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Summary

A considerable fraction of today's energy consumption is due to air-conditioning
of buildings, involving both heating and cooling. Energy cost and environmental
concerns force designers to find sustainable solutions. Desiccant cooling as a sustainable
technology is attractive to be investigated for making different design tools.

The main subject of this research is cooling and dehumidification by a wheel
which contains a matrix of sorption material or desiccants such as silica gel. Desiccants
adsorb water vapor due to the difference of water vapor pressure between the surrounding
air and their surface. To make the system operate continuously, adsorbed water vapor
must be driven out of the desiccant material (regeneration) so that it can be dried enough
to adsorb water vapor in the next cycle. In combination with a heat exchanger to recover
the regeneration heat and an adiabatic humidifier at the end of this process, cooled air can
be attained. The rotary dehumidifier/regenerator wheel appears to be the front runner in
the current desiccant system development effort.

The main purpose of the research is making the design tools to analyse and to
compare any desiccant cooling system with traditional and conventional air handling
units.

In this thesis, heat and mass transfer are modelled in different components of
sustainable air handling systems based on adsorption and evaporation. The sustainable
components considered in this thesis range from indirect evaporative coolers to desiccant
wheel. Also the traditional air cooler is modelled in order to compare its performance
with that of the sustainable components. All models are simulated by the simulation code
Simulink (Matlab) with the advantage that any system can be analysed just by linking the
inputs and outputs of the various models.

Because there is a lack of knowledge about the performance of desiccant wheels,
significant attention is paid to validate the heat and mass transfer model. Test facilities
were set up in a climate room to investigate the model of desiccant wheel. In general, the
accuracy of the models is acceptable within a margin error of practical applications.

The validated physical models are used to simulate various air conditioning
systems in order to analyze them with respect to capacity, energy consumption, and
environmental aspects. In addition, simplified equations are developed for dehumidifier
wheels in order to reduce simulation time for year round analyses. With these equations a
hybrid evaporative cooling system with desiccant wheel as an auxiliary system is
simulated for a reference year and for two different climates (extreme and moderate). The
energy costs and carbon dioxide (CO,) emissions are calculated for the different systems
in the different climates.



Year round simulations show that desiccant air conditioning systems are only
advantageous when a free source of thermal energy is available for regeneration. If this is
not the case, then it can be made advantageous by a hybrid system with desiccant in
operation only during peak hours.

The validated simplified models of air cooler and desiccant wheels are
implemented in the computer program Enerk. It can be used to analyse and to compare
any desiccant system with traditional and conventional air handling units. From a
practical point of view it can be considered as the end product of this research.



Samenvatting

Sustainable Air Handling by Evaporation and Adsorption

De noodzaak duurzaam te ontwerpen dwingt ontwerpers naar duurzame oplossingen te
zoeken. Koeling door middel van droging (desiccant cooling) is er één van.

Het kernpunt van dit onderzoeksproject is de koeling en ontvochtiging van een wiel dat
bestaat uit een matrix van adsorptiemateriaal (desiccant) dat vocht kan opnemen. Het
systeem wordt continue gemaakt door het vocht er weer uit te drijven met een zeer
warme luchtstroom (regenereren), zodat het voldoende gedroogd is om in de volgende
cyclus weer vocht op te nemen. In combinatie met een warmtewisselaar die de
regeneratiewarmte terugwint en een adiabatische bevochtiger aan het eind van het proces
kan men gekoelde lucht realiseren.

Alle modellen zijn gesimuleerd met het simulatie programma Simulink (Matlab). Dit
heeft het voordeel dat allerlei systemen gesimuleerd kunnen worden door het koppelen
van de juiste in- en uitgangen van de deelmodellen. Om de computertijd acceptabel te
houden zijn sterk vereenvoudigde modellen afgeleid uit de uitgebreidere fysische
modellen.

In dit proefschrift wordt het warmte en vochttransport in de verschillende componenten
van het duurzame koelsysteem beschreven en in fysische modellen omgezet. Deze
componenten variéren van een indirecte verdampingskoeler tot een desiccant wiel. Ook
van de traditionele luchtkoeler is een model gemaakt om de desiccant koeling te kunnen
vergelijken met de traditionele vorm van koelen.

De modellen zijn zoveel mogelijk met experimenten gevalideerd. In het algemeen zijn de
nauwkeurigheden voldoende om de verschillende koelsystemen te vergelijken op basis
van capaciteit, energiegebruik en milieu aspecten (CO, emissie).

Het draaiende ontvochtigings/regenerator wiel blijkt het essentiéle onderdeel in het totale
systeem en vanwege de gebrekkige kennis hierover is hieraan de meeste aandacht
besteed.

Simulaties op jaarbasis laten zien dat airconditioning systemen met vochtadsorptie-
wielen voordelen bieden als er een bron met gratis thermische energie met temperaturen
tussen de 60 en 90 °C beschikbaar is of als het desiccant wiel alleen ingezet wordt tijdens
piekuren. Een andere mogelijkheid is het toepassen van een hybride systeem (keuze
tussen conventioneel en gas gedreven desiccant koeling tijdens piekuren. Is er restwarmte
beschikbaar dan kan de CO, emissie sterk gereduceerd worden. Bovendien wordt
de behoefte aan elektriciteit tijdens zomerse piekuren altijd sterk verlaagd, hetgeen de
kans op oververhit koelwater voor de centrales vermindert.



Het simulatieprogramma van het desiccant koelsysteem is in het gebruikersvriendelijke
computer programma Enerk ingebouwd, zodat nu een vergelijk met allerlei
luchtbehandelingsystemen mogelijk is geworden.
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1. INTRODUCTION

1.1. Evaporative cooling and Desiccant Wheels

Evaporative cooling is one of the most traditional and one of the most energy-
efficient methods of cooling a home. It has been regarded as environmentally "safe",
since the process typically uses no ozone-depleting chemicals, and demands one-fourth as
much energy as refrigeration during the peak cooling months of the year. ™ In dry
climates, evaporative cooling can be used to inexpensively cool large homes.

The drop in temperature depends on how much water the air can absorb (a function of
relative humidity), how evenly the pad media is wetted, and how long the air is exposed
to the pad (a factor of turbulence, wetness, and speed of air movement), the evaporability
of the water, and the ability of the building to "vent" warmer exhaust air back to the
outside.

Direct evaporative cooling adds moisture to the air. Therefore, in humid climates, or
during the late summer rainy season in the desert it is not efficient and practical. The
other main drawback is the limitation of lowest temperature to wet bulb temperature and
therefore not practical for humid climates. The other problem of evaporative coolers is
possible appearing of Legionella. Indirect evaporative cooling system eliminates the
problem of Legionella in the supply air flow, but it is even less efficient than direct
system. An advanced indirect evaporative cooler has been introduced to increase the
performance of the indirect evaporative cooler and to reach lower temperatures (even
below the Wet Bulb temperature). This has been modeled and studied in this thesis.

One of the solutions to application of evaporative systems in warm humid climates is
use of the desiccant dehumidifier wheel. In conjunction with evaporative coolers it can
significantly reduce air conditioning operating costs since the energy required to power a
desiccant cooling system is small provided that regeneration heat required to drive out the
moisture such as solar and waste heat are available.

Advantages of using desiccant cooling systems include the following: (1) very small
electrical energy is consumed and the sources for the regenerating thermal energy can be
diverse ; (2) a desiccant system is likely to eliminate or reduce the use of ozone depleting
CFCs (depending on whether desiccant cooling is used in conjunction with evaporative
coolers or vapor compression systems, respectively); (3) control of humidity can be
achieved better when compared to those cases employing vapor compression systems
since sensible and latent cooling occur separately; (4) improvement in indoor air quality
is likely to occur due to normally high ventilation and fresh air flow rates being
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employed; and (5) desiccant systems have the capability of removing airborne
pollutants.[? %!

1.2. Energy Recovery Systems

Ventilation of buildings to provide fresh air and remove contaminants has always
been important for people. After the energy crisis, the ventilation rate was considerably
decreased to save energy consumption needed to condition the air according to the
available standards. But there was a considerable increase in indoor air quality problems
resulting from high concentration of air contaminants. Therefore, the standards were
revised to include higher outdoor ventilation air flow rates to attain acceptable indoor air
quality. ! In addition, it was needed to control humidity between 40 to 60%. According
to Fanger’s model comfort is guaranteed for a sitting person in an air velocity lower than
0.1 m/s and an indoor temperature of 24°C. * ® For all air systems, usually applied in
combination with desiccant cooling systems, this means that the supply air temperature
should be between 15.5 and 18.5 °C.

ISO 7730-1984 Moderate thermal environment specifies the comfort zone for
buildings space conditions. " These standards for outdoor ventilation rates as well as
comfort conditions are hardly satisfied by the conventional air conditioning systems used
for the buildings in hot humid climates. According to the American Society of Heating,
Refrigerating and Air-Conditioning Engineers (ASHRAE 1) 20 to 40% of thermal load
is needed to condition ventilation air for commercial buildings, and it can be even
increased in universities or hospitals and all the buildings which need 100% fresh air. [*!

Energy Recovery systems such as desiccant wheels could prepare a large fraction of
the heating and cooling load for ventilation as well as humidity control of supply air in
the buildings. Therefore, it decreases the amount of energy required to condition an air
stream that is ventilated into a building by using rotary regenerators that allow the system
to recover energy from the exhaust air stream which is then disposed into the
environment. [! Typically rotary regenerators are used where high ventilation rates are
required because of the relatively high initial cost of the equipment has to be recaptured
by significant energy savings. In the Netherlands they had to be applied to fulfill the
energy requirements (Energy Performance Coefficient). ™ Desiccant wheels are
attractive rotary regenerators that have been used in either cooling and dehumidification,
or heating and humidification processes.

1.3. Future energy development and Energy Conservation

A considerable fraction of today's energy consumption is due to air-conditioning of
buildings, which involves cooling as well as heating. Since energy costs and
environmental concerns are also increasing, the task of designing efficient air-
conditioning systems is increasingly important.
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It is possible that the world is heading towards a global energy crisis due to a decline
in the availability of cheap oil, and recommending to decrease our dependency on fossil
fuel consumption. This has led to increasing interest in alternate power/fuel research such
as solar energy and geothermal energy, as well as increasing interest in the concept of
Energy Conservation.

Energy Conservation is an important component of energy policy. In general, energy
conservation reduces the energy consumption and energy demand, and thus offsets the
growth in energy supply needed to keep up with population growth. This reduces the rise
in energy costs, and can lower the need for new power plants, and energy imports. The
reduced energy demand can provide more flexibility in choosing the most preferred
methods of energy production.

Reducing emissions and implementing energy conservation measures are important
parts of lessening climate change effects. It facilitates the replacement of non-renewable
resources with renewable energy and is often the most economical solution to energy
storage as well as a more environmentally benign alternative to increased energy
production.

New technologies may make better use of already available energy through improved
efficiency such as insulation by using heat exchangers; it is possible to recover some of
the energy in waste warm water and air, for example, preheating the incoming fresh
water. New power plants may become more efficient with technology like cogeneration.
New designs for buildings may incorporate techniques like passive solar systems.

The concept of introducing a mandatory and comprehensive European energy policy
was approved at the meeting of the European Council on October 27, 2005 in London.

As a result of the decision to develop a common energy policy, the first proposals,
Energy for a Changing World were published by the European Commission, following a
consultation process on January 10, 2007. It is claimed that they will lead to a “post-
industrial revolution”, or a low-carbon economy, in the European Union, as well as
increased competition in the energy markets. !

Key proposals Y include:

e A cut of at least 20% in CO, emissions from all primary energy sources by 2020
(compared to 1990 levels), while pushing for an international agreement to
succeed the Kyoto Protocol aimed at achieving a 30% cut by all developed
nations by 2020.

e A cut of up to 50% in carbon emissions from primary energy sources by 2050,
compared to 1990 levels.

e The development of a European Strategic Energy Technology Plan to develop
technologies in areas including renewable energy, energy conservation, low-
energy buildings.
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INTRODUCTION 4

Desiccant cooling technology with the possibility of using waste heat and solar
thermal energy for regeneration is one of the technologies that saves energy and can serve
as a suitable alternative for energy conservation purposes. Based on these conclusions
and remarks, in this study the CO, emission and energy costs have been investigated for a
comparison between a reference system and a typical cooling system using desiccant
technology.

1.4. Outline and overview of this thesis

The objective of this thesis is to model and simulate sustainable cooling systems
needed for air conditioning. These tools should lead to better designs. Moreover, their
yearly energy consumption should be optimized and compared bg/ year round
simulations. Desiccant wheels are the key component of these systems 4 and the most
important and complicated for modeling. See chapter 4 of this thesis for a detailed
discussion. The main goals are to:

e Develop the models of evaporative cooling components ranging from direct to
indirect and numerical model for adsorption and coupled heat and mass transfer in
the desiccant wheels.

e Validate the models with experimental data from laboratory and companies as
well as published papers on experimental studies in this field.

e Use the validated model to make simplified equations to calculate outlet air
conditions from desiccant wheels.

e Develop an analytical approach to make average of steady state solutions for
model to be used in rough calculations for system design.

e Make simplified models for simulation of different components of sustainable air
conditioning cycles with evaporation and adsorption.

e Conduct yearly simulation of a typical hybrid desiccant cooler with simplified
models and comparison with conventional chillers for a typical office building.

e Use and to apply the study results in the programs such as Enerk and VABI.

In the first part of this study (chapter 2) a regenerative indirect evaporative cooler that
can reduce the air temperature lower than wet bulb and close to the dew point named
Static Cooler, has been studied. The simulation of heat and mass transfer in the system
has been carried out and compared with the experimental data of different companies.

In chapter 3 an air cooler, as an auxiliary system of a hybrid desiccant cooling system,
has been modeled and validated experimentally. The condensation is an important
phenomenon that has been considered in the modeling. The experiments for validation of
air cooler model have been discussed in the same chapter. In addition, the results of this
study have led us to develop a design tool using the Mollier diagram. Desiccant cooling
cycles have been compared with traditional ones using the air cooler.
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In chapter 4, heat and mass transfer and adsorption have been modeled in a desiccant
wheel. The model solutions have been studied and compared with the published
experimental and validated numerical studies for both sorption and enthalpy wheels. The
dimensionless groups as well as simplified equations have been derived for dehumidifier
so that it can be used in long term simulation of different cycles of desiccant wheels. An
approximate approach that uses a number of simplified assumptions to give analytically
averaged solutions of basic equations has been described in this chapter. Although the
results have lower accuracy when compared to the physical numerical models and
simplified correlations, the analytical approach can still be considered a proper model for
year round simulation of the cycles including desiccant wheels with less limited
conditions of application. In addition, some practical questions concerning design and
performance of these wheels, their speeds, and the solid thickness of sorption matrix have
been evaluated by the models.

In chapter 5, the results of experimental studies of desiccant wheels using an
experimental set up in the climate room in TU Delft have been described. In addition, the
comparison of model solutions with some measurements of previous tests, prepared by
Carrier Holland Heating, has been carried out and discussed in this chapter.

The use of graphical computer tool of Simulink that can be easily connected to the
building models and the models of other components is an attractive method to test
various control strategies. This thesis is focused on air handling by desiccant cooling;
therefore, the building is not considered in detail. It is assumed that the installation had to
deliver the specified air supply conditions at specific outside conditions. Consequently,
the air handling is applied in a constant air system for ventilation purposes. After heating
and cooling to compensate the building cooling load is not considered in the analyses.
This approach is in agreement with the accepted procedures applied in the
communication between consultancies and manufactures. The key control parameters can
be easily and quickly modified for year round simulation.

In chapter 6, having made different Simulink models for different air conditioning
cycles with physical model, various systems have been studied and the most important
conclusions and results have been discussed. Furthermore, a year round simulation of a
desiccant cooling system assisted by a water chiller (hybrid system) has been developed.
It has been shown that the performance of desiccant air conditioning systems highly
depends on the operating parameters of the desiccant wheel.

This study has been conducted for a warm climate (Beijing) and a moderate climate
(The Netherlands) with various supply temperatures and cooling capacities.
The required regeneration heat for the desiccant cooling system has been minimized by
choosing proper values of regeneration temperature. The desiccant control strategy
influences the system performance by selecting the optimum speed of wheel. The control
strategy will allow the regeneration temperature to vary in proportion to the cooling load
in order to obtain the desired supply air temperature. In addition, the appropriate selection
of wet heat exchanger has been considered in the control algorithm.
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A summary of the main conclusions of this thesis has been presented in chapter 7.

Finally, the future work or the main questions that can be addressed when referring to
these results and major area of future research have been discussed in the last chapter.
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2. ADVANCED INDIRECT
EVAPORATIVE COOLER

Introduction

In recent years evaporative cooling system has been an attractive alternative for
conventional air conditioning systems. It has been because of the energy cost, the
environmental impact, the greenhouse effect of CO2 emissions and the destruction of the
ozone layer due to the increased emission of coolants.

