolute
{Standand) Bulb Bullx Humidity Ratio Volume Paint Pressure Humidity
(kg/hr) (*C) ("C) (%) (gkg) (cu.m/kg) (kMkg) (*C) (kglcu.m) (mm Hg) (g/eu.m)
1,300.0 9.747 5.796 88.7 B6.67 0.810 26.590 7.9686 1.2433 5.0298 8.235
Process: Cooling Coil
Total Total Sensible Latent Lifind Sensible Enthalpy’
Start Point Name Cooling Energy Energy Energy Heat Ratio Humidity Ratio
(KW/hr) (Wrhr) (Wihr) (Whhr) (kgmr) (kg / g'kg)
3 -7.500 -7.500 -4.500 -3.000 4.2 0.600 6.337
55
STATE POINT DATA
Air Flow Dry Wet Relative Humidity Specific Enthalpy Dew Density Vapor Absolute
{Standand) Bulb Bul Humidity Ratio Volume Point Pressure Humidity
(K C) {*C) (%) (gfkg) feu. lkJkg) {"C}) (kgicu.m) mm .m
1.%1_10 24 000 16.597 60.0 1124 0_557(12__%27%5 15.7655 1.1606 134 13.1
6.6
STATE POINT DATA
Air Flow Dry Wet Relative Fumidity Specific Enthaipy Dew Density Vapor Absolute
(Standand ) Bulb Bulb Humidity Ratio Volume Point Pressure Humidity
r) (*C) (*C) (%) {g/kqg) {cumikg) (kdkg) {*C) (kgfcu m) {mm Hg) (glcum) B
1,300.0 11.776 11.101 92.4 .97 0.817 31.951 10.5933 1.2335 9.5834 9.758
Process: Cooling Coil
Total Total Sensible Latent Dehumidification Sensible Enthalpy’
Start Point Name Codling Energy Energy Energy Heat Ratio Humidity Ratio
(W) (W/hr) (W) (Whr) (kaMr) (kdikg / g'kg)
5 -7.500 -7.500 -4.500 -3.000 4.2 0.600 6.345
7.7
STATE POINT DATA
Air Flow Dry Wet Relative Humidity Specific Enthalpy Dew Density Vapor Absolute
{Standand) Bulb Bull Humidity Ratio Volume Point Pressure Humidity
) °C) (% {a'k {cu.m/k: kJkg) {°C) (kglfcu.m) mm Hg) { .m
_F_%I}J 000 0,331 60'_{! 1% 'ﬂ'ﬁm__h_a.g'l 17 6422 11717 151 14
8.8
STATE POINT DATA
AT Flow Dry Wet Relative Hunidity Specihic Enthalpy Gew Density Vapor Absolute
(Standand) Bulb Bulx Humidity Ratic Volume Point Pressure Humidity
(kg/hr) (*C) ] (%) {gkg) (cu.mikg) (kdkg) (*C) (kgicu.m) (mm Hg) (gfcu.m)
1,300.0 13.808 13.381 8955 943 0.825 37.707 13.1018 1.2238 11.30596 11.435
Process: Cooling Coil
Total Total Sensible Latent Dehumidmcaton Sensibie Enthalpy!
Start Point Name Cooling Energy Energy Energy Heat Ratio Humidity Ratio
(kWi (W/hr) (Wihr) (Whmr) (kg/mr) (kg / gkg)
7 =7.500 -7.500 -4.500 -3,000 4.2 0.600 6.356
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Table 7.2 (B) State Point & Process Report