Evaporative cooling systems can be classified in two categories of direct and
indirect systems. Direct evaporative systems are based on spraying water directly in the
air flow. The air follows an adiabatic trajectory in the psychrometric diagram. Its main
drawback is the limitation of lowest temperature to wet bulb temperature and possible
appearing of Legionella, bacteria pneumophilia. Although this will not happen while the
system is operating in its typical range of 20 °C and below, but when the installation is
switched off and water in the reservoir is not properly drained away then these conditions
could lead to formation of these bacteria and their explosive growth. By treating the
water and preventing formation of stagnant water in the system this potential problem can
be avoided.

wet surface covered
by textile

outside fresh
and warm air

Figure 2.1. A schematic of Static Cooler
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Indirect evaporative cooling is based on the cooling effect of water evaporation
but not directly in the air flow. They are separated by means of a non porous wall. The
heat transfer in this process occurs between the air and the water cooled in a cooling
tower. Although this system eliminates the problem of Legionella in the supply air flow,
it is less efficient than the direct system.

There are various cooling systems that can be considered as an advanced indirect
evaporative cooler. One such system is the Static Dew Point Cooling system.
To increase the performance of the indirect adiabatic cooler and to reach lower
temperatures (even below the Wet Bulb temperature), the Static Dew Point Cooler has
been developed as shown in figures 2.1 and 2.2. It is a system mostly used for larger air
quantities (4000m%h and more), without a discharge fan, without a circulation pump,
without a water collector and without a purging device. Therefore, the name “Static Dew
Point Cooler” has chosen for a system with almost no maintenance involved. ™
The process takes place in a heat exchanger made of synthetic material.

At the end of the heat exchanger, approximately one third of this cooled air is re-
routed as process air. The process is a counter flow process and along the external surface
of the heat exchanger plates, covered with an absorbent (hygroscopic layer). Evaporation
of the existing moist in this layer, indirectly takes place, using energy from the primary
air, flowing on the other side of the plate wall. The absolute humidity of the air-to-be-
cooled remains unchanged during the cooling process. The process air discharges the
evaporated moisture towards the open air and can not enter the conditioned room.

discharge of
ﬁ humidified process air
admittance of ! -_|t° bie:dpsn * electricty

fresh ambientairI V4

28 °C/50 % RH L !
3} - 2/3

7

. | |y

~— 7
- * cooled
drip tray conditioned air
drain 18,5°C

Figure 2.2. The principle of operation [!!

Static Dew Point Cooling characterizes itself by almost no maintenance costs.
This, and the low energy consumption, contributes greatly to the fact that the total
running costs are considerably lower than those of a traditional air conditioning
installation. The only moving part in Static Dew Point Cooler is the fan at air inlet. The
system has been developed for moderate and warm climates, like in most European
countries. In this thesis this advanced cooling system is selected to demonstrate how
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knowledge about mass and heat transfer can be used to answer various engineering
questions.

The most important question about this cooler was: could air temperatures be reached
below the Wet Bulb temperature? How does the air temperature approach the dew point?

2.1. The process

The process takes place in a heat exchanger made of a synthetic material.
At the end of the heat exchanger, approximately one third of this cooled air is re-routed
as process air. The process is in counter flow and along the external surface of the heat
exchanger plates covered with an absorbent (hygroscopic layer).

Evaporation of the existing moist in this layer, indirectly takes place, using
energy from the primary air flowing on the other side of the plate wall.

The absolute humidity of the air-to-be-cooled remains unchanged during the
cooling process. If the air is cooled until the point where condensation will occur, the
Dew Point temperature is reached. (Mollier diagram for moist air: figure 2.3).

Evaporation of the existing moisture in the absorbent layer cools the primary air
“indirectly” The amount of kJ taken from the primary air is equal to the amount of kJ
necessary for evaporation of the moisture and warming the process air.

The process air discharges the evaporated moisture towards the open air and can
not enter the conditioned room. In the explanatory Mollier diagram (figure 2.3, point 1).
primary air of 28°C/50% Relative Humidity (11.8 gr humidity /kg air) is admitted and
cooled down to 18.5°C.

At the end of the heat exchanger, approximately one third of this cooled air (point
2: 18.5°C/87% Relative Humidity) is re-routed and becomes process air. At this point
the process air enters the wetted process area. This almost adiabatic process (h =
constant: 47 kJ/kg) picks up moisture until it reaches 95% Relative Humidity (figure2.3,
point 3: 17.8°C/95% Relative Humidity).

From there the process air stops reacting adiabatically and starts picking up
moisture and heat along the wetted outer surface of the heat exchanger plates, until it
leaves toward the ambient (at 26.5°C/92% Relative Humidity).

This adiabatic process and the use of only one fan, makes this type of cooling so
unique but on the other hand it can not be used as balanced ventilation with heat
recovery.

This chapter presents the results of modeling and simulation of this advanced
evaporative cooler named Static Cooler. The thermal model has been generated to answer
the questions. In addition, an analytical model based on previous studies ! in the
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literature has been developed and solved in Excel. The solutions of these two models are
very close to each other with a 0.4 to 4% difference in supply temperature.

The Excel program is unable to deliver the process air temperature and humidity,
but it shows to be a very quick and appropriate tool for designing the static cooler. This
simplified model in Excel is not presented here and the interested reader for additional
information is referred to that article [3].

The model solutions have been compared with different test results of
measurements performed by Re/gent ! and Carrier Holland Heating.

The tests in Re/genT have been executed on two different configurations of
coolers, a laboratory cooler installed in the Re/genT laboratory and the other is
Demonstration unit. The coolers tested in Re/Gent as well as the units tested in Carrier
Holland Heating, have been evaluated by simulation results using the given dimensions
and the characteristics.
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2.2. Mathematical model of the wet heat exchanger

In this part a wet surface heat exchanger has been represented by a mathematical
model ! that consists of a set of differential equations which has been solved using
Matlab Simulink. The solutions of simulation for Static Cooler have been compared with
the test results of measurements.

The model structure is shown schematically in figure 2.4

L=L,

a

< »
<% >

X

»

Process Air,m, ,t,,®,,C,,h,

a’™a’

Water film

Wall

Primary Air,m,,t,,C,

Figure 2.4. Structure of mathematical model of wet surface heat
exchanger

The analysis of a wet heat exchanger is based on following assumptions:
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1- Thermal and moisture diffusivity in the flow directions for both air stream and
walls has been neglected.

2- Heat transfer to the surrounding has been neglected.

3- The passage walls are impervious to mass transfer.

4- Pressures and mass flow rates are constant and uniform for both air streams.

5- All the thermophysical properties and heat and mass transfer coefficients are
constant.

6- The passage geometry is uniform throughout the heat exchanger.

7- The Lewis number for air is equal to one.

8- The specific enthalpy of moist air has been written as:

H,=C,(t+273.15)+o,H, (2.1)

9- The evaporating water film is stationary and continuously replenished at its
surface with water at the same temperature.

10- The moisture content of the air in the equilibrium with the water surface is a
function of the water surface temperature according to ' ;

-5295
10*6 27315+

Oy = 5295 (2.2)
1 _ 161>< 10+6 e273.15+tw

Conservation of energy in the primary air stream:

_ ot
c,m.L, a(L—f_X)=UA(tW—tf) (2.3)

That U is the overall heat transfer coefficient between water surface and primary
air(Wm2K™):

1.3 (2.4)
h, K

For conservation of energy and water at the air-water interface:
h,Att, -t,) +h, AH (0, -, ) +UA(t; —t,) =0 (2.5)

In wet heat exchangers, such as Static Cooler, heat is transferred between a primary air
stream and a moist air stream through a water film on the moist air side of the heat
transfer surface. For conservation of water vapor in the humid or process air stream:

., Ow,
m_L g = hDA((UW —C()a) (26)

a-—a
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For conservation of energy in the humid air stream:

m,L, % =hA(t, -t,) +h,H Alo, —0,) (27)

a

Inlet primary air temperature and the inlet process air temperature and moisture content
are known and constant.
In addition, the Lewis relation is satisfied, that is

h, == (2.8)

For calculation, the Nusselt number given in the literature for flat plate’s cross section
geometry and uniform heat flow can be used: [5]

Nu =8.235 (2.9)
And
st= U (2.10)
Rex Pr

For parallel plates Reynolds number is given by:
Re=2m,(1+w,)b, / A.u (2.12)
Therefore heat transfer coefficient can be calculated as:
h,=StC,m, /A, (2.12)
2.3. Simulink Model

The model used in this simulation has been build up based on a main framework for
each element shown in figure 2.5. That can be regarded as an interaction of five main
subsystems. Figure 2.6 is the block diagram of simulation model, which was developed
using Matlab Simulink. Each subsystem is composed of a series of more intricate
subsystems. The calculation blocks are storing the response of an output.

Therefore the subsystem to calculate outlet primary air temperature can be written as:

mfcf (tfi _tfo)+UA(tw _tfo) =0 (2.13)
or:

g MG UM (2.14)
m,C; +UA m,C; +UA
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The subsystem to calculate the outlet process air enthalpy is according to:

o (Hy = Ho )+ B A, — £+ H A, - @)= 0
TE

(2.15)
Therefore
h,A hpH (A
Hao = Hai T (tw_ta)+ . (a)w_a)a (216)
ma ma
For the moist content of outlet process air:
m, (o, —o,,) +h,Alo, —o,) =0 (2.17)
m h, A
2 P, (2.18)

a)ao == a)ai + .,
m, +h, A m, +h, A

For water temperature, the subsystem can be derived from the conservation of energy and
water at the air-water interface:

h, h,H

tW = ta + fg (a)a _a)W)+
h, +U h, +U h, +U

t,  (2.19)

That o, is the moist content of air in saturation layer close to water layer with same

temperature of water film. Each subsystem in figure 2.6 contains other subsystem to
calculate all the necessary parameters.

—> tfo
tﬁ > g
tW 1 Oy
— — @y
<« ai

ao

Figure 2.5. Schematic of discretization of one of the channels for Simulink code
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Figure 2.6. Simulink representation of the model
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2.4. Sensitivity analysis

Figures 2.7 and 2.8 show how the different dimensions of the static cooler can affect
the cooling performance of the system for a typical outside condition of 31°C and 41.3 %
relative humidity and 1.84 kg/s air flow rate.

Inlet

Temperature=31°C

ly Temperatur . Length
Supply Temperature vs. Lengt Inlet Humidity=41.3%

I
o

—e— The Length of
Cooler or La

24 ir flow rate=1.84 kg/s

e returnair=0.92kg/s
A Dew Point=16.56 °C
22 A \ o
a T Wet bulb=21.1"C

o 21 — \“"\1 The number of

" 20 i —e plates=115

5 —

S 19

()

o

IS

()

|_

17 +—The height of Cooler
16 orL3
= Dew Point
15
a0 — wet bulb
0.4 0.9 1.4 1.9 24

Length(m)

Figure 2.7. The effect of dimension of cooler on the cooling performance

According to this sensivity study for constant volume of air, the bigger cooler can
have the better performance. The length of L, in these figures is the dimension in flow
direction, the length of L, in figures is the height of cooler.

Figure 2.8 shows how the cooling performance changes with increasing the number
of plates. The increase in the number of plates with constant air flow rate leads to lower
air speeds and it makes reducing in supply air temperature.

Figure 2.9 shows the effect of different configuration for cooler and air ratios on the
cooling performance of static cooler regarding dew point and wet bulb temperature. The
profiles have been demonstrated for different ratios of primary air, process air and
different number of plates as a function of cooler length of L.

As shown in these figures with an appropriate design the supply temperature can reach
below wet bulb temperature but still far from dew point.
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return a

Cooler=(

=for 2meter
Length
——for 1m Length

= Dew Point
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Figure 2.8. The effect of number of plates on cooling performance

- air ratio of 0.5 and 150 plates —+air ratio of 0.5 and 115 plates
——air ratio of 0.3 and 115 plates = Dew Point
—wet bulb

Figure 2.9. The effect of cooler length on cooling performance regarding dew point
and wet bulb temperatures for different air ratios and different number of plates
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2.5. Model solutions and comparison with test results
2.5.1. Laboratory Cooler
The picture and dimensions of this cooler are shown in figures 2.10 and 2.11.

For laboratory cooler with the characteristics as follows the test results and simulation
solutions can be compared according to table 2.1.

Figure 2.10. Laboratory cooler

Water Supply
area \
140 240 - Process air
S— “_“? / exit
. Primary air
' " inlet

(] <

1250 v

™

. 3

Figure 2.11. The dimensions of Laboratory Cooler %!

The number of elements for simulation solutions given in table 2.1 is 50 and primary and

process air flows are various as given in this table. Figure 2.12 shows the dimension and
passage cross section for these coolers.

L, =L, =1250-140-240 =870mm
L, =360mm
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L, =1000mm
by =b, =3mm

IJE I S
LJ - L ,ﬁf I P
) L=L, S L j
Figure 2.12. The characteristic of dimensions and passage cross section of

coolers

2.5.2. Demonstration Unit

For Demonstration unit tests which the characteristics of the cooler given as
follows the test results and simulation solutions can be compared according to table 2.2.

Water Supply— Process air
area \ i
125 240 o
- " A
1# Primary air

— IS inlet

100
1330 -

Figure 2.13. The dimensions of Demonstration unit 1!

L, =L, =1380-125-240=1015mm
L, =500mm

L, =425mm

b, =b, =3mm
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The number of elements for simulation solutions given in table 2.2 is 50 and primary and
process air flows are various given in the table.

The last rows in the tables show the amount of error in the results according to energy
conservation equation:
-H

mef (tfi _tfo) :ma (H (2-20)

o—process air i—process air)

Table 2.1. The comparison between test results and simulation results for Laboratory
cooler tests

Primary flow:

1.95 2.23 0.7 197 | 1.96 0.63 0.63 19
ka/s

Process flow

, 1.02 0.79 0.2 0.83 .83 23 23 1.04
:kg/s

Inlet air
Temperature: 21.9 21.7 194 204 | 215 21.2 20.9 27.5
°C

Inlet air
temperature 23.2 23.2 20.2 21.8 | 22.8 22 22.7 26.8
after fan: °C

Humidity % 345 33.9 441 | 43.1 | 38.8 | 407 37.3 40.4

Absolute
Humidity: 6.1 6 6.5 7 6.7 6.7 6.4 8.9

o/kg

Dew Point: °C 6.8 6.6 7.6 8.7 8.2 8.1 7.4 12.3

Wet bulb
temperature: 13.9 13.8 13 141 | 143 14 13.9 17.6
°C

Enthalpy:

38.85 38.6 | 36.81 | 39.71 | 39.97 | 39.15 | 39.1 | 49.65
kJ/kg

Air
temperature 16.1 17.4 15.2 15.3 15.6 15 16.7 19.9
above fan: °C

Simulation
result for
temperature:
°C

14.89 158 | 12.26 | 15.34 | 15.56 | 12.29 | 12.88 | 18.89

The comparison between test results and simulation results for Demonstration unit tests
as well as Laboratory Cooler has been given in tables 2.1 and 2.2. The outlet air
temperatures, measured and also calculated by simulation always are higher than dew
point temperature for both units. For Laboratory unit the measured outlet air temperature
always is higher than wet bulb temperature but in a few conditions could reach to wet
bulb or lower. For simulation of Demonstration unit there are a few points which results
are lower than wet bulb temperatures. However, with these configurations simulation
results never can reach to dew points. The simulation results confirm the comment that
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the plates have not been wetted properly and uniform during test measurements. Any
improvement to the performance of the system can be investigated easily and quickly
according to selection of appropriate dimension and configuration of the system and the
characteristics of air flow rate and the appropriate selection of ratio of process and
primary airs. It has typically been shown in figures 2.7-9 that how the changes in the
design and configuration of system and air ratios can affect on the air temperature.

Table 2.2. The comparison between test results and simulation results
for Demonstration unit tests

Primary flow 0.351 03 032 0.42 029 0.33
Process ko's 0.16 012 012 017 014 0.014
Inlet air 1.3 112 245 M43 153 M
Temperatmre “C

Inlet air 124 222 25 155 26.1 154
Temperatme

after fan °C

Humidity %o 43.81 4434 4045 | 3975 1407 34.62
Absolute T4 T4 5 51 80 T
Humidity glog

Dew Point °C 9.5 95 1065 1033 |11.72 | 809
Wet bulb 14.79 1472 11628 |los4 1717 |1554
temp erature

Enthalpy k)l 41.34 4113 4552 |46.28 4817 |45.38
Air temperature | 1594 1712 1357 |lo22 Jlo53 | 1293
ahove fan °C

Simulation result | 12.38 1256|1419 |[14.77 J14.72 | 128
for temperature

0['_'

Balance, 0.0017 00007 [00047 (00016 JO0O129 | D.OD23
simulation®o

The error for simulation is resulting from the difference between the discretized equations
in Simulink and the equations of energy and water conservations. The increase of the
number of discretized elements increases the accuracy, but will reduce the speed of
simulation due to the increase of the calculation time.

2.5.3. Carrier Holland heating tests

The dimension of the unit tested by Carrier HH, shown in figure 2.14 has been
given as:
La =L =1250 equivalent to 1000 + 0.75 x 250=1190 mm

L, =1000mm
L, =500mm
b, =4mm

b, =3mm
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F: I S
Ig e L 'bf I P
L=1L,
Figure 2.14. The dimension of the unit tested by Carrier HH
Table 2.3. Table of the comparison between test results and simulation results for
Carrier unit tests
mf m ti RV |t Humidity | Wet bulb m, Dew Point Simulation
a °C % °C a/kg Temperature —— | Temperature Results for outlet
kg/s kals °c Mt | oo air
Temperature °C
1.8 0.64 [29.7 |504 |23.7 |13.24 21.8 0.34 |18.3 21.99
1.8 0.64 |314 |39.2 |226 | 1131 21 0.34 | 15.87 21.19
1.48 | 051 |[29.2 |49.2 |23 12.54 21.2 0.34 | 17.46 20.88
149 | 051 |292 |714 |258 |18.37 24.9 0.34 | 23.49 24.82
1.847 | 0.64 |278 [345 |21 8.05 17.3 0.34 | 19.52 17.93
1.84 |0.65 |259 |67.9 |225 |14.31 21.4 0.35 | 21.46 21.63
1.84 |0.65 |256 |49.1 |203 |10.1 18.3 0.35 | 14.14 18.65
1.84 |0.65 |252 |339 |182 |6.77 15.3 0.35 | 8.2 16.01
1.84 | 065 |[289 |329 |203 |8.18 17.7 0.35 | 10.99 18.4
1.84 | 065 |274 |51.4 |217 |11.78 20 0.35 | 16.5 20.8
1.84 | 065 |[29.6 |69.1 | 258 |18.18 25 0.35 | 23.33 25.7
1.84 | 062 |[29.8 |499 |238 |13.18 21.8 0.33 | 18.24 22.77
1.82 | 062 |[29.6 |505 | 238 |13.19 21.7 0.34 | 18.24 22.7
1.84 | 062 |[29.7 | 505 | 242 |13.26 21.8 0.33 | 18.34 22.83
1.84 |0.62 |257 [31.8 |19.9 |6.54 15.2 033 | 7.7 15.66
1.85 |0.62 |255 [31.8 |19 6.46 15.1 0.33 | 7.52 15.49
1.85 |0.62 |256 |50.1 |20.7 |10.31 18.4 0.33 | 14.45 19.04
1.84 |0.62 |29.4 [326 |227 |835 18 0.33 | 11.29 18.94
1.84 |0.62 |295 |704 |26.6 |18.43 25.1 0.33 | 2355 25.83
1.84 |0.62 |278 |50.2 |228 |11.78 20.2 0.33 | 16.5 21.04
1.84 | 062 |274 |33 20.6 | 7.51 16.7 0.33 |9.73 17.33
1.72 | 057 |18.6 |63.2 |16.3 | 8.46 14.3 0.33 | 11.48 14.29
1.84 | 062 |257 |687 |229 |14.31 21.4 0.33 | 19.52 21.92
1.84 | 062 |31.1 413 | 244 |11.72 21.2 0.33 | 16.42 22.33

Since only 1000 mm of the cooler length is in counter flow conditions and the rest or 250
mm is in cross flow condition, regarding the ratio of efficiency for cross flow and counter
flow the efficient length of this part has been calculated and in equation 2.28 has been
considered. As it has been shown in table 2.3, the comparison between test results and
simulation results for Carrier unit tests show that simulation results are always lower than
measured values. This finding is reasonable since the faults in manufacturing of the glued
tissue sheets of the heat exchanger may happen easily and the cooler will fail to achieve
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lower temperatures as the model predicts. In addition, even the results of simulation are
higher than wet bulb temperatures.

2.6.

Summary and conclusion

The modeling and simulation in this chapter is according to differential equations
of heat and mass transfer between moist air and water film in process air side. The
equations are based on heat balance in the primary air stream and heat and mass
balance at the air-water interface in the process air stream.

The user friendly and flexible programming environment of Simulink provides an
excellent significantly to study and modeling the Static Cooler.

The simulation results of primary air temperature and process air temperature and
absolute humidity has been compared with the average value of experimental
measurements in different places according to Re/gent report as well as Carrier
Holland Heating measurements.

Any type of improvement of the performance of the system can be investigated
easily and fast according to selection of appropriate dimension and configuration
of the system and the characteristics of air flow rate and the appropriate selection
of ratio of process and primary airs.

The comparison between the reported test results and modeling and simulation
results show ability and significant potential to improve Static Cooler
performance to deliver temperatures lower than wet bulb temperature.

The simulation results confirm the comment that the plates have not been wetted
properly and uniform during test measurements.

The results show that for present configuration of dimension and characteristics
the unit is not able to deliver the desired temperature but with some changes in
design it could be possible to approach to the desired point that is below wet bulb
temperature.
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NOMENCLATURE

a Thickness (m)

A Surface area, associated with U or heat transfer coefficient (m?)
Ac Minimum air flow area (m?)

b Air passage size (m)

C Specific heat capacity (Jkg'K™)

h Heat transfer coefficient (Wm~?K™)

hp Mass transfer coefficient (kgm?s™)

H Specific enthalpy (J kg ™)

Htg Latent heat of vaporization of water (J kg ™)
Hyg Water vapor enthalpy (J kg ™)

k Thermal conductivity (W m™K™)

L Air passage length in flow direction (m)

M Mass flow rate (kg s™)

Nu Nusselt number (dimensionless)

Pr Prandlt number (dimensionless)

Re Reynolds number(dimensionless)

RV Relative Humidity (%)

St Stanton number (dimensionless)

t Temperature (°C)

U Overall heat transfer coefficient (Wm2K™)
X Distance from air inlet (m)

Greek letters

[ Dynamic viscosity (Pa.s)
® Humidity (kg kg™)
Subscripts

a process air

f primary air

g Gas

i Inlet

0 Outlet

p Plate

w water film

25
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3. AIRCOOLER

“Reprinted with permission from the American Society of Mechanical Engineers, ASME”

Introduction

Air coolers, as fin-and-tube heat exchangers, have engineering applications in air-
conditioning apparatuses. One of their applications is in hybrid desiccant air conditioning
systems in which the air cooler is one of the components. In addition, a reliable air cooler
model fed by cold water from chillers is needed to compare advanced evaporative air
conditioning systems to traditional coolers.

There are a large number of studies in this field. Kays and London ™ have

introduced various types of heat transfer surfaces. However, the estimation of convective
heat transfer coefficients is important to design a high-performance heat exchanger.
The local heat transfer coefficients on the outer surface of tubes, in shell-and-tube heat
exchangers with a staggered tube arrangement, have been visualized and determined from
heat transfer measurements by Li and Kottke. ! These coefficients are transformed to
mass transfer coefficients by employing the analogy between heat and mass transfer. An
experimental study of local heat transfer coefficients, in a staggered tube array with plate
fins, was investigated by Murray et al. '*! The results indicate that most positions on the
tubes and on the fins record an increase in heat transfer with decreasing fin spacing,
although there is an optimal spacing value below which local heat transfer coefficients
decrease. Ay, et al., [ performed an experimental study using an infrared thermovision to
monitor temperature distribution over a plate-fin surface inside the plate finned-tube heat
exchangers. They demonstrate that the averaged heat transfer coefficient of staggered
configuration is 14-32% higher than that of in-lined configuration.

Experimental results for the convective coefficient distribution in both the inside
and conical end zones of the extended surface in a finned pipe are presented for three
different flow velocities in a paper by Mariscal, et al. ©!

Bourgriou, et al. [ used the film method, which takes the influence of mass transfer on
the thermal calculation into account. They developed a model to simulate the heat
transfers by condensation of the humid air on fined-tubes bundles.

They concluded that the knowledge of the fin portion, which works in a wet regime, is
very important for the heat transfer rate calculation. In a wet regime, the effective heat
transfer coefficient of the gas phase and the apparent heat transfer coefficient with
condensation grow proportionally with the condensation flow rate. According to
Bourgriou, et al., the apparent heat transfer coefficient with condensation can exceed the
value of the heat transfer coefficient of the gas phase by 10 times.
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This statement could not be explained and was not compatible with our experimental
studies. There was a large difference between our experimental data and this result. The
modeling of heat and mass transfer in an air cooler described in this chapter was
validated by a set of experiments in the laboratory with an air cooler of eight rows. An
analysis of the experimental results shows that a correction of the heat transfer coefficient
and also a correction of the correlation between heat and mass transfer are needed. This
validated model is used to construct a graphical model for transients in the Mollier
diagram. Due to its simplicity, it requires low computing times and it, therefore, proves to
be extremely useful for year round simulation studies. The model is based on the
approach of Green. "

3.1. Heat and mass transfer modeling

The configuration of the air cooler is shown in figure 3.1. It consists of in-line coils
with extended surfaces with continuous flat plate fins. The individual tubes in a coil are
interconnected to form the required serpentine arrangement of multi-pass tubes circuits
by use of return bends, where the water flow is distributed. Therefore, the laminar flow
will be temporarily turbulent (walk in effect) in the beginning of the next tube.

190 fing

air

2X

H=400 mm

) -ulf—
o depth = 150

Figure 3.1. Configuration of air cooler for experiments, two units are connected in series,
thus 2x4=8 rows

Fouling aspects that may have a big impact on the performance are not considered. A
scale factor is applied by adding an extra heat resistance.

The configuration of the coil such as fin spacing, tube spacing, types of fins as well as the
amount of condensation on the coils and fins and the degree of surface cleanliness
determine the point at which moisture will be condensed on the coil.

The heat and mass balance is written for an element and the resulting equations
are integrated over one discrete element dl. To simplify the process of solving the
equations, the saturation curve is linearised.
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Air TAE ; )SRE
O=0.25 mm
control air volume -
coolant ZA=1‘75 mm
water K
i Mass, M
1
% ¢ |
D:ﬂ mm Di=12‘5mm D0=14 mm
Q heat flo &z
Y
£
(a) (b)

Figure 3.2. (a) discretization of a row of serpentine coils (b) fins and tube configuration

The cooler has been constructed with equivalent layers so that only one horizontal
layer is considered. In this layer the coils are situated as a kind of serpentine of various
rows. The coils are subdivided in rows and each row is subdivided in elements with
thickness dl.

Qair to pipe

m .
@ eroplets
Figure 3.3. Representation of sensible and latent heat flows for an element

The mass balance is ignored when the coil surface temperature is higher than the dew
point of the passing air.
The sensible heat to cool down the air by coil is written as follows:

= Heat need to cool the air flow

Qsensible, air—coil
H 7Dyl - Ko (T a=Te ) = CuM 1 (Tae ~To ) (3.1)
This gives:
Ty ~Tae +C(Ta-T.)=0 (3.2)

With:
C,=Hunzh, - Kopp77 I(PVAYACL) (3.3)
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For latent heat:  Qjaent airscon = Heat released by condensation

Hm;zDOdI-Kopp()_(—xs)-R-n:R-(XE—XL)-I\/'IA (3.4)
X, = Xg +C,(X=X)=0 (3.5)
A=air .
Entrence ] F=water L€aving
air temperature __ € Air cooler | TAL
absolute humidity_XAE_,
Heat & X
air mass flow —f— magss | —2
water temperature—FE—| transfer T
water mass flow

Figure 3.4. Inputs / outputs of an air cooler model

With:
C,=H,7zDy,- Kopp VUCAAN) (3.6)
Qair—>coi| = Qcoil—>water - eroplets (37)
Q.air—waﬂ = Hﬁﬁﬂﬂﬂgwcﬂ(i - TC‘/} - HD?TDU??KwdE(‘? - X.s /]Rﬂ_ (3 8)
with: 6=0 when X =%, dry 9)
& =1 when i’::-}fs wet

Qcoil—>water =HgaDdI(Te —Tg ) (3.10)

D. = diameter inside tubes

T- = temperature cooling water at place .

eroplets =H DﬂDOdI'KoppU ( )?_ XS )CwateerropIet (311)

It is assumed that: Tgroplet= Tc
If the cooler surface is dry, then:
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X =X, and X, =X, (3.12)

This gives:
_Bsz_Tc)_B7()2_Xs)+Bscrc ~-T.)=0 (3.13)
In case the cooler is dry:

B, =0 (3.14)

In this model, ideal analogy between heat and mass transfer is assumed, resulting in
Le=1:

H = A
" e C, (3.15)
Considering fin efficiency:
Hy=Hum-7 (3.16)

For the cooling water
Q.oitswater = iNCrease in heat contentof water

HezDdl- (T ~Te) =M Cp (Te e ~Te ) (317)

T. H.zD,
dd—IWL(TF ~T.)=0 (3.18)
M_.C.
ddllF +Cy(T. -T¢) (3.19)
oT,
a_&f +B(T. -T.)=0 (3.20)
I
With ¢ = —
: L
The saturation curve is made linear around the working point (X, T,) by:
Xg =Xy +TG (T - Ty) (3.21)
X =TG; - T. +REF (3.22)

In the reference working point:
Tr = 9°C and Xg= 7.26 x 10 kg/kg

REF = X, -TG, ‘T, (3.23)
TGr=5.3 x10™* and REF=0.002395

31
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TA = O'S(TAE +TAL) (3.24)
XA =0.5(XE —l—XL) (3.25)

There are 5 equations (3.2; 3.5; 3.13; 3.20; 3.22) with 5 unknown variables Ta, XaL, Tc,
Xs, and TgL.

— K3 —O ——— TFL
— +
— K7 O
TFE — + TAL
—IK11 O XL
M +
_Klg +O_ TC
—lka]—o
—{ K5 O
TAE +

|
|2 ][]
+"\

XE

Figure 3.5. K-factors relate input and outputs of one row

The equations of a slice dI/L are integrated from place | to the end value L analytically.
The unknown variables are expressed according to the known ones, which results in the
following set of equations:

T = KT +K X +K T +K, (3.26)

Ty = KT + K X + K T + Ky (3.27)
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X, =K Te + K Xe +K, T +K, (3.28)

TC = KlSTAE + I<14>(E + KlSTFE + K16 (329)
Coefficients of K have been given in Appendix C.

output
TH(n+1)

row
TF(n) | 1

Figure 3.6. Connection of rows in reality and in the model

A coil can now be described by a set of linear equations.

The coefficients K are complex equations of physical properties and dimensions of the air
cooler. Moreover, they are different for a dry and wet row. K-factors are dependent on
the surface conditions of the coil and fins.

The set of values is different for a dry or wet coil and are given in the appendix.

In the simulation, each row should be tested on dry or wet conditions and the appropriate
set of equations have to be selected.

The combined set of equations of all coils can be solved based on the linear equations,

Detection dry / wet coil surface i

TC(3i)

TD i
X(1)4> dewpoint IFTC(H)<TD
then wet

Figure 3.7. Detection of dry or wet conditions on the coil surfaces
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correlating the input and outputs of one coil. The simulation can be appropriately done by
means of Excel or Simulink, as indicated in figure 3.6.

For each row, it should be detected whether the fin and coil surface temperature is
above or below the dew point of the passing air. If it is lower, condensation occurs and all
the coefficients that are connected with condensation will be considered equal to zero.
This selection criterion is schematically shown in figure 3.7.

3.1.1. Heat transfer coefficients

3.1.1.1. Water side, glycol Effect

Considering the glycol in cold water, the coefficients were calculated. 50% glycol
was used in the experiments. Following formula is used:

FGI%

P =1000 + 65 (3.30)
0,
A =(0.6- FGI% 0.18)-10°° (3.31)
C, —422-FC% g5 (3.32)
0
ue = (1+ FGI% 4.45)-10°° (3.33)
U = =1 pe (3.34)
H. = de Nu (3.35)
Considering walk-in effect, it can be written as:
Nu =1.36(P, %)“ (3.36)
L =L-0.025-R, - D, for R, <1000
else L =L -0.025-1000- D, (3.37)
Ve D peC e
P,=R,-P = Tp (3.38)
R, = VeDipe (3.39)
He
Cele
= 3.40
P AL (3.40)

In figure 3.8 the effect of the addition of Glycol and the walk-in effect are shown.