STATE POINT & PROCESS REPORT

9.9
STATE POINT DATA
Air Flow DOy Wet Relative Humidity Specific Enthalpy Drew Drensity “apor Absolute
(Standard) Bulk Bulb Hurmidity Ratic Volume Point Pressurs Humidity
{kg/hr) (*C} °C) (%) {g'kag) (cu.mikg) (kdfkg) {°C) (kg/cu.m) {mm Hg) (g/cu.m)
1,300.0 28.000 22 068 60.0 1431 0.872 64.671 195177 1.1629 17.0251 16404
10.10
STATE POINT DATA
Air Flow Dry Wet Relative Humidity Specific Enthalpy D Drensity “apor Absolute
{Standard) Bulb Bulb Hurnidity Ratio Volume Paint Pressure Hurmidity
{kg/hr) ("C}) (°C) (%) {g'kag) (cu.mikg) (kdfkg) [ (kg/cu.m) {mm Hg) (g/cu.m)
1,300.0 15.844 15,635 a7.9 11.06 0.833 43.897 15.5143 1.2140 13.3219 13274
Process: Cooling Caoil
Total Ttal Sensible Latent Dehumidification Sensible Enthalpy/
Start Point Name Coaoling Energy Energy Energy Heat Ratio Humidity Ratio
(KW hr) Wby (Wihr) (Wihr)y {ka/hr) (klikg ! g/kg)
g -7.500 -7.,500 -4.500 -3,000 4.2 0.600 6.365
11.11
STATE POINT DATA
Alr Flow Dry Wet Relative Humidity Specific Enthalpy D Density WVapor Absoluts
(Standard) Bulb Bulb Humidity Ratio Yolume Paoint Pressure Humidity
(kg/hr) ("C) {"C) (%) {g'kag) (cu.mikg) (k)R {°C) (kg'cu.m) {mm Hg) [g/cu.m)
1,300.0 30.000 23,807 60.0 1611 0.881 71.340 21.391 11541 19.1135 18295
12.12
STATE POINT DATA
Air Flow Dy Wet Relative Humidrty Specific Enthalpy Dew Drensity apor Absolute
(Standard) Bulb Bulk Humidity Ratic Wolume Point Pressure Humidity
{kg/hr) ("C) {"C) (%) {ovka) (cu.mikg) (kJkg) {°C) (kg'cu.m) {mm Hg) (g/ou.m)
1,300.0 17.890 17.890 100.0 1290 0.841 50.657 17.6900 1.2042 153766 15330
Process: Cooling Coil
Total Total Sensible Latent Dehumidification Sensible Enthalpy’
Start Point Mame Cooling Energy Energy Energy Heat Ratic Humidity Ratio
(KW hr) {Wihr) (Wi} (Wihr) {ka/hr) (kdikg ! g/kg)
11 -TAGT -T, 467 -4.498 -2.969 4.2 0.602 6412
13.13
STATE POINT DATA
Air Flow DOy Wt Relative Humidity Specific Enthalpy Crew Drensity “apor Absolute
(Standard) Bulk Bulb Hurmidity Ratic Volume Point Pressurs Humidity
{kg/hr) (*C) {"C) (%) {g'kg) {cu.mikg) (kJ'kg) {°C) (kg'cu.m) {mm Hg) (g/cu.m)
1,300.0 32317 15353 128 3.86 0.870 42 356 0.2497 1.1534 4 6683 4.434
Process: Desiccant Dehumidification
Total Sensible Latent Drehumid- Sengible Enthalpy’ Sensible Energy
Start Point Name Energy Energy Energy ication Heat Ratio Humidity Ratio Per Dehumidification
{Wihr) {Wihr) (Wihr) (kg'hr) (kJ'kg { glkg) (kJ'kg)
1 0 4.500 -4.500 5.4 -15358.000 -0.018 -2.556
14. 14
STATE POINT DATA
Air Flow Dry Wet Relative Humidity Specific Enthalpy D Density Wapor Absoluts
(Standard) Bulb Bulb Humidity Ratio Yolume Point Pressure Humidity
(kg/hr) °C) (" C) (%) {gvkag) (cu.mikg) (kJkQ) {°C) (kg'cu.m) {mm Hg) (g/eu.m)
1,300.0 34.290 16.991 150 5.03 0.878 47.368 3.9467 1.1452 6.0785 5.736
Process: Desiccant Dehumidification
Total Sensible Latent Drehiumid- Sensible Enthalpy! Sensible Energy
Start Point Mame Energy Energy Energy fication Heat Ratio Humidity Ratio Per Dehumidification
wWihr) {Wihr) (Wihr) (kg'hr) (kJ'kg { Qlkg) (kJ'kg)
3 1 4,500 -1 498 5.4 3071.600 -0.019 -2.561
15.15
STATE POINT DATA
Air Flow Dy Wt Relative Humidity Specific Enthalpy Drew Density “apor Absolute
(Standard) Bulb Bulk Humidity Ratic Wolume Point Pressure Humidity
[kg/hr) (*Cl {"C) (%) {o'ka) (cu.mikg) (kR {"C) (kg'cu.m) {mm Hg) (g/cu.m)
1,300.0 36261 158.725 16.9 6.34 0.885 52.727 7.2454 1.1370 T.6425 7.166
Process: Desiccant Dehumidification
Total Sensible Latent Drehiumid- Sensible Enthalpy' Sensible Energy
Start Point Mame Energy Energy Energy ication Heat Ratio Humidity Ratio Per Dehumidification
{W/hr) (WWhr) (Wihr) (kgihr) (kdikg { g/kg) (kd'kg)
5 1 4,500 -4.493 6.4 7679.000 -0.018 -2.564