3.1.1.2. Air side
The following formula was used to calculate the coefficient in the air side:
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H,, = 2% N (3.41)

eq

Deq 0.4
Nu =2.7( Pe’F) * for Nu >2.2 (3.42)

De
Nu = 2.26( Pe'Fq)“ for Nu<2.2 (3.43)

4-AA-D
D, =———
A

(3.44)

Effect of Glycol and the walk-in effect on heat transfer
coeficient HF kWi(m?*K)

2 i : |
15 - - —a— HF( start up+ 50 %
- . glycol
1 = ______,____——-*“’#_ =— HF (water only)
0.5 —g———2=
0 " || —Velocity water+ glycol
0.1 0.2 0.3 0.4 0.5 mws

Mass: flow of cooling medium [kg/s]

Figure 3.8. The effect of Glycol and walk in effect on the heat transfer
coefficient Hg, the walked-in effect is caused by the increased turbulence due
to the coil bends (start-up from turbulence to laminar flow)

The tubes are extended by fins which have different temperatures in those parts that are
further away from the tubes. The gradient in temperature should be taken into account as
well as the gradient in the enthalpy of the saturated air close to the fins. This can be done

by the introduction of the fin efficiency. For a wet surface, it is defined as follows:
h-h,

Uf.wet - /7— hs (345)

hs is the enthalpy of air in the boundary layer of the total surface and N is the enthalpy

of air in the location of the tube.
What decreases the heat transfer is a kind of compensation factor. If the fin temperature is
equal to that of the tubes:

H,=H, [Af"be + Do j (3.46)

Ty wet
Ap A

Also for a dry fin, the temperature gradient of the fin as demonstrated in figure 3.10
should be taken into account. According to Mac Adams and Hufschmidt ! the fin
efficiency can be written as:
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air g@g@gu -

surface of tbe

warer  EEEESHM T,

Figure 3.9. The temperature gradient and also the enthalpy gradient of the
saturated air close to the fins

_T-Thn Tgh(f.l)

Tay =7 7, f.l (3.47)
In which:
2H
f — AA
P (348)
i)
T - -
* r-
[ )
fin
f/'
| /'f sace
of tbe
¥ /

o=
Ts s
Figure 3.10. The temperature gradient of the fin

In the condensation state, the heat transfer is dependent on the parameter "f":

HAA

(1-RB)Ag, Y, (349

f=mﬁ—&h/

36
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The declination line between air temperature of 20 and 15°C is written as follows:

50X _(147-10.7)x10°

- 0.261x10% (3.50)
dh 57.2-41.9

The relation between "f” and the fin efficiency is given in figure3.11.

i8

N et

Tn.

8T-

- ]

B &

a4

63-

52

BT

Figure 3.11. Fin efficiency at different geometries (i we=0.075f >+0.505f+1.055;
if 0.75<f<3)

3.2. Experimental study

In order to validate the model, a set of experiments was done in the laboratory with an
air cooler of 8 rows. 'Y The cooler dimensions were as follows: depth 0.3 m, height 0.4
m, and width 0.4 m. The cooler had been built by means of 12 levels of coils mounted as
serpentines on top of each other. The serpentine swings consisted of 8 rows. Each of the
rows was provided by 190 fins, with a mutual distance of 1.75 mm.
The coils in the 12 levels had mutual supply and discharge. The air flowed in the
direction of the serpentine swing (parallel- flow) or in the opposite direction (counter-
flow). Because of the small temperature difference between the air and the cooling water,
preference is given to counter flow.
The cooling fluid consisted of 50% glycol and 50% water. For the fluids in the coils,
reliable heat transfer coefficients were available and were the same as the ones used in
the model.
For the heat transfer coefficient in the air side it was more difficult to find the relevant
values, because the fin configuration of passages of the air were less well defined and
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therefore more difficult to standardize in dimensionless equations. The following
procedure was applied to find the proper values of heat transfer coefficients.

First, the entire overall heat transfer coefficient U was derived from the experiments. It
can be written in a function of the heat transfer coefficients on the water and air side (Hg
Ha).

We were then able to calculate Hay from the known values of U and Hg, resulting in the
following equation:

Deq 0.4
Nu =2.7( Pe'F) “ for Nu >2.2 (3.51)
De
Nu = 2.26( Pe’Fq)o'4 for Nu <2.2 (3.52)
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For a wet cooler, it was shown that it is necessary to reduce the heat transfer
coefficients substantially to get a good agreement with the measurements.
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Figure 3.13. The schematic of the experimental setup

Table 3.1. Input and output values of air and water conditions, measured and calculated by
the physical model. No adaptation on the heat transfer coefficients

no TAE
1 314
2 303
3 261
4 258
) 217
G 218
7 309
b 30.3
9 26,4
10 26.1
11 216
12 22
13 30.9
14 299
14 26
16 219
17 224
18 30,2
19 31.3
20 298
21 26,3
22 216
23 219
24 259

AE™000 QA

14,8
18.4
10.9
19.9
10,2
15,6
14,4
18.9
10,9
20,6
10,1
16
13
19.3
201
10,6
16,3
9.3
14,7
18.2
10,6
10,1
16,1
17.4

0,48
0,46
0,48
0.48
0,48
047
047
0.46
0.48
0,45
0,48
047
0.48
0,46
0,46
0,48
047
0.48
0.48
0,46
0,48
0,48
047
047

QFE

0.49
0.52
0.49
0.49
0.49
0.49
0.33
0.33
0.33
0.33
0.33
0.33
0.16
0.16
0.16
0.16
0.16
0.66
0.65
0.66
0.65
0.67
0.67
0.65

15,6
20.8
14,3
19.4
12,8
15,8
19,9
21.8
15,3
20,7
13,6

17
204
233
217
15,4
18,6
14,8
17.6
19,9
13,9
12,4
15,4
17,5

output measured
XAL/M000 TFL

13.4
15,4
10
14,3
9.2
114
13,9
16,5
10,6
15,5
a7
12,3
13.1
18
16,6
10,4
13,5
93
12,7
14,6
9.6
5.9
11
12,4

13.4
13.9
9.3
12,1
8.7
9.8
15
15,8
11.5
14,4
9.8
12
19
20.1
15.4
13.5
15,6
10,8
12,3
13,8
3
7.9
9.3
10.6

TAL

15.24446 11,9063
19,21854 1287466
13,53258  9.069992

18,1035 12,5214
11,95097 8.430059

14,3542 1027259

19,3153 1246683
21.59124| 14401594
15,21329 9.885684
20.49201| 1408377
12,88099 8,907337
16,47822 11,43136
20.65525| 1276412
23.70277| 16,8335%
2296784 | 1596737

15,0315 1006176
19,27988  13,05072
13,21922) 5.610904
16,70437 10,98192
17.98127 12011
12,23846  8,377195

10,7956 7.763466
12,84435  9.522602
15,25393 10,70753

output calculated (model)
XAL/M000 TFL

14,67736
1547047

10,2944
14,12226
9.306475
11,15229
16,04906
17,27563
12,29562
16,04483
10,35043
13,125878
19,84273
20,36316
15.85904
13,75433

16,5344

11,8476
13,75746
15,36953
9.688568
8.625655
10,63432
12,52377
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The air cooler was tested for 24 different inlet air conditions and air and water flows
given in table 3.1. In figure 3.12 the test facility is shown, while Figure 3.13 displays the
schematic. The inlet air conditions could be changed over a wide range (for temperature
21 to 31°C and for humidity 9 to 21 g/kg).

A series of data were observed in the measurement of the air flow, water flow,
inlet and outlet temperatures and humidity, all of which are given in table 3.1.
Using the measured data as input for the model, the validation could be carried out. The
measurements of outlet air and water conditions are given in table 3.1. It shows the model
solutions regarding the measured inlet conditions. The differences between the model and
the measurements were calculated. The deviations are rather big, with an average value
of 1 Kand 1 g/kg (see figure 3.14).

3.3. Results

The experimental data and the comparison with model solutions showed that the heat
transfer coefficient itself and the correlation between heat and mass transfer had to be
adapted.

Error (measured- model);

Le=1; HA not corrected

3 ] )
]

7 - _M?}‘
= 'Y LA, . 'F{ | b —e— Leaving temperatuur |
= 4] W - . L) a =u ;
= TTR S & I 'm K° = expernim.-rmodel)
e : a8— arror abs humidity
= 1 1 4 7 10 '.F.:?t 19 22 25 28 kg

) +

2 4

number of experiments

Figure 3.14. Deviation between model and humidity of the leaving air flow,
heat and mass transfer were used, as mentioned in the text describing the model
of the air cooler

Acceptable results were obtained when the heat transfer coefficient of air was divided by
a factor Faand Lewis number Le, corrected by multiplying by a factor Fp.

The heat transfer decreased with an increase in dehumidification and the same was found
from the coupling of heat and mass transfer.
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In part load the fins were not completely wet. This means that the analogy between
sensible and latent heat only partly exists. In the model, this fact was not taken into
account. A pipe was assumed to be either wet or dry.

Error (measured-model)
HAAIFA; Le=T"FD

—— Leaving temperatuur |
experim-mogel)

—s—enor abs humidity

gy

number of experiments

Figure 3.15. Deviation between model and humidity of the leaving air flow
considering the corrections

To overcome this problem, the L. factor was multiplied by a factor that, in turn is
dependent on the degree of dehumidification. In that way, the higher the dehumidification
was the smaller the mass transfer coefficient Hp became. This was in agreement with the
experiments of Thiel in 1971. %

The factors were calculated as follows.

Correction Factor F, for convective heat transfer:

F,=03Ax+15;  Used as: l_II:AA . (3.53)

A
That Ax is in gr/kg and the correction factor F, for latent heat transfer:
F,=-0.2Ax+2;  Usedas: L, =F,-L,. (3.54)

Using these corrections the agreement between the model and the measurements is
satisfactory (Figure 3.15).
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3.4. Graphical model using Mollier diagram

A model that gives information of an ideal controlled air cooler has been developed.
This means that the desired value of the outlet air temperature delivers the corresponding
absolute humidity or enthalpy of the outlet air. Graphically the curve in the Mollier
diagram is given that represent the changes of air condition after cooling.

The intersection point with the isotherm of the desired temperature gives then the
absolute humidity or enthalpy of the outlet air.

bEd &

—— a [ig]
Haollied diagiam woor vorhige keohd
5 5 o [Hsupply | P

1 1
= = ] Y o v e e e e e =
] \. ‘}\ \\ = T \':r""f}“ - 5 f"}{

L
in
1

% Ahsolw wochighes] x = g'kg
% Felsseye wochiighedd g=
T Tavgsai s I = e

]
ihi
1

Speciists enthaipis  h= Lo
20 1 E] h lihl  Tosstards
Put ry kgl |96 [kdbeg] [dihg]  vatandening

™ BT 51 Krun'ng
T &FE 125 Vigt wreDe
T A 2d Vi e

TRY hend=70%

LI <)

Rv=relative hurmidby

Slaripunt

_ Ts !
o Seched aperdthapen &n v wWasiin i
Second arder [ferpmowe =] |20 ol
5 S approximation [Fos vouigad =] 157 okl
5 [
-5 3
' P atmespheric=101.97 kPa [ or]

Figure 3.16. A master controller dictates a set point for the supply temperature. Then the

resulting humidity is found by the intersection of the isotherm of the demand temperature

and the cooling curve. For example in figure 3.16 the cooled air is leaving the cooler with
the desired temperature Tgesired @nd the resulting absolute humidity Xsupply

This approach makes modeling quite simple and accurate. This information is
needed to define the extra energy for dehumidification. During a part of the year the
humid air is dried automatically by condensation when it had to be cool down to deliver
supply air with the desired temperature. Consequently, it can only be used for the
calculation of year round energy consumption; not for the design of the cooler.

With the detailed physical model it can be demonstrated that the change of air conditions
during the cooling process pursue definite courses similar with those drawn in the
diagram of figure 3.16. This course can be characterized with the following set of rules:
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e Airis cooled down without condensation until the relative humidity is 70% (in the
figure indicated by Try=70%)

e From that point condensation occurs and the change of air condition follows a
nonlinear curve until the absolute humidity is reduced by 2 g/kg. From that point,
indicated by T, the air is saturated and follows the saturation line.

e Applying these rules, equations can be derived that describe the cooling process
in the Mollier diagram With these data the energy required for cooling and
dehumidification can be calculated.

As demonstrated in figure 3.16 it works as follows: A master controller dictates a set
point for the supply temperature. Then the resulting humidity is found by the intersection
of the isotherm of the demand temperature and the cooling curve.

3.4.1. Linear curve approximation
The point at which the cooler becomes wet is given by:

T pena = 17.6-In( 02 K
0.813 0.813-¢,
_ 101.33X,
0.622+ X,

This point is called “bend”, indicating the condition at which condensation starts. A good
approximation of that point is the intersection between the lines of constant humidity Xe

(equal to that of the inlet air) and @Ppeng =0.7,

) (3.55)

end

with Py

The curve between bend and saturation conditions is approximated by a linear line:

T=aX+b
_ Ts _Tgobend
X, - X, (3.56)
b =T, —aX,

The saturated end condition of the air can be calculated as:

*

T =176In(-22 4o
0.813 0.813-¢,,,

) (3.57)

With Qpeng =1
101.33X

And Py = —— "0
¢ 0622+ X,

with X, = X¢ —AX and AX =0.002
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The procedure is as follows:

If Tdesired > T(pbend then
XL = XE and TL :Tdesired

If Tpgreg <T, then
T, =Tsgeq (desired temperature of air after leaving the air cooler)
= 0022Rs it p, = 08131 _0 2
101.33-P,
Else
Ty = Tiesirea

1
XL = E(Tdesired _b)

Error (measured- model) of Mollier curve method
compared to physical model

1,5 Leaving
1 4 temperatuur (
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error abs humidity
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X

! V ------- humidity error with
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Figure 3.17. The errors of graphical model are compared with that of the

physical model

Second order curve approximation

T=aX?+bX+C
The 3rd pomt to calculate the coefficients of a,b and ¢ is chosen as:
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In figure 3.17 the errors of this model are compared with that of the physical model. The
result given in figure above shows that Mollier curve method is even better.

3.5. Summary and conclusions

An air cooler, as a fined-tube heat exchanger, was modeled and simulated. In
addition, the air cooler was studied experimentally. The experimental set up was made
and the measurements were carried out for 24 different input conditions of air and cold
water. The results show that corrections for the overall heat transfer coefficient and also
for the Lewis number are necessary because of condensation.

The correction factors compensate for the simplified assumptions regarding the wet
surface of fins and the analogy between heat and mass transfer. Furthermore, the
correction factors depend on the dehumidification quantity.

The corrected model was implemented in the studies of advanced evaporative air
conditioning systems, where it was used to construct a graphical model based on rules for
transients in the Mollier diagram. Preliminary calculations show that it is very accurate
and useful for the simulation of controlled air handling systems and a detailed model was
presented in this chapter.

NOMENCLATURE

A Surface area (m?)

AA  Total front surface of the fins and pipes ( m?)

A:  Single sided surface of one fin plate (m?)

B Declination of saturation line given by Eq.3.50 (kg kJ™)

C  Specific heat ( Jkg 'K ™)

dl Thickness slice of control element, also indicated by dx (m)
D Diameter coil (m)

f Parameter regarding condensation in Eq.3.47

F Correction factor given by Egs.3.49, 3.50

h Enthalpy (kJ kg™)

H  Heat transfer coefficient (W m? K™

Hm  Mass transfer coefficient (kgm™2s™)

Kopp  Correction factor presenting the increase in the constant surface by fins
I Length of fin (m)

L Length of a tube (m)

Le Lewis number

M Mass (kg )

M  Mass flow rate (kg s™)

n Number of pipes through one plate
Nu  Nusselt Number
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Py Partial pressure of water vapor ( Pa)

Pe  Peclet Number

Pe’  Pe with “walk in effect” involved

Pr  Prandtl number

Qa  Airmass flow rate (kg s™)

Q  Heatflow(Js™)

R Evaporation heat (J kg 'm™)

Re  Reynolds number

Ry The fictitious fin diameter (m)[10]

R,  Outside diameter of the tubes (m)

T Temperature (°C)

T Average Temperature(°C)

Ty Base temperature(°C)

To  Dew point temperature (°C)

Ter  Linearization factor for saturation curve given by Eq.3.21
Tr  Reference working point temperature (°C)
V  Velocity (ms™)

X Distance between rows as shown in the figures 3.1(m)
X Humidity ratio (kg kg™

X Average Humidity ratio (kg kg™)

Xr  Reference working point humidity (kg kg™)
Vo Half of the fin thickness (m)

Y Distance between coils (m)

Zp  Distance between fins (m)

Greek letters

o Fin thickness (m)

£ Normalization factor

n Fin efficiency

A Thermal conductivity (W m™*K ™)
M Dynamic viscosity (kgs™m™)

v Kinematic viscosity (m?s™)

p  Density (kgm?)

o Constant equal to 1 if there is condensation otherwise it is equal to zero
Subscripts

A air

C coil and fin surface

eq equivalent

E inlet

F cooling water (Fluid)

46
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inside

water (in figures 3.9 and 3.13)
air (in figure 3.13)

leaving

outside

saturation

total

wet bulb

sgroryx=
O

Acronyms

FGI% fraction of Glycol
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4. DESICCANT WHEELS

“Reprinted with permission from the journal of Energy & Buildings and the American Society of
Mechanical Engineers, ASME”

Introduction

Conventional cooling systems have two disadvantages. One is high energy costs
and the other is environmental impacts. Therefore, some researchers have looked back
to the techniques of evaporative cooling that was mostly replaced by conventional
chillers. However, this system has its own problems. The main disadvantage is its
inefficiency in very humid climates. One solution is to dehumidify the incoming air by
forcing it through a desiccant so that the evaporative cooler can operate efficiently on a
dry air stream.