16. 16

STATE POINT DATA
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Table 7.2 (C) State Point & Process Report

STATE POINT & PROCESS REPORT

Air Flow Dy Wet Relative Humidity Specfic Enthalpy Dew Density WVapor Absolute
{Standard) Bully Bulb Humidity Ratio Velume Paint Pressure Humidity
(kg/hr) (*C) (*C) (%) (g/ka) (eu.mfkg) (kJkg) ('C) (kgleum) (mm Hg) {gfeu.m)
1,300.0 38.227 20.462 18.6 7.80 0.883 58.482 10.272% 1.1289 9.3805 8.740
Process: Desiccant D iclificati
Total Sensible Latent Dehumid- Sensible Enthalpy’ Sensible Energy
Start Point Name Energy Energy Energy ificaion Heat Ratic Humidity Ratio Per Dehumidificabion
(Wihr) (Wihr) (Wihr) (kgmr) :H% I %&91 )
7 ] 4499 4499 54 [ 15356.000 .01 2,
1717
STATE POINT DATA
Air Flow Dry Wet Relative Humidity Specific Enthalpy Dew Density Vapor Absolute
{Standard) Bulty Bulb Humidity Ratio Volume Paint Pressure Humidity
(kg/r) ('c (*C) (%) (g/ka) (eu.mvkg) lm?! (C) (kg/eu.m) {mm Hg) (gfeu.m)
1.300.0 mﬁ%g 72.200 20.2 543 0.901 4.6 13.0965 11207 11.3056 10468 |
Process: Desiccant Dehumidification
Total Cenaible Latent Dehumid- Sensible Enthalpy Eenmible Energy
Start Point Name Energy Energy Energy ification Heat Ratic Humidity Ratio Per Dehumidificabion
(Wihr) (Wihr) (Wihr) ll_f?gr_) (kJ/kg / afkg) (kJkg)
E] 1 4,500 4,499 X [~ 7679.000 01 2501
18.18
STATE POINT DATA
Air FIOwW Dry Wet Relative Humidity Specific Enthalpy Dew Density Vapor Absolute
{Standard) Bulty Bulb Humidity Ratio Volume Paint Pressure Humidity
(kg/r) (’c) (*C) (%) (g/kg) (eu.m/kg) (kJikg) ('C) (kg/eu.m) (mm Hg) (gfeu.m)
1,300.0 42150 33.938 216 1194 0909 71.336 15 7624 17126 134338 12362 |
Process: Desiceant D
Total Senaible Latent Dehumid- Sensible Enthalpy Eenzible Energy
Start Point Name Energy Energy Energy ification Heat Ratio Humidity Ratio Per Dehumidification
(Wihr) {(Wihr) (Wihr) r | I} (k/kg)
11 A 4,499 4,500 E.?s 3838.750 M_’-"lnqmi}@ .2,51&
19.19
STATE POINT DATA
Air Dy Wet Relative Humidity pecfic Enthalpy Dew Density Vapor Absolute
(Standard) Bul Bulb Humidity Ratio Volume Paint Pressure Humidity
°C) (°C) (%) (gfkg) {cu.mvkg) l%! 1'(2; (kg/cu.m) (mm Hag) (gfeu.m)
1 13 6.533 EXd %"ﬂ 0.831 1. 1. 1.2037 0.6586 0. |
Process: Desiccant Dehumidification
Total Sensible Latent Dehumid- Sensible Enthalpy’ Sensible Energy
Start Point Name Energy Energy Energy ification Heat Ratio Humidity Ratio Per Dehumidification
(Wihr) [Wihr) (Wihr) (kgr) (kg / gfkg) (kg
2 0 4.500 -4 500 54 15355.000 -0.018 -2.533
20. 20
STATE POINT DATA
Air Flow Dry Wet Relative Humidity pecfic Enthalpy Dew Density Vapor Absolute
{Standard) Bulky Bulb Humidity Ratic Veolume Paint Pressure Humidity
l%) {°C) (°C) (%) {Ma] _[grﬁm%q]__%; I!C; (kg/cu.m) {mm _(%E.Ilgﬂ_ﬂ_
1,300.0 T2 5851 104 1 591 057 17947 ﬁ’_ 051
Process: Desiccant Dehumidification
Total Sensible Latent Dehumid- Sensible Enthalpy’ Sensible Enengy
Start Point Name Energy Energy Energy ification Heat Ratio Humidity Ratio Per Dehumidification
(Wihr) (Wihr) (Wihr) (kgMr) (kg I gMkg) (hdhg)
4 0 4.500 -4 500 £4 -999.000 0018 -2.537
21. 21
STATE POINT DATA
Aar Dy Wet Relative Humudity Specific Enthalpy Dew Density Vapor Absolute
(Standard) Buly Bulb Humidity Ratio Velume Point Pressure Humidity
1 ] C) (%) i | (cu.m/kg) 1] (%] (kg/cu.m) (mm cu.m
1.300.0 24.112 11.199 16.3 3.03 0.846 31.948 -2.6671 1.1858 36721 3.585
Process: Desiccant Dehumidification
Total Sensible Latent Dehumid- Sensible Enthalpy’ Sensible Energy
Stant Point Name Energy Energy Energy ification Heat Ratio Humidity Ratio Per Dehumidification
(Wihr) W) (Wihr) (kg/r) {kJ/kg / g/kg) (k'kg)
[ =1 4.500 -4 501 54 =3839.750 -0.017 -2.540
22.22
STATE POINT DATA
Air Flow Dy Wet Relative Humidity Specific Enthalpy Dew Density Vapor Absolute
{Standard) Buly Bulb Humidity Ratio Volume Point Pressure Humidity
) c) rC) (%) {ofka) | (cumkg) {ldlkg) LC) {kgicu.m) immHg) | (gfeum) |
1.300.0 26.110 13.491 214 450 0.854 37.708 2.3723 1.1768 54376 5.27.
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Table 7.2 (D) State Point & Process Report
STATE POINT & PROCESS REPORT