Commercially available desiccants include silica gel, activated alumina,
natural and synthetic zeolites, titanium silicate, lithium chloride, and synthetic polymers.
They adsorb water vapor due the difference of water vapor pressure between the
surrounding air and the desiccant surface. In order for the system to operate continuously,
adsorbed water vapor must be driven out of the desiccant material (regeneration) so that
it can be dried enough to adsorb water vapor in the next cycle.

The rotary dehumidifier/regenerator wheel appears to be the front runner in the
current desiccant system development effort. ™ The Desiccant wheel, coupled with the
traditional air conditioning system, eliminates the need for overcooling and
reheating. These desiccant cooling systems are energy efficient, cost effective (provided
that solar heat or waste heat from cogeneration installations are available) and
environmentally safe. They are used either individually or as an auxiliary system with
conventional air conditioning. In these systems, a desiccant removes moisture from the
air, which releases adsorption heat and increases the air temperature. The dry air is
cooled using either evaporative cooling or a sensible heat recovery system (used to
recover heat from the exhaust air). The adsorbed moisture in the desiccant is then
removed using thermal energy supplied by natural gas, electricity, waste heat, or solar
energy.

Another important application of desiccant wheels that makes them more
attractive for industries and researchers is their application as an energy or enthalpy wheel.
A significant fraction of today's energy consumption is due to air-conditioning of
buildings, which involves both heating and cooling. For example, more than one fifth of
the total energy needs in the United States is used for this purpose according to Corradini
and Mitchell. @ Recent requirements for clean air in offices, hospitals, restaurants and
other public buildings have resulted in a recommendation by the American Society of
Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) & to increase outdoor
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air ventilation. Since energy costs and environmental concerns are also increasing, the
task of designing efficient air-conditioning systems is of growing importance. Thermal
comfort is determined by both the temperature and the humidity of the air (ASHRAE). !
For this reason, air-conditioning operations involve both heat and mass transfer
mechanisms. These operations are either cooling and dehumidifying or heating and
humidifying.

It is possible to decrease the amount of energy required to condition an air stream
that is ventilated into a building by using rotary regenerators. They allow recovery of
energy from the exhaust air stream which is then disposed into the environment.[2;5)
Typically, rotary regenerators are used in commercial buildings, where high ventilation
rates are required, rather than in residential buildings, because the relatively high initial
cost of this equipment has to be recaptured by significant energy savings.

Heat exchangers, when combined with mass transfer, have somehow more
complex characteristics than devices that transfer only sensible energy. As a result, there
is no simple design methodology available for regenerative rotary energy wheels which
transfer both sensible heat and water vapor. Despite the lack of accepted design methods
or effectiveness correlations, energy wheels are rapidly being introduced into HVAC
designs because they can reduce cooling and heating loads in buildings. Energy wheels
can also decrease HVAC systems operating and capital costs.

Rotary heat exchangers can transfer moisture as well as heat. Three different
designs are usual in the market: [e]

» Condensation wheel

The storage mass consists of smooth, untreated metal (mostly aluminum),
transferring moisture only when condensation occurs on the warm air side and part of this
is taken up by the cold air. The occurrence of condensation causes an increase in pressure
drop. Condensation may be carried along with the air flow.

» Hygroscopic wheel (manufactures call it enthalpy wheel)

The metallic storage mass has a capillary surface structure due to chemical
treatment (pickling). Therefore (to a certain degree) moisture is transferred by sorption,
I.e. without condensation. Depending on the air conditions, condensation may also occur.

« Sorption wheel (in scientific nomenclature it is also called enthalpy wheel. although it is

not the same type of wheel as Hygroscopic wheel). Here the storage mass has a surface
that transmits moisture by pure sorption, i.e. without condensation.

In conclusion, energy costs, and other concerns such as the green house affect due to CO2
emissions emphasize the necessity of application evaporative air conditioning system
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such as desiccant technology. In addition, the reduction of peak load of the power stations
and the environmental impact such as the destruction ozone layer due to emission of CFC
increase attraction to introduce the alternatives such as desiccant cooling technology
based on evaporative cooling systems to conventional chillers.

Kang and Maclain-Cross showed that the dehumidifier is the key component of a
desiccant cooling system and the cooling coefficient of performance (COP) can be
significantly improved by improving the performance of this component. [7]

The main purpose of this chapter is to investigate heat and mass transfer
phenomena in desiccant wheels as the most important component of an evaporative air
conditioning system. This model needs to be connected to the other building models to
simulate and study the performance of different air conditioning systems.

Moist Air Drier, Warmer '

Process Air Dehumidified Air '

. Exhaust Regenerative Air

Cool Dry Air l

- To Space/Equipment ‘

' Warm Moist Air Cool Dry Air

. To Outside Exhust Air Inlet

Figure 4.2. Enthalpy Recovery Wheel 4



Desiccant Wheels 52

4.1. Basic concepts

4.1.1. Desiccant Wheels

Desiccant wheels have been widely used for air humidity treatment:
dehumidification ["*? and enthalpy recovery. 219!
In the first case (Figure 4.1), process air is dried after it flows through the wheel, which
rotates continuously between the process air and a hot regenerative air stream. The dried
air can either be used directly or be employed to make cooling following further
psychometric processes known as desiccant cooling.
In the latter case (Figure 4.2), the desiccant wheel rotates between the outside fresh air
(supply air) and the exhaust air from room.

Heat and humidity would be recovered from the exhaust in winter (Figure 4.3)
and excess heat and moisture would be transferred to the exhaust to cool and dehumidify
the process air in the summer (Figure 4.4). However, due to different operating
conditions, heat and moisture transfer behaves quite differently in the wheels. The wheel
speed is in a range of 10-20 revolution per minute for this type of wheels.

239°C
68 g
| Return Air
- From Room
£.67T°C
15 gr
Supply Air
I'o Room
kg
Outdoor Air  -122°C 16.1°C 18.3°C 18.3°C
Sgrn S5er S5pn 65 g
HO¥1 HUMIDIFIER

WATER
Figure 4.3. An Example of Heating Mode Application of Enthalpy Wheel %!
Dry air can be produced in two ways. Air can be cooled to force some of its

moisture to condense, or water vapor can be attracted out of the air stream by a desiccant.
Both processes are shown in figure 4.5.
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239°C
68 gr.
Exhaust Air

1

From Room

33.3°C
108 gr.
Supply Air
'o Room
\9
Outdoor Air 3°C 28.3°C 11.1°C 18.3°C
Process Air 1S gr. 79 gr. 54 gr 54 gr

CHILLED HOT
WATER WATER

Figure 4.4. Cooling Mode

4.1.2. Mechanical vs. Desiccant Dehumidifiers

Mechanical dehumidifiers use the cooling principle. They chill air below its dew
point, and then reheat that air with excess heat recovered from the initial cooling process.
The equipment uses electrical power. Desiccant dehumidifiers attract moisture from the
air through a difference in vapor pressures. As air is dehumidified in a desiccant unit, its
latent heat (moisture) is converted to sensible heat (temperature). Air leaving a desiccant
unit is hot, and must be cooled through a heat exchanger.

The process is powered largely by heat. Mechanical dehumidifiers are the more
widely-used technology, especially in residential buildings. Units for commercial
buildings have much higher capacity than units used in residences. Mechanical
dehumidifiers are very energy-efficient compared to other methods of removing moisture
from air. They have strong advantages at higher humidity control levels or where cooling
is needed in addition to dehumidification. Also, the technology is nearly identical to
cooling equipment and is therefore familiar to most field service technicians.

Desiccant dehumidifiers have been used more widely in industrial applications
than in commercial buildings. However, their use has expanded into commercial
buildings where there is a benefit to lower-than-usual humidity, such as supermarkets,
and ice rinks. They have also been used in ventilation of large buildings like schools,
theaters and restaurants. 71 Desiccants use much more energy than mechanical
dehumidifiers. On the other hand, most of the energy requirement is for regeneration
heat. They can use waste heat, from distributed power generation and from natural gas,
all of which are very inexpensive during summer seasons. They gain advantages as the
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Figure 4.5. Dry air can be produced in two ways. Air can be cooled to force some of its
moisture to condense, or water vapor can be extracted out of the air stream by a desiccant 2

required dew point goes down to levels where mechanical dehumidification begins to
freeze its condensed moisture, or at project locations with low-cost heat and high-cost
power. In recent years, owners have benefited from vigorous competition between
mechanical and desiccant dehumidifiers in commercial buildings. Both technologies have
been successfully applied to many buildings.

A benefit that recently comes up is the peak saving of power plants at hot summer
period when cooling problems of power plants occur due to higher demands for
electricity due to air conditioning. This results in high tariffs of electricity and makes
desiccant cooling cycles more attractive.

4.1.3. Performance of Desiccant Dehumidifiers

The amount of moisture removed by a desiccant dehumidifier depends on many
factors such as the depth of the wheel, its rotational speed and the specific sorption
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characteristics of the desiccant. But in commercial practice, these variables are fixed by
the manufacturer to provide the designer with a simpler device. To predict performance,
the HVAC designer only needs to define the temperature, humidity ratio and volume of
the entering process air, the size of the unit and the temperature of the reactivation air.
These variables interact to produce the desired process outlet moisture levels. It can be
seen that the moisture content of process air leaving the unit depends on the inlet
conditions: #%

* The drier the air entering, the drier it will leave the unit.
« The cooler the air entering, the drier it will leave.
* The hotter the regeneration or reactivation air, the drier the process air will become.

* The slower the process air velocity, the drier the air will become.

4.1.4. Process Air Temperature Rise

Dehumidification produces the reverse effect of evaporation. As moisture is
removed from the air, it releases the heat that was used to evaporate it originally. The
amount of heat depends on the amount of water removed from the air. More
dehumidification releases more heat.

In addition to dehumidification heat, a bit more heat can be carried into the
process air by the desiccant wheel as it rotates out of the hot reactivation sector. That
“carryover” heat usually accounts for less than 10% of the total temperature rise. The
exact amount depends on the wheels, rotational speed, the mass of the wheel, and the
temperature of the reactivation air. In many equipment designs, the carryover heat is
eliminated entirely by a purge sector located between the reactivation and process air and
back into the reactivation air where it can be reused to dry the desiccant.

Figures 4.5 and 4.6 show one example of typical moisture removal and temperature rise
through a desiccant unit. The exact values will be specific to each manufacturer’s
hardware. But regardless of the cleverness of the equipment design, the temperature rise
must be at least as much as the heat released by the dehumidification process. With a
Mollier or Psychrometric chart, the designer can quickly estimate the minimum leaving
air temperature as long as he knows the inlet temperature and moisture along with the
outlet moisture.

4.1.5. Post-Cooling

Desiccant equipment manufacturers use many methods to remove excess heat,
including:

* Air-to-air heat exchanger
« Indirect or direct evaporative cooling
* Vapor-compression cooling
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These alternatives are listed in increasing order of cost and cooling power. Often, the
desiccant equipment includes only a small amount of post-cooling. The HVAC system
designer uses cooling capacity located elsewhere in the system to remove any heat
remaining from desiccant dehumidification.

This strategy makes use of the fact that moisture loads are at their peak during the
early morning and evening, when the sensible heat loads on the building are relatively
low. The surplus cooling capacity available at those times removes heat produced by
dehumidification, eliminating the need to add more equipment and cost to the desiccant
subsystem.

Reactivation Air Leaving The Unit —___

Reactivation Air Heater—,
Heat Exchanger —, A
Exhaust Air—

Humid Ventilation Air
Honeycomb-Form Desiccant Wheel
Dry (but Hot) Ventilation Air

Post Cooling Heat Exchanger
Dry and Warm Ventilation Air To The Building

Figure 4.6. Desiccant Dehumidifier for Ventilation Air 2

Figure 4.7 shows an example of the simplest form of post cooling. An air-to-air heat
exchanger is mounted downstream of the desiccant wheel to cool the hot, dry process air.
On the other side of the heat exchanger, relatively cool building exhaust air carries the
excess heat out of the building. Often the exhaust air is evaporatively cooled before it
enters the heat exchanger to provide a greater cooling effect for the process air. Exhaust
air provides post cooling at the lowest operating cost. But in many buildings the exhaust
outlet cannot be located near the supply air inlet. Then outdoor air is used on the other
side of the heat exchanger. In that case, indirect evaporative cooling becomes even more
helpful, since the outdoor air is not as cool as exhaust air from the building.

The unit shown in figure 4.7 is typical of desiccant dehumidifiers that dehumidify
ventilation air for low-rise commercial buildings where packaged rooftop units are the
primary HVAC equipment. When a building has a cooling tower, the desiccant system
can use tower water for post cooling, replacing the heat exchanger shown in figure 4.7.

4.1.6. Open-cycle solid desiccant systems

The most studied desiccant cooling cycle is Pennington or ventilation cycle. 2 It
takes ambient air into a rotating desiccant dehumidifier where moisture is adsorbed.
(Figure 4.7)
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The temperature increases because of the energy released during the adsorption
process. The air then sensibly and evaporatively is cooled and introduced into the
conditioned space. The air leaving the room is also first evaporatively cooled, then passed
through the sensible heat exchanger where it recovers heat of adsorption from the supply
air. Next it is heated with low grade thermal energy and the hot air is used to regenerate
the desiccant. COP values of about 0.8-1.0 are commonly predicted for this cycle. This
means the cooling is realized with the same amount of low grade heat. An early variation
of this cycle was the “recirculation “cycle (Figure 4.8).

The difference is that the air from the conditioned space is recirculated through
the dehumidifier and other components. Ambient air is used for regeneration and then
exhausted to the atmosphere. COP values of 0.8 and less are commonly predicted for this
cycle. The definition of the thermal COP varies and there are two definitions. Some
investigators use the space cooling load divided by the thermal energy required to
regenerate the desiccant. Others use the heat removed from the process air stream divided
by the thermal energy required to regenerate the desiccant.
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Figure 4.7. Ventilation cycle
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Figure 4.8. Recirculation cycle %!

4.1.7. Adsorption Fundamentals

4.1.7.1. Porous Adsorbents

Physical adsorption is caused mainly by van der Waals force and electrostatic
force between adsorbate molecules and the atoms which compose the adsorbent surface.
Thus adsorbents are characterized first by properties such as surface area and polarity.
Van der Waals force is a weak form of intermolecular attraction between one molecule
and a neighboring molecule. All molecules experience intermolecular attractions,
although in some cases those attractions are very weak. Even in a gas like hydrogen, H,
if the molecules are slowed down by cooling the gas, the attractions are large enough for
the molecules to stick together eventually to form a liquid and then a solid.

A large specific area is preferable for providing large adsorption capacity, but the
creation of a large internal surface are in a limited volume inevitably gives rise to large
numbers of small sized pores between adsorption surfaces. The size of micropore
determines the accessibility of adsorbate molecules to the adsorption surface so the pore
size distribution of micropore is another important property for characterizing
adsorptivity of adsorbents. %%

Also some adsorbents have larger pores in addition to micropores which result
from granulation of fine powders or fine crystals into pellets or originate in the texture of
raw materials. These pores called macropores are several micropores in size. Macropores
function as diffusion paths of adsorbate molecules from outside the granule to the
micropores in fine powders and crystals. Adsorbents containing macrospores and
micropores are often said to have “bi-dispersed” pore structures. [2.25]



Desiccant Wheels 59

Surface polarity corresponds to affinity with polar substances such as water. Silica gel
and Zeolites are examples of adsorbents of this type. On the other hand nonpolar
adsorbents like polymer adsorbents have more affinity with oil than water. (%!

4.1.7.2. Adsorption Equilibrium

In practical operations, maximum capacity of adsorbent cannot be fully utilized
because of mass transfer effects involved in actual fluid-solid contacting processes. In
order to estimate practical or dynamic adsorption capacity, however, it is essential, first
of all, to have information on adsorption equilibrium. Then kinetic analyses are
conducted based on rate processes depending on types of contacting processes. The most
typical of the rate steps in solid adsorbents is the intraparticle diffusion. When adsorbed
molecules are mobile on the surface of the adsorbent, diffusion due to migration of the
adsorbed molecules is called surface or intraparticle diffusion.

Since adsorption equilibrium is the most fundamental property, a number of
studies have been conducted to determine the amount of species adsorbed under a given
set of conditions (concentration and temperature). There are many empirical and
theoretical approaches to find the maximum adsorption capacity of desiccant as a
function of the air relative humidity and temperature. 2]

4.1.7.3. Equilibrium Relations

When an adsorbent is in contact with the surrounding fluid of a certain
composition, adsorption takes place and after a sufficiently long time, the adsorbent and
the surrounding fluid reach equilibrium. The relation between the amount adsorbed and
the concentration in the fluid phase at a constant temperature is called Adsorption
Isothermal at that temperature.

Adsorption isotherms are described in many mathematical forms, some of which
are based on a simplified physical picture of adsorption and desorption, while others are
purely empirical and intended to correlate the experimental data in simple equations with
two or at most three empirical parameters.

The simplest model of adsorption on a surface is that in which localized adsorption takes
place on an energetically uniform surface without any interaction between adsorbed
molecules. This model is called Langmuir Isotherm and the equation is: [44]
W=C P 4.2)
1+CP
To understand the mathematical methods for the calculation of adsorption isotherms like

Eq. (4.1), a few basic parameters are defined and explained in the following way:

_ Number of surface sites occupied by adsorbate [Ns]
Total number of substrate adsorption sites [N]

(4.2)
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N is often numerically equivalent to the total number of surface atoms of the substrate.
The number of surface sites occupied by adsorbate molecules N, at equilibrium at a

particular temperature depends on the gas pressure, P.
The dependence of w on P at constant temperature is defined as adsorption isotherm.
Henry law is a linear approximation to derive the adsorption isotherms. The approach
is true for only low values of pressure. Therefore it can be written as a linear function in
the following way:
P =constant xW

However it is not necessary that the whole isotherm to be linear, it is possible to apply it
only to a part of isotherm.

When the isotherms are not linear it is possible to use Langmuir adsorption isotherm or
BET method; in this case Langmuir adsorption isotherm is needed to be analyzed.

In fact, the Langmuir adsorption isotherm is used to interpret the equilibrium
adsorption behavior of a number of systems and in determining the total surface area, Sa,
of solid surfaces. But the Langmuir isotherm needs some simplifications that don’t
change significantly the result of the situation. The simplifications to bearing in mind
are:

1. The surface of the adsorbent is uniform, that is, all the adsorption
sites are equal and may be occupied by only one molecule of
adsorbate.

2. A dynamic equilibrium exists between the gas (pressure P) and the
adsorbed layer at constant temperature.

3. Adsorbate molecules from the gas phase are continually colliding
with the surface. If the impact is against a vacant adsorption site, a
bond between the surface and the molecule is formed. Otherwise,
if the impact is against a filled site, the molecule is reflected back
into the gas phase.

4. Once adsorbed, the molecules are localized and the enthalpy of
adsorption per site remains constant irrespective of coverage.

There is a dynamic equilibrium:

Ka
S
M(g) + S(Surface site) — M-S

Ky
ka = constant of adsorption
kg = constant of desorption
So it is possible to write:
Rate of adsorption = k, P (1-W)
Rate of desorption = k4 W

KaP (1-W) = kg W In equilibrium (4.3
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With this equation (4.3) and the equation (4.2)

k
That C =—
kd

It is important pay attention to three special situations:

A) When the pressure approaches zero, the expression (4.1) can be
written as:

cp
1+CP

0

B) If the pressure, as expected, is so low:

KP<<<1

CP
= =CP
1+ ['small number ]

W has linear dependence on P, that is Henry’s law

C) If the pressure increases to infinity then:

cP
1+CP

This equation gives us the condition when all adsorption sites are filled with
adsorbate, there is a complete monolayer.

High values of C imply that a strong bond is formed between the adsorbate and
the substrate, if values of C are low implies that the bond is weak. Figure 4.9 explains the
influence of C on W.

It is possible to perform an analogous development to find the equation in case of
dissociative adsorption:

The above equation is modified when interaction between adsorbing molecules are taken
into account. And when adsorbed molecules are free to move on the adsorbent surface,
the Langmuir equation is modified to:
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Another te/gical example of the isotherms frequently employed is the Freunlich type
equation; 1**!

W =k P®/"™) (4.5)

P/atm
Figure 4.9. The influence of C on W

ke and n. are empirical constants that are different for different desiccants.

This equation is often considered to be an empirical equation. It is possible to interpret
this equation theoretically in terms of adsorption on an energetically heterogeneous
surface, (4?1

The International Union of Pure and Applied Chemistry (Sing “®) has accepted a
classification of 6 different adsorption isotherms. Representative shapes for these types
are shown in figure 4.10. Type | isotherms are characteristic for micro-porous adsorbents
The adsorption desorption loop is reversible and the water uptake governed by the filling
of the internal pore volume rather than the coverage of the internal surface area. The
vapor molecules within the pores are subjected to a continuous force field generated by
the surrounding surfaces. Examples of this important class of adsorbents are various types
of charcoal and silica gel. (Van den Bulck “™)

Adsorbents that are characterized by type 111 isotherms are non-porous or macro-
porous solids like polymers, graphitized carbon or silica aero gels. The intermolecular
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forces between the adsorptive molecules are much greater than the forces between the
adsorbent and the adsorptive.

As it will be shown in the following sections, the polymer desiccant investigated in this
study is characterized by such a type 111 isotherm.

The type Il isotherm is characteristic for non-porous surfaces, macro-porous adsorbents
and some compacted powders. The B.E.T. theory, named after its developers Brunauer,
Emmett and Teller, is accepted as the standard to predict the adsorption/desorption
process for this kind of isotherms. Examples for materials with type Il isotherms are
graphitized carbon, and compact powders of silica.

Hysteresis is characteristic for type IV and type V isotherms. This phenomenon is
traditionally explained by the occurrence of capillary condensation within ink-bottle type
pores and it is most often observed for meso-porous adsorbents. The intermolecular
forces for the type IV isotherm are similar to those for type I and Il isotherms. The
adsorption of water vapor on low density silica gel is an example for type IV. The type V
isotherms are similar in nature to type Ill, except that the average pore size is smaller.
Examples are the adsorptions of organic vapors on meso-porous adsorbents.

S

I
//;
m v

7

Adsorption Capacity

\| B

/

Relative Humidity
Figure 4.10. Classification of Adsorption Isotherms Accepted by the
International Union of Pure and Applied Chemistry [*®!

Type VI isotherms illustrate the stepwise adsorption in multi layers on a non-porous
surface or a macro-porous adsorbent, and is similar to the type Il isotherm. Each step
represents the coverage of a subsequent monolayer. This type of adsorption is fairly rare,
I.e., the adsorption of argon or krypton on graphitized carbon at cryogenic temperatures.
As it can be observed in figure 4.10 the type I has the best capacity for adsorption without
showing hysteresis.
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4.1.7.4. Potential Theory of Adsorption

The adsorption capacity of a desiccant material is not only dependent on the
relative humidity of the surrounding air but also on its temperature. Thus, the relation of
capacity to both temperature and relative humidity must be known in order to determine
the performance of a rotary enthalpy exchanger. It is convenient to find a function that
involves both of these parameters and allows prediction of the desiccant adsorption
capacity at any given temperature-humidity combination.

Such a function is given by the Polanyi theory which was first introduced by Polanyi “
and further developed by Dubinin. [

Polanyi introduced the so-called adsorption potential, A, and assumed that the adsorption
capacity of an adsorbent W is a function of A only:

A= RTIn(%) (4.6)
W=f (A) 4.7
P, represents the actual vapor pressure and P, the saturation pressure at the corresponding

temperature therefore % represents relative humidity. Using the definition of A

S

( Equation 4.6), the Polanyi assumption and the Clausius-Clapeyron equation for the
differential heat of adsorption, it can be shown that the adsorption potential A is the
difference in Gibbs free energy between the adsorbed phase and the saturated liquid
phase of the adsorptive at the same temperature. (Van den Bulck ™)

The advantage of this theory is that the adsorption capacity W, is reduced to a function of
only one variable and therefore the entire temperature and humidity ranges can be shown
in one characteristic curve. Dubinin 1% examined experimental adsorption equilibrium
data for many systems and showed that this characteristic curve can often be
approximated by the equation:

A
W, =W, exp(—(E—)“ ) (4.8)
0
Where w, is the total micro-pore volume and E, is the characteristic energy of
adsorption. Since this equation has been shown to apply only to homogeneous systems of
pores, a more complex equation, referred to as the Dubinin-Polstyanov equation 1*?, is
often used to calculate the adsorption capacity of an adsorbent:

W, =W, , exp _[Ei] +W, , exp _(Ei] (4.9)

0.1 0.2

4.1.7.5. Adsorption hysteresis

Hysteresis appearing in the multilayer range of physisorption isotherms is usually
associated with capillary condensation in mesopore structures. In case of silica gel it
especially is difficult to interpret. In the past it was attributed to a difference in
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mechanism between condensation and evaporation process occurring in pores with
narrow necks and wide bodies (often referred to as “ink bottle” pores), but it is now
recognized that it is a simplification of that happens. Anyway there are a lot of shapes of
hysteresis loops and they have often been identified with specific pore structures, figure
4.11 shows the different types of hysteresis loops:

H1 H2

H3 H4

Figure 4.11. The different types of hysteresis loops [**!

Type H1 is observed with porous materials known, like agglomerates or compacts of
approximately uniform spheres in fairly regular array that have narrow distributions of
pore size.

Type H2 is associated with some corpuscular systems, but in these cases the distribution
of pore size and shape is not well defined. This case is so difficult to interpret.

Type H3 is observed with aggregates of plate-like particles giving rise to slit-shaped
pores which does not exhibit any limiting adsorption at high p/po.

Type H4 appears with narrow slit-like pores, and indicates microporosity. ¢!

4.1.7.6. Diffusion in porous particles

Most of the adsorbents commercially used are porous particles. For large
adsorption capacity, large surface area is preferable; as a result large numbers of fine
pores, as fine as possible, are needed. Adsorbate molecules come from outside adsorbent
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particles and diffuse into the particle to fully utilize the adsorption sites Depending on the
structure of adsorbent, several different types of diffusion mechanisms become dominant
and sometimes two or three of them compete or cooperate. The dominant mechanism also
depends on a combination of adsorbate and adsorbent and adsorption conditions such as
temperature and concentration range.

When the total pressure is very low or pore diameter is small, mean free path of a
gas molecule, becomes smaller than the pore diameter. In this case Knudsen diffusion or
pore diffusion takes place in the macropore. When adsorbed molecules are mobile on the
surface of the adsorbent, diffusion due to migration of the adsorbed molecules may
contribute more than pore diffusion to intraparticle diffusion. This type of diffusion is
called surface diffusion. 1!

4.2. Literature review

4.2.1. Computational Background

Kang and Maclain-Cross “® showed that the dehumidifier is the key component
of a desiccant cooling system and the cooling COP can be significantly improved by
improving the performance of this component. Detailed models of the heat and mass
transfer processes that occur in a dehumidifier can be used to judge the potential benefits
of various materials and matrix geometries. Optimization of performance in terms of
flow-rate ratios, rotational speeds, and the desiccant /matrix thermodynamic properties is
also easily accomplished with these models.

Available evaluations of the performance of the adsorptive dehumidifier have
been based mainly on computer simulations. Important among the analytical methods
were the “Analogy Theory “by Banks, [4953] the “Finite Difference Method” by Maclain-
Cross ! the “Pseudo-Steady State Model” by Barlow and Worek [57.58] «Finite Difference
Method for crossed cooled Dehumidifiers”. A series of papers evaluated the performance
of the system with coupled heat and mass transfer in terms of charactereristic potentials

F,,F, and characteristic specific capacity y, (49531 and an optimization study from
viewpoint of the regeneration energy in terms of the capacitance rate parameters I ,T,

by solving the conservation equations for an equilibrium dehumidifier using wave

analysis that includes the effects of “shocks”. °" °®!

MOSHMX B4, a computer program utilizing finite differences, was based on a
detailed numerical analysis and extrapolation to a zero-grid size using four carefully
chosen grid sizes. MOSHMX was used to study the effect of isotherm shape, maximum
water content, heat of adsorption, regenerative matrix thermal capacitance, matrix
moisture diffusivity, and adsorption hysteresis on dehumidifier performance. MOSHMX
has been used extensively to model dehumidifier operations like transient performance,
purging, and desiccant property effects. Finite difference techniques have been used bg/
many researchers to obtain detailed models of dehumidifiers. The program DESSIM )
was developed where the matrix was discretized and each node was treated as a counter
flow heat and mass exchanger in which both the mass and heat transfer were assumed to
be uncoupled. ET/DESSIM is a model developed based on the DESSIM program. 1°%
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This code incorporated several improvements over the DESSIM program. DCSSMX is a
code which in the approach of MOSHMX for solving the heat and mass transfer in a
dehumidifier node has been added to the ET/DESSIM program and is more accurate than
ET/DESSIM and is widely accepted and used for modeling solid rotary dehumidifiers. ®%
These codes have been validated, with varying degrees of accuracy, by experimental data.
Recently MOSHMX has been modified to model the performance of a silica gel / zeolite,
layered desiccant dehumidifier. A ventilation cycle using this dehumidifier performs
slightly better than a cycle with a silica gel dehumidifier.

Simonson and Besant *® ¢! derived the fundamental dimensionless groups for air-to-air
energy wheels from the governing non-linear and coupled heat and mass equations and
developed effectiveness correlations for energy wheels using computational data.

4.2.2. Experimental Background

As it mentioned earlier, the most available evaluations of the performance of the
adsorptive dehumidifier have been based mainly on computer simulations. Except for the
experimental analyses to investigate validity of the foregoing computational models,
there are few papers about experimental investigation of rotary humidity regenerators.
Neti and wolf ™ have compared two different theories; the method of characteristic and a
numerical approach. They have reported that the method of characteristic appears to be
good for only a small range of conditions, generally for low values of specific capacities.
The numerical approach appears to predict the trends well, though sometimes with large
errors.

Kodama ™! proposed an experimental prediction to estimate the optimal rotation
speed and the performance of a rotary adsorber, in which simultaneous enthalpy and
humidity changes are dealt with separately by visualizing changes of state of product or
exhaust air on a psychrometric chart.

Chuah ™ studied an investigation of transient mass transfer in a parallel passage
dehumidifier with a thin layer of silica gel on the passage walls. A two-film resistance
model was used to approximate the overall transfer resistance between the process air and
the solid desiccant. It was found that the two-film model agrees with the experimental
results within the experimental accuracy. Popescu Y studied experimentally a 1M
desiccant for its capability for simultaneous removal of moisture and some selected
pollutants from air.

4.2.3. Open-cycle solid desiccant systems

Moisture removal is achieved in a conventional vapor-compression system by
condensation. In high —humidity regions this method could be very inefficient since it
usually involves reheating the air after dehumidification. VVapor compression systems are
efficient in sensible cooling, whereas desiccant dehumidifiers are efficient in handling
latent loads. Hybrid systems, which integrate desiccant dehumidifiers with conventional
cooling systems, are proven to provide substantial energy savings. (%%
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Maclaine-Cross ! proposed a system called the Simplified Advanced Solid
Desiccant cycle which gave COP values of above 2. He found that energy costs were
halved using this hybrid system. His system consisted of a regenerative dehumidifier, a
heat exchanger, an evaporative cooler and heating coils and fans, to provide the latent and
part of the sensible load, as well as a gas engine-driven chiller which is also used to take
up the remaining sensible load. This also suggests that desiccant cooling systems may
prove to be competitive with conventional systems when the desiccant units are
commercially available. Solar energy prototypes were also built by private companies in
1982, but this early attempt was discouraged by the lack of good analytical methods for
the prediction of the performance of regenerative dehumidifiers.

The methods available then were able to predict performance at rotational speeds
so low that the whole matrix was in equilibrium with the process and regenerative air
streams. Since then, a number of analytical methods have been developed in order to
understand and analyze the performance of desiccant dehumidifiers and the desiccant
cooling systems.

4.3. Governing equations

The dehumidifier is a rotating cylindrical wheel of length L and radius R with
small channels which walls are adhered with an adsorbent such as silica gel. For
simplicity it is divided into two equal sections: the adsorbing section and the regeneration
section (desorption of water vapor).

The regeneration and adsorption air streams are in a counter flow arrangement. The
schematic of a balanced rotary dehumidifier is illustrated in figure 4.12 and the analysis is
based on the following assumptions:

1-Axial heat conduction and water vapor diffusion in the air are negligible.

2-Axial molecular diffusion within the desiccant is negligible.

3-There are no radial temperature or moisture content gradients in the matrix.

4- Hysteresis in the sorption isotherm for the desiccant coating is neglected and the heat
of sorption is assumed constant.

5- The channels that make up the wheel are identical with constant heat and mass transfer
surface areas.