Total Sensible Latent Dehumid- Sensible Enthalpyr Sensible Energy
Start Point Name Energy Energy Energy ification Heat Ratio Humidity Ratio Per Dehumidification
(Wihr) (Wihr) (Wihr) {kg/hr) (likg  gfkg) (kdlkg)
] 0 4,500 -4.500 5.4 -999.000 -0.018 -2,545
23.23
STATE POINT DATA
Air Flow Dry Wet Relative Humidity Specific Enthalpy Dew Density Vapor Absolute
(Standanrd) Bulb Bulb Humidity Ratio Volume Point Pressure Humidity
(ka/hr) (*C) (*C) (%) (a/kg) (cu.mikg) (kdikg) W] (kg/cu.m) (mm Hg) (g/eu.m)
1,300.0 28.110 15.752 259 6.13 0.862 43.897 6.7530 1.1679 7.3889 7.116
Process: Desiccant Dehumidification
Total Sensible Latent Dehumid- Sensible Enthalpy’ Sensible Energy
Start Point Name Energy Energy Energy ification Heat Ratio Humidity Ratio Per Dehumidification
(Wihr) (Wihr) (Wihr) (kg/hr) (kJikg ! gfkg) (kJdikg)
10 0 4500 4,500 5.4 -999.000 -0.018 -2.54
24.24
STATE POINT DATA
Air Flow Dry Wet Relative Humidity Specific Enthalpy Dew Density Vapor Absolute
{Standard) Bulb Bulb Humidity Ratio Volume Point Pressure Humidity
) (C) (<) (%) (a/kg) (eu.mik (kadikg) () (kgfeu.m) (mm Hg) {g/eu.m)
1,300.0 30.110 18.014 299 7.98 0.870 50.659 10.6037 1.1580 9.5900 9.175
Process: Desiccant Dehumidification
Total Sensible Latent Dehumid- Sensible Enthalpy’ Sensible Energy
Start Point Name Energy Energy Energy ification Heat Ratio Humidity Ratio Per Dehumidification
(Wihr) (Wrhr) (Wihr) (kg/hr) {k / gfkg) (kkg)
12 1 44598 3498 2 7676.500 018 -E‘Ré
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7.3 Effect of Airflow Rate

The flow rate of the drying air is an important parameter in the drying system
which uses the air flow and it is closely related to the air velocity in the drying process.
The high air velocity causes the water to evaporate rapidly but the quality of the
products might be degraded. The low air velocity causes the drying rate to decdease an
then the productivity also decreases. Thas appropriate flow rate should be
determined for the dryer operation in the optimum condition to achieve a high quality
product.