6- The matrix thermal and moisture properties (support material\desiccant and adsorbed
water) are constant.
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Figure 4.12. Desiccant wheel

7- The channels are considered adiabatic and impermeable.

8- The mass and heat transfer coefficients are constant.

9- The adsorption heat per kilogram of adsorbed water is constant.

10- The carry over between two air flows is neglected.

Based on the above assumptions, the model used in this analysis is transient and one-
dimensional.

One of the channels is divided into to a number of equal step discrete elements or
channels as shown in figure 4.13.
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Figure 4.13. The schematic of discretization of one of the channels for
Simulink code

For each discretized channel that identified in Simulink model as a framework
with inlet conditions for air and storing outputs and initial condition for solid, as shown in
figure 4.14, the energy and mass conservation equations can be written as follows. Mass
transfer equation for the air stream:

d(p, 2rAL)

+:U9Agpg(“’i'w°)+hmﬂ(ws-w) (4.10)
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Where:

do U
dt L

25 (0i-00)+ (4 - 0)
PyAL

:Cl(wi —, )+C2(a)s - )

2L

C, =

C, =

A
A D

Yy
L
hm

A

pLA,

Heat transfer equation for the air stream:

d( o, A,LC,T,)

dt

= PgUAC (Ty - Ty, ) +hA(T, - Ty )

dT,
T Cl(Tgi _Tgo )+C3(Ts _Tg )

dt
_h A
*pL AC,
C,=Le C,

Mass transfer equation for solid desiccant layer:

d(p, WAL )
dt

~h,A(e -0,)

Wherew , is the water content of desiccant material:

So:

pvd

— =W

Py

dw

dt

h,A ]
DALY )

(4.11)

(4.12)

(4.13)

(4.14)

(4.15)

(4.16)

(4.17)

(4.18)

(4.19)

(4.20)

(4.21)

(4.22)
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For having the equations according to the variableso,, T.,®, T , It can be written as:

st 's?

ow o owab  ow
dw=W X g | W W
86 oo, ms+(a¢ oT. +6TJ : (4.23)
or.
dw=SLo,T.) do +S2Aw,T.) dT. (4.24)
Sl((’os’Ts) :@ﬂ
2 o0,
(4.25)
2w, T) =| Wb W
20 oT. o,

So mass transfer equation for desiccant layer will become:

do, _ S0, T,)dT, | hoA (0-0,)=
dt Si(o,,T,) dt P A LS Yo, T,)
(4.26)
:_MdTS + L(O)-(Ds)
Sl(o,,T,) dt So,,T,)
Where;
h, A
C,=—n 4.27
’ pal A ( )
A, 4D, L
e _ (4.28)
Ay (D, +d,)*+D,%)
L __h
"= e (4.29)

And Le is Lewis number that here is assumed equal one for air stream.
Heat transfer for solid desiccant layer:

ARALETL) g o, LS hA(T,-T,) (430)
dT, _ h,Aq, hA
_SZL((D'(DS)'F (T 'Ts) 431
dt pdAjLCd CdpdAiL g ( )
dT,

<& =CiCs(@-0,)+Cy(T, -T,) (4.32)

Y
C, = st (4.33)

d
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h A
Sl 4.34
i Copgl A (4.34)
Relative humidity and saturation pressure can be calculated by !
__ oh
*=l062+0P (4.35)
P, _10°P, exp(—5294) (1+1.610,) (4.36)

T ’(0622+0,)

For first channel (element) in Adsorption period the initial conditions are known as:

gi :TProcess air inlet :Tg Jinitial (4-37)
('Ogi = (Dprocess air inlet (438)
Og = O ity 1N Tgi (4.39)
Tslnltlal :Tg 'Process air inlet (440)

And initial conditions for regeneration period:

Tgi :TRegeneration air inlet (4.41)
(Ogi =0 Re generation air Inlet (442)
Oy = O i 1N Ty (4.43)
Ts,initial :Tg,process airinlet (444)
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Figure 4.14. Simulink representation of the model
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4.3.1. Simulation Platform and Subsystems

The model used in this simulation has been build up based on a main framework for
each element shown in figure 4.13. It can be regarded as an interaction of four main
subsystems shown in figure 4.14. The block diagram shows the set up of the simulation.
Each subsystem is composed of a series of other, more detailed, subsystems. The
calculation blocks are storing the response of an output. For simulation of the rotation of
the wheel between two counter flow adsorption and regeneration air flow, the convenient
user defined functions regarding the time step of revolution has been built up and is
jointed to the main framework for each element . There are a number of techniques to
solve the derived differential equations. The selected scheme of solutions in MATLAB
for initial value problems is Runge-Kutta methods with variable time steps.

The output conditions of an individual channel can be considered as average
values for each section of the wheel. The time step and the time each channel of wheel
passes through the air stream can be considered to evaluate of the output conditions in
different wheel angels. A subsystem has been made and connected to the main
framework to calculate the average value of outlet air conditions profiles for both air
streams. Therefore, the model can be easily connected to the other building models. Since
the stable situation can be achieved after 5 revolutions for dehumidifier, the running time
for computer is 5 times more than the step time for each revolution. In addition, using a
few sub programming in Matlab the time calculation to produce a big number of the
desiccant wheel solutions has been provided. This improvement was especially helpful if
the simulation needed to be run many times to produce a certain amount of results. For
example, in producing simplified equations, 3000 data were produced in 3 working days
from simulation. These large numbers of results are necessary to be used in optimization
routine to make simplified equations.

4.3.2. Evaluation of the coefficients and step sizes for Dehumidifier

Regarding the derived nonlinear equations of combined mass and heat transfer we
have many coefficients that are functions of T, ,w,, that can be considered constant with

considering the average values of them. It improves the accuracy and reduces the
calculation time. Some of the coefficients are functions of 7, ws .

The present model was validated by comparing the simulated results with the published
experimental values. % The adsorption capacity of a desiccant material is not only
dependent on the relative humidity of the surrounding air but also on its temperature.
Thus, the relation of capacity to both temperature and relative humidity must be known.
It is convenient to find a function that involves both of these parameters and allows
prediction of the desiccant adsorption capacity at any given Temperature-humidity
combination. A correlation for silica gel given in the literature ™ is:
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_ (A y (A y
W =0.106 exp [ (8590) 1+0.242 exp[ (3140) ] (4.45)
A= -R T In ¢ (4.46)
So for Eq. (4._45) it can be written:
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In the experimental study, ® desiccant wheel has been used as a dehumidifier and
the wheel has 20 cm width and the silica gel wall thickness is 0.2 mm. the pitch of the
honeycomb shaped rotor used for experiments has been 3.2 x 1.8 mm. The heat of
adsorption is calculated between 2100-2300 kJ/kg. The air velocity 2 m/s for air flow in
both adsorption and regeneration periods have been reported. The important parameter in
the modeling of the desiccant wheels is rotational speed or the Time step which can be
determined regarding the time passed during each revolution of the wheel. As a
simplifying assumption, the wheel in this modeling is considered a balanced wheel with
two equal cross area and air flow rate for each part. Therefore the Time step is two times
more than the time needed for one complete matrix rotation. For desiccant dehumidifier
wheel, the rotational speeds are in the range 1-30 Revolution per Hour (RPh). The
number of time elements is determined by the maximum time of running the program and
the time increments that are variable from 0.001 to 0.1 seconds. The number of the
elements is 50 for 0.2 meter length of the wheel.

The heat transfer coefficient is calculated by a correlation for forced convection in
internal flows. As stated by Bejan, (%! the Nusselt number is approximately between 3.63
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and 4.364 for this laminar flow arrangement and the hydraulic diameter of the hexagonal
passes is estimated to be 2.25x10" m. The heat transfer coefficient becomes:

Nuk,;, w
h= D, =46.7 T (4.49)

4.4. The behavior of solutions

4.4.1. Model solutions for different wheel speeds and regeneration air
temperatures

Figure 4.15 shows the solutions of Simulink modeling for the same conditions of
temperature and humidity for process and regeneration side but in the different rotational
speeds of the wheel as the speed values are shown above the outlet points of the wheel in
that figure for both the regeneration and the adsorption sections. The solutions have been
given in table 4.1.The inlet process air has 2 m/s velocity, 30°C temperature , 8 gr/kg dry
air absolute humidity, and the inlet regeneration air has the same velocity, absolute
humidity, but temperature of 80°C.
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Figure 4.15. Variation of the state of outlet air with increasing rotational
speed of wheel for both Adsorption and Regeneration

The optimum rotational speed of the wheel with Simulink solutions is 15.5 Rph
(revolutions per hour). The rotational speed of a rotary desiccant dehumidifier is
inversely proportional to the sorption time. The rotational speed of a rotary desiccant
dehumidifier is optimum when the average outlet humidity ratio of the process air flow is
the minimum. A rotary desiccant dehumidifier operates in a manner such that the
moisture absorbed during the adsorption process must be desorbed during the
regeneration process, so when the average outlet humidity ratio in the adsorption stream
IS optimized, the average outlet humidity ratio of the regeneration stream is maximized.
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In other words, the adsorption and regeneration processes will be optimum at the same
rotational speed. According to the published studies *° the behavior of the Simulink
solutions can be estimate. Figure 4.16 shows the prediction of the optimal rotation speed
at various regeneration temperatures and compares the accuracy of the Simulink solutions
with an experimental work ! according to actual values which experimentally have been
measured in that work. As it can be seen in figure 4.16 the model can predict the
optimum speed of the wheel with very close accuracy in most conditions.

Using this model is advantageous because it treats the non-constant coefficients as
constant in different temperature and humidity therefore it reduces the calculation time.

In addition, the model has very high degree of accuracy for the temperatures and
humidities of the outlet air in different conditions.

Table 4.1. The model solutions for different wheel speeds and for both regeneration process as well as
adsorption process, the inlet air conditions are 30 °C temperature and 8 gr/kg absolute humidity for
adsorption process and 80 °C temperature and 8 gr/kg absolute humidity for regeneration process

Wheel speed Outlet Humidity of Outlet Temerature of Outlet Humidity of Outlet Temerature of
[RpH] Adsorption proce[gr/kg] JAdsorption proce[oC] Regeneration prcgr/kg] | Regeneration prcJoC]
7.5 35 46.9 12.52 62.98
7.82 3.44 47.27 12.59 62.6

8 3.41 47.45 12.62 62.42

10 3.16 49.29 12.88 60.56
12 3.04 50.64 12.99 59.22
14.75 3.03 52.03 13.01 57.83
15 3.032 52.14 13 57.74
15.25 3.038 52.24 12.99 57.64
15.52 3.045 52.35 13 57.49
16.22 3.057 52.64 12.97 57.24
16.51 3.063 52.76 12.96 57.14
16.82 3.076 52.87 12.96 57
18 3.12 53.3 12.91 56.61
20 3.2 53.97 12.83 55.92
25 3.46 55.44 12.55 54.51
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Figure 4.16. Prediction of the optimal rotational speed at
various regeneration temperatures

4.4.2. Outlet adsorption-side humidity profiles and optimum speed of
wheel

The rotational speed of a rotary desiccant dehumidifier is inversely proportional to
the sorption time. The rotational speed of a rotary desiccant dehumidifier is optimum
when the average outlet humidity ratio of the process air flow is at minimum. A rotary
desiccant dehumidifier operates such that the moisture absorbed during the adsorption
process must be desorbed during the regeneration process, so when the average outlet
humidity ratio in the adsorption stream is optimized, and the average outlet humidity ratio
of the regeneration stream is maximized. In the other words, the adsorption and
regeneration processes will be optimum at the same rotational speed. According to the
published studies ** " the behavior of the Simulink model output can be estimated.

When a desiccant wheel rotates much faster than the optimum speed, the
adsorption and regeneration processes are too short, which results in poor performance.
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Also, when the rotational speed is low, the adsorption and regeneration processes are too
long and less effective.

The outlet humidity ratio profiles on the adsorption side are shown in figures 4.17
- 4.19. In figure 4.17 the outlet humidity profile at a faster rotational speed than optimum
speed (when the adsorption time is insufficient), is plotted versus the wheel angle. This
profile shows that the outlet humidity ratio at the last point, or at an angle of 180, is less
than the average value. This means that at the end of adsorption process, the desiccant
wheel can still efficiently dehumidify the air stream.

Therefore, the rotational speed should be lower to allow more adsorption time. In
figure 4.19 the outlet humidity profile is at slower speeds than optimum rotational speed.
In this case the outlet humidity at the end of adsorption is larger than the average value;
this implies that the last portion of the adsorption process is inefficient. The rotational
speed of the desiccant wheel should increase to ignore this last ineffective portion of the
adsorption process. Therefore, to improve dehumidification performance, the rotational
speed should be in between the cases illustrated in figures 4.17 and 4.19. As shown in
figure 4.18, at the optimum rotational speed, the outlet humidity ratio at the end of the
adsorption process, or at an angle of 180, is equal to the average value. This result ** ™
is used in investigating the optimum rotational speeds of desiccant wheel, as the most
important design parameter of the wheel, when operating conditions change.

outlet humidity (gr/kg)
LT T - - T |

: ~—

e 20 40 60 80 100 120 140 160 180
wheel angle (degree)

Figure 4.17. A Simulation solution for adsorption-side outlet humidity ratio profile for
wheel at 25Rph
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4.4.3. Steady periodic solutions and stability

As it was shown in previous parts of this chapter, the model solutions are the
outlet air humidity and temperature from wheel in different parts or angles of a wheel for
both adsorption process and regeneration process. It has been assumed that the outlet airs
for all air channels in a definite angle or degree of the wheel have same temperatures and
humidities. Therefore the average of outlet air conditions profiles need to be calculated. It
has been observed that if the desiccant wheel is operating as a dehumidifier, the solutions
before the first five revolutions still are not stable. In the other terms, the solver is going
through trial and error process to find the best initial conditions of saturated air for
desiccant layer.

It takes five cycles for the solvers find the right initial values and therefore the stable
solutions can be calculated by averaging of outlet air profile for different angles of the
wheel. A subroutine has been developed and connected to the Simulink solutions
calculating the average of the profile.

The average air temperature and humidity calculated by this subroutine have
been shown in figures 4.20 and 4.21 for humidity and temperature of outlet airs,
respectively. The inlet air conditions for adsorption are 30°C and 8 gr/kg and 80°C and
8gr/kg for regeneration air. The wheel speed is 15 revolutions per hour that is equal to
240 seconds time step for each revolution. As it can be observed in these figures after the
fifth revolution the average of the outlet air conditions profiles are constant and there is
stability in the solutions. Therefore, the model connected to the building models and other
models needs the calculation time of the maximum five revolutions to produce stable
input for the other models.

For a desiccant wheel as an enthalpy wheel, which operates in higher speeds of
the range of 10-20 revolutions per minute, the step time for each revolution is equal with
typical values of 1-3 seconds. This short time steps for each revolution means that the
time steps to discretize the basic equations are in the range of 0.01 second. The results of
model solutions given in figures 4.22 and 4.23 show that solvers need more revolutions
(regarding typical time step of 2 seconds for each revolution, almost after 200
revolutions) to find right initial values to calculate stable solutions.
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Figure 4.20. Average of Simulink solutions for outlet air humidity of a desiccant wheel
as a dehumidifier (desiccant thickness is 0.14 mm)
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Figure 4.21. The Average of Simulink solutions for outlet air temperature of a desiccant
wheel as dehumidifier. The time step for time discretization is 0.1 seconds
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profile of average outlet humidity with time
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Figure 4.22. The Average of Simulink solutions for outlet air humidity of an enthalpy
wheel (desiccant thickness is 0.019mm). The wheel speed is 30 revolutions per minute
that is equal to 1 second for each revolution. The time step for time discretization is
0.01 seconds

As it has been shown in these figures, after almost 500 seconds the stable solutions of
model for average of outlet air conditions of an enthalpy wheel can be expected.
Considering the time step for a revolution, which is 3 seconds for a wheel with the speed
of 20 revolutions per minute; a long calculation time can be resulted.

As the time discretization for numerical solutions needs time steps of 0.01 seconds, a
very high memory is needed to produce the matrix of physical parameters in time steps of
0.01 seconds. Therefore, unfortunately the model for wheel as an enthalpy wheel is not
practically useful to be connected to the other building models for long term simulations.
Consequently, the simplified and faster models are derived from the physical model.
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Figure 4.23.The Average of Simulink solutions for outlet air humidity of an enthalpy wheel

4.4 .4, Effects of wall thickness on the heat and mass transfers in
desiccant wheels for air dehumidifier and enthalpy wheel

Figure 4.24 shows the optimum rotary speeds (Rph or Revolution per hour) with wall
thickness of 0-36 where o is a typical optimum thickness for such a wheel in
dehumidification. The number of channels in the wheel is kept constant; therefore, the
weight of wheel increases with increasing thickness. The resulting values of the
dehumidifying efficiency in this figure show that the optimum speed for air dehumidifier
decreases as the wall thickness increases.