In this section, experiments were conducted to study the effect of regulaing th
airflow rate by the control damper. The three systems were tested at the following
conditions, airflow rate from 1000 to 1500n¥h, inlet air temperature fixed at 25
relative humidity = 60% and outlet air dew point temperature kept 4.5.6

Figure 711 illustrates that in all three systems the input power energy increases
significantly with airflow rate. However the rate of increase in input energy in the
hybrid system is significantly less when compared the rate of increase in input energy
for the desiccant wheel but when compared with the refrigerant circuit system the rate
of increase is similar. However the input energy for hybrid system is the least of all the
systems. This is because condenser heat release is more than the heat rectivered by
evaporator
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Fig 711 Effect of airflow rate on input energy required
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Figure 7.12 shows there is no change in the SMER when the airflow rate is
increased though all three systems. This is because as the airflow rate increases the
input power energwlso increases in the system to meet the change in the humidity
ratio.
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Fig 7.12 Effect of airflow rate on SMER

Figure7.13 shows that the sensible heat energy increases with the airflow rate for
all three systems, which is attributed to a small erssé time. In the case of hybrid
system (desiccant wheel is integrated system); the desiccant wheel further dehumidifies
the air. The sensible heat energy required is lower by about 1.5 kW when compared
with that of desiccant wheel systems.
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Fig 7.13 Effect of airflow rate on sensible heat energy
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The variation in dew point temperature with respect to air flow rate is compared
in Figure 7.14 for the three systems. It is evident that the DPT increases with the
increasing airflow rate in all three systemich is attributed to a short residence time.
The hybrid system integrated refrigerant circuit and desiccant wheel is driven by the
same refrigerant circuit load of 7.5 kW cooling capaditythe case of hybrid system,
the integrated desiccant whealrther dehumidifies the air and the dew point
temperature is lowered by abo@t7 °Ccompared with that of refrigerant circuit and
desiccant wheel signifying the effectiveness of the former for achieving low humidity
air.
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Fig 7.14 Effect of airflow rae on DPT

Figure 7.15 depicts the correlations between the airflow rate and the supply air
temperature. It can be seen that the supply temperature of the hybrid system is higher
than that of the refrigerant circuit but less than that of desiccant wheegtiout the
range of the airflow rate. The hybrid system basically converts the latent load to a
sensible load by absorbing moisture and releasing heat to air. Hence its supply air
temperature is always higher by about°CSthroughout the range. Howevitis less
by about 13C compared with that of the desiccant wheel. Thus the hybrid system is far
better than single refrigerant circuit in providing low humidity, while the single
desiccant wheel cannot provide low humidity at @ke hybrid system iegrated
refrigerant circuit and desiccant wheel is driven by the same refrigerant circuit load of
7.5 kW cooling capacity can deliver lower dew point temperature compare to other two
systems.
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Fig 7.15 Effect of airflow rate on DBT

Figure 7.16 shows tle airflow rate from 1000rth to 1500n¥h, inlet air
temperature fixed at 26, relative humidity = 60% and outlet air dew point temperature
kept at 5.8C., the variation for each system is plotted in psychrometric crebte 7.3
shows the result of thresystemsstate point and process report.

Figure 7.17 shows theairflow rate from 1000rith to 1500n¥h, inlet air
temperature fixed at 26, relative humidity = 60% arttie same refrigerant circuit load
of 7.5 kW cooling capacityhich were outcomes reatirectly off the psychrometric
chart The variation for each system is plotted in psychrometric chalote 7.4 (A) (B)
(C) (D) shows the result of three systemsgngPsychrometric Analysistate point and
process report.
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Fig 7.16 Psychromaet Chart
-131



Table 7.3 State Point & Process Report

STATE POINT & PROCESS REPORT

Report Date: Tuesday, March 15, 2011

Project Information:

Altitude: 0 (Meters)

Barometric Pressure: 760.001 (mm Hg)
Atmospheric Pressure: 101.325 (kPa)

1.1
STATE POINT DATA
Alr Flow Dy Wet Relative Hurmidity Specific Enthalpy Dew Drensity Wapor Absolute
(Standard) Bulk Bulb Humidity Ratio Volume Point Pressure Humidity
{kg/hr) (°C) {"C) (%) {g/kg) {cu.mikg) (kJikg) {°C) (kg/cu.m) (mm Hg) (g/cu.m)
1,300.0 25.000 19464 60.0 11.895 0.561 55.552 16.7040 1.1762 14 2653 13.582
2.2
STATE POINT DATA
Air Flow Dry Wet Relative: Humidity Specific Enthalpy Drew Drensity Vapor Absolute
(Standard) Bulk Bulb Humidity Ratio Violume Point Pressure Humidity
{kg/hr) °C) ("C) (%) {g/kg) {cu.mikg) (kiR ) {°C) (kg/cu.m) (mm Hg) (g/ow.m)
1,300.0 7.000 6.303 90.8 5.66 0.801 21.254 5.6000 1.2563 6.8232 7.066
Process: Cooling Coil
Total Total Sensible Latent Dehumidification Sensible Enthalpw
Start Point Name Cooling Energy Energy Energy Heat Ratio Hurmidity Ratio
(KWWY hr) (W rhr) (Wthr) (Wihry {ka/hr) (kalfkg / glkg)
1 -12.382 -12,362 -6,598 -5,784 -8.2 0.533 5435
3.3
STATE POINT DATA
Alr Flow Dy Wet Relative Hurmidity Specific Enthalpy Dew Drensity Wapor Absolute
(Standard) Bulk Bulb Humidity Ratio Volume Point Pressure Humidity
{kg/hr) (°C) {"C) (%) {g/kg) {cu.mikg) (kJikg) {°C) (kg/cu.m) (mm Hg) (g/cu.m)
1,300.0 40.700 19606 119 5.66 0.897 55.471 5.6000 1.1214 6.8232 6307
Process: Desiccant Dehumidification
Total Sensible Latent Dehumid- Sensible Enthalpy’ Sensible Energy
Start Point Name Energy Energy Energy ification Heat Ratio Humidity Ratio Per Dehumidification
W) {W/rhr) (W) (kg'hr) (kg / gikg) (kl'kg)
1 -29 5,755 -5, 784 4.2 -198.394 -0.005 -2,552
4.4
STATE POINT DATA
Air Flow Dy Wet Relative Humidity Specific Enthalpy Crew Crengity Wapor Absolute
(Standard) Bulk Bulk Humidity Rafic Wolume Paint Pressure Hurmidity
{kgihr) (°C) (°C) (%) {g/kg) {cu.mikg) (kdikg) {°C}) (kg/cu.m) (mm Hg) (g/cu.m)
1,300.0 13.000 12.067 90.0 842 0.821 34.323 11.4000 1.2279 10.1112 10252
Process: Cooling Coil
Total Total Sensible Latent Dehumidification Sensible Enthalpy’
Start Point Name Cooling Energy Energy Energy Heat Ratic Humidity Ratio
(KW/hr) (W rhr) (W/hr) (W {ka/mr) (kMg / glkg)
1 -7 664 -7, 664 -4.421 -3,243 4.6 0577 6.002
5.5
STATE POINT DATA
Air Flow Dry Wet Relative: Humidity Specific Enthalpy Dew Drensity “Vapor Absolute
(Standand) Bulk Bulb Humidity Ratic Volume Point Pressure Humidity
(kg/hr) *C) {"C) (%) {g/ka) {cu.mikg) (kadika ) {"C) (kg/cu.m) [mim Hg) (g/cu.m)
1,300.0 19.500 11.971 40.1 5.68 0.836 33.948 5.6000 1.2026 6.8232 65.764
Process: Desiccant Dehumidification
Total Sensible Latent Crehiumid- Sensible Enthalpw Sensible Energy
Start Point Name Energy Energy Energy fication Heat Ratio Humidity Ratio Per Dehumidification
{Wihr) W /rhr) W.hr) {kg'hr) (kJikg { gikg) (kJ'kg)
4 -136 2,382 -2,519 -3.6 -17.488 0.119 -2, 408
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Fig 7.17 Psychrometric Chart
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