Therefore, a slower rotating wheel is preferred for wheels with thick channel walls to
effectively use the available desiccant material. When the wheel is for air
dehumidification, dehumidification efficiency is defined as:

Oiniet = DOoytlet

&4 = 4.50
Oinlet ( )

Figure 4.25 shows the optimum rotary speeds for enthalpy recovery. The wheel usually
reaches the highest sensible effectiveness and latent effectiveness simultaneously at the

same optimum speed. Similar to air dehumidifier, the optimum speed decreases as the
wall thickness in the wheel increases.
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Figure 4.24. Optimum rotary speed for air dehumidification and the
corresponding dehumidification efficiency with various wall
thicknesses. The number of channels is fixed.

30 4

Enthalpy efficiency (%)

0 10 20 30 40
Wheel Speed (RpM)

Figure 4.25.The enthalpy efficiency of the Wheel

90 1
80 A
70 A
60 -
50 A
40 A
30 A
20 A
10 4

for different wheel speed

—&— Optimum Rotary
Speed (RpM)

—a— Latent
efficiency (%)

—a— Sensible
efficiency

)

0

0.05 0.1 0.15 0.2

Wall Tickness (mm)

Figure 4.26. Optimum rotary speed for enthalpy recovery and the
corresponding sensible and latent effectiveness with various wall
thicknesses. The number of channels is fixed

85



Desiccant Wheels 86

The efficiencies are defined as following way and have been shown in figure 4.26:
m (Toutlet _Tinlet )

Bs = 451
} rnmin(TSuppIyinlet - T Exhaustinlet ) ( )
(4.52)

4.4.5.Desiccant wheels in low and high speeds for different
conditions of inlet air and sorption matrix

As it was explained in the introduction of this chapter the most important
difference between desiccant wheels as dehumidifier and enthalpy recovery is the wheel
speed. It is very important to check whether a desiccant wheel can be used with both
applications in an air conditioning cycle. On the other hand, it is desirable if wheel can be
used as a dehumidifier in the speeds typically 10-20 revolutions per hour in summer and
increasing the wheel speed to a typical range of 10-20 revolutions per minute as a heat
and moisture recovery in winter applications in the same air conditioning system.
Desiccant wheels as dehumidifier need a matrix with solid layer thicker than thickness in
enthalpy recovery wheels. A typical thickness of solid layer for a dehumidifier matrix is
0.14 mm comparing with 0.019 mm thickness for desiccant layer in a commercial
enthalpy wheel. Table 4.2 gives the model solutions for a desiccant wheel with thick
matrix of silica gel or 0.14 mm for different air and wheel conditions.

The inlet air conditions for enthalpy wheel, given in the first row, are 35°C
temperature and 20 gr/kg absolute humidity for supply air and 25°C temperature and 10
gr/kg humidity for exhaust air. The outlet air conditions for a wheel with 15 Rpm speed
have been shown in table 4.2. A dsiccant wheel with thick layer matrix practically can
work as efficient as an enthalpy wheel and even better. As it has been shown in this table,
dehumidifier wheel can provide 28.77 ‘C and 11.94 gr/kg air while an enthalpy wheel
with same conditions but with thin solid layer under the same wheel speed can produce
28.5°C and 12.2 gr/kg. The outlet air conditions for the same wheel used as a
dehumidifier has been shown in the second row. The inlet air conditions are 30°C
temperature and 8gr/kg absolute humidity for adsorption air, and 90°C temperature and 8
gr/kg humidity for regeneration air. The outlet air conditions for a wheel with 15 Rph
speed have been shown in this table. A desiccant wheel with a thin layer of solid
desiccant, with a typical thickness of 0.02mm used as enthalpy wheels, can not be
function as dehumidifier although the wheel rotates in low speeds common for
dehumidification applications.

Table 4.2. The outlet air conditions for a desiccant wheel with thick layer of
solid in the matrix. The thickness of the solid layer is 0.14 mm.

Dehumidifier inlet air conditions Joutlet air conditions|return air conditions
N \% T(°C) X(g/kg) (°C) X(g/kg) |T(°C) X(g/kg)
30RpmM 2m/s 35 20 28.77 11.9 25 10

15Rph 2m/s 30 8 55.9 2.56) 90 8
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4.4.6. Sensitivity of the individual parameters

In this section the effect and the importance of the individual parameters such as
mass flow rate or air velocity, wheel speed, diameter of air passages, desiccant thickness
and inlet conditions of air temperature and humidity for process air stream as well as inlet
air temperature of regeneration stream on the outlet air conditions and dehumidification
effectiveness will be examined. The evaluation is carried out for a dehumidifier wheel
with silica gel as desiccant material and the sorption curve used in the simulation is a
correlation for silica gel using different isotherm functions given in the literature 2! or :

W =0.348¢p"** (4.53)

The dehumidifier effectiveness is defined as given in Equation 4.50. The initial
conditions of humidity for inlet air affects on the effectiveness and outlet temperature as
it has been shown in Figures 4.27a and b, 4.28a and b. For the dehumidifier the inlet airs
for both process air and regeneration air have the same absolute humidity, but different
temperatures. Figure 4.27 b shows that the dehumidifier effectiveness decreases with
increasing the inlet air temperature.

A simple linear function can be proposed to show the variation of outlet air
temperature with inlet air temperature. As shown in Fig 4.28b, outlet air temperature
increases with inlet air temperature. The wheel speed is one of the most important
parameters in the dehumidification process itself and in many other applications. The
dehumidification effectiveness for a desiccant wheel depends on the regeneration
temperature as indicated in figure 4.27c. Figure 4.28c shows the increase of outlet air
temperature with regeneration air temperature. Regarding modeling and the mass transfer
equations in this chapter, the moisture diffusion in solid layer has been neglected. As
mentioned before in this section, for constant wall thickness in the solutions here (0.2
mm) there is limitation in selecting the range for the size of air passages. This
simplification is not an approPriate assumption when the gap or air passage diameter is
small or the thickness is large Y. Therefore, for constant air passage gap for the solutions
here (2.33 mm) there is a limitation in selecting the range for size of wall thickness.
Figures 27d and 28d show the effect of solid layer thickness on outlet air temperature and
humidity efficiency. The variation of outlet air conditions with mass flow rate is
considerably high and it can be regarded as an important parameter for design purposes.



Desiccant Wheels

=

88

g GIB 55 E
T 0.6 g
= = g2l
g 3
a 0.4t — 501
=
® 02! | 48
0 0.01 0.015 0.02 0.025 46 0.01  0.015 0.02
wi (g/kg) wi (g/kg)
a a
1 :
= %)
208 15
kx] =]
0.4 [
{5
0.2
0
15 20 25 30 35 40 Ti:C}
Ti(C) b
b .
0.8 55
0.7
g 06 __ 50
g 0.5 g 45
£ 04 2
& 0.3 = 40
=
o 0.2
0.1 35
40 50 60 70 80 90 40 50 60 70 80 90
TRIC) TR(C)
c c

effectiveness
e o o o o o
By e m o =

0.05 01 0145 02 025 0.3
Desiccant thickness (mm)

d

Figure 4.27. Sensitivity of the individual
parameters for humidity effectiveness

0.05 01 015 0.2 025 0.3
Desiccant thickness (mm)

d

Figure 4.28. Sensitivity of the
individual parameters for outlet
air temperature



Desiccant Wheels 89

polonomia
fit

o
=

effectiveness
=
&
Tout(|C)
E2&E 2B ER

0.6
0551
1 4
Dh{mm)}
a e
1 T
2 0.8 1 _
%us\ =)
g, 2
0.4 ]
£
0.2t
o, . . ... ™
1.5 2 25 3 3.5 4 1.5 2 25 3 3.5 4
U{mis) U(mis)
f f
1
0.8} ]
% ﬁ—.—m _
5 0.6 ] t.___.J:
=
g 04 2
[25]
T 02
g8 10 12 14 16 18 20 § 10 15;““ 16 18 20
NﬂRI}h} ‘ P J’
g g
Figure 4.27. (Continued) Figure 4.28. (Continued)

According to the simulation data, the effect of air passages on the wheel
effectiveness and outlet temperature are shown in figures 4.27e and 4.28e. The simulation
data for different mass flow rates based on different air velocities are shown in figure
4.27f,and 4.28f. The results in figure 4.27g and 4.28g suggest that the wheel speed affects
the effectiveness and outlet air temperature and considerably impacts the outlet air
relative humidity and enthalpy. These profiles have been produced from simulation of a
wheel with the following characteristics: layer thickness of 0.2 mm, 2.25 mm hydraulic
diameter of air channels, wheel depth of 20 cm, optimum speed of 15 Rph, air
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temperature of 30°C, humidity of 8 gr/kg for inlet air, temperature of 90°C with the same
humidity for regeneration air.

45. The correlations for outlet air conditions for a desiccant
wheel as dehumidifier

To simulate an air conditioning cycle with a desiccant wheel as a component the
physical model is needed to be connected to the other models made for the other
components such as heat exchangers and humidifier and building models. The subroutine
program is needed to provide for averaging of outlet air conditions of the wheel.
However, using averaging subprogram, the computer calculation time to produce stable
conditions was long. The model requires certain reiterations to find the best initial
conditions of saturated air in the desiccant layers.

After almost 5 cycles the program can find the best initial conditions and stable
solutions for outlet air condition. But because of moving averaging method the stable
conditions are achieved after a long time that is not practical when simulating the cycle
for longer time periods of input data. The solution was to reduce the first four cycles.

The improvised program reduces the primary solutions in iteration processes and
gives the stable conditions as output in the 5™ cycle. It takes almost 2 minutes of
calculation time for each input data of outside air conditions.

Although this improvised model is able to produce steady state conditions in
acceptable calculation time and can be connected to the other building models, the
memory needed to simulate a typical air conditioning cycle for a whole year is still very
high.

This problem can be solved by making simplified equations to produce outlet air
conditions according to inlet air conditions and the wheel speed. The improved Simulink
model is able to produce a large number of solutions in a short time. Therefore 3000 data
could be produced in 3 working days. The range of input data was 15°C to 35 °C for air
temperatures and 4 gr/kg to 16 gr/kg for air humidity.

45.1. Correlations

With these input conditions, 3000 solutions of the model were produced
according to different wheel speed of 10 to 18 revolutions per hour. In addition, the range
of air speed was from 0.5 to 3.5 m/s. The regeneration temperature was chosen from 35-
90 °C.

Having produced data, an optimization routine in Matlab can produce different
mathematical functions to correlate these data in simple equations for outlet air
conditions of temperature and humidity. The range of variation of these conditions is
fairly vast. In addition, the nonlinear behavior and complexity of the system for the
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variations of different parameters required a comprehensive study on sensitivity of
model.

Having studied the sensitivity of solutions and evaluating the behavior of model
solutions for air conditions in the Mollier diagram, two variables needed to correlate
different physical properties to outlet air conditions have been chosen. These variables
are:
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The first variable is variations of air temperature divided by the variations of air humidity
after passing the wheel. This variable can be better understood on the Mollier diagram as
shown in figure 4.29. Adsorption is a constant enthalpy phenomenon, however, the
enthalpy of air after passing through rotating wheel, between hot and process air stream,
changes only by sensible heat exchange between the two air streams. As it can be
observed in this figure, % is related to the slope of the line connecting inlet and outlet
air conditions in the Mollier diagram. Sensitivity analyses show that this variable changes
very slowly for a known range of conditions and is almost constant in that area.

This fact helps relating the linear functions that correlate different parameters to
each other. For the 3000 data produced by simulation, this function was calculated and
different area was selected to make different correlations according to the range of
variations of this variable. Fortunately, the variable for practical range of the air and
wheel conditions that is fairly large is not changing a lot and remains almost constant. In
addition, sensitivity analysis showed that the regeneration temperature T, has a

significant effect on the variations of outlet air conditions; therefore, the other variable

ﬁ—T has been selected as an appropriate function to make the second correlation.
R

Following this methodology and considering the range and amounts of these two
variables for the 3000 data, produced by the physical model, different area was
designated for optimization routine in Matlab. More than 1500 data in the range were
given by equations (4.54) to (4.58) and the simplified equations have been developed.

inletair temperature:  15°C <T, <35°C (4.54)
inlet air humidity for both air streams:  5gr/kg < X,, X, <12gr/kg  (4.55)
inlet air speed: 1.5m/s<V <3.5m/s (4.56)
Wheel Speed:  10RpH < N <18RpH (4.57)
Regeneration air temperature: ~ 60°C <T, <90°C (4.58)

The correlation created in Matlab will be more accurate when used for the data
with the more number of frequencies and less accurate when used for the data with less
frequency in the list of generated data. Therefore, the large numbers of data was chosen
in the most practical area based on weather data and design conditions of wheel and air
speed.

The correlations are:

‘% =0.0723N —0.286V —0.0401X , —0.178X, +0.0225T, +0.0077T, +3.7833

(4.59)

_Ar—T = —0.0053T, —0.0527V +0.0041N —0.003X , +0.0127 X, +0.001T, +0.3042

R

(4.60)
Therefore the outlet air humidity and temperature can be calculated by:
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AT

Tout = Tin +TR T_ (461)
R
T ou _Tin
Xout = Xin _AtT (462)
AX

In these equations X, and X. are the air humidity of regeneration air and inlet air,

respectively expressed in gr/kg dry air; Vand N are air velocity and wheel rotational
speed expressed in m/s and revolution per hour, respectively; and T,and T. are
regeneration and inlet air temperatures expressed in °C, respectively.

4.5.2. Accuracy of Correlations

Figures 4.30 and 4.31 show a comparison between the air conditions calculated
using the correlations and the air conditions calculated by the simulation model.

In figure 4.30 the outlet air temperature has been calculated from the correlation

for almost 1500 data with £2.8% error when comparing the simulation results for the inlet
air and the wheel speed in the range given by equations (4.54) to (4.58).

Figure 4.31 shows a similar comparison but for air humidity with £8.5% error.
The definition of error is based on a reference value that is an average of all conditions.

Comparison between simularion and correlation results
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Figure 4.30. The comparison between simulation solutions and the results of

the correlations given by equations (4.59) and (4.60) for air temperatures
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The frequency of the errors for these 1500 data has been shown by the histogram
in figure 4.32. The optimization routine in Matlab can calculate the coefficients in
equations (4.59) and (4.60) more accurately for area with higher frequency.

Therefore, the data are chosen in the most practical area according to the weather
data are shown in figure 4.33. The different areas on the diagram have been categorized
according to cooling load and probability. The highest cooling load has been calculated
for area 11. Areas 12, 7, 4,5,9,3, and 13 were next, respectively. For cooling load this
selection highly depends on the orientation of the building and the type of solar shading.

The areas with the error more than 8.5% are related to the data in the boundaries

of the range given by equations (4.54) to (4.58). For this reason the frequency for the
lower errors is larger in figure 4.32.

Comparison between simularion and correlation results
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Figure 4.31. The comparison between simulation and the correlations
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Figure 4.32. The frequency of error of results ~ Figure 4.33. The weather data or air conditions
of air humidity given by the correlations that happen in Holland during a year (the reference
year 1964) on the Mollier diagram

45.3. The effect of errors in correlations on the results of simulation
of a typical cooling cycle for supply air conditions

Figure 4.34 shows the variation of air conditions on the Mollier diagram for a
simple desiccant cooling cycle. The air with the conditions shown as Al passes from
desiccant wheel and dried and heated up to the point B1. Then after a heat exchanger with
72% efficiency it will be cooled down to C1, and with a simple evaporative cooler it
reaches to the conditions shown as D1 in the Mollier diagram. The points C2 and D2 are
the air conditions if the air after passing the desiccant wheel is in B2. This means that a
maximum error of 20% to calculate air humidity of B has resulted in 7% error for supply
air temperature of D. These typical results indicate that the error in calculation of the
supply air in a desiccant wheel system is reduced by 3 times when compared to the error
in the calculation of the air conditions after the wheel.
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Figure 4.34. The figures of B1, C1, D1 show the air condition on the Mollier
diagram in different parts of a cooling cycle while B2, C2, D2 show them if they have
been calculated with maximum error for humidity and temperature

4.5.4. Sensitivity Studies and Control Variables

The simplified equations or correlations to calculate outlet air conditions given in
the previous parts of this chapter have been presented according to inlet air conditions for
both air streams as well as the most important parameters.

These parameters are wheel speed and air velocity. In figures 4.35 and 4.36 the sensitivity
of model solutions for outlet air conditions of temperature and humidity as a function of
different physical parameters have been shown.

The data are for a typical air condition of 30°C and 8gr/kg for adsorption air and 80°C and
same humidity for regeneration. The air velocity and wheel speed are 2 m/s and 15 Rph,
respectively. In addition, these normalized profiles can help to recognize the most
important parameters for controlling the desiccant cooling systems. Regeneration
temperature is the most effective variable for controlling these systems.
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The outlet air conditions can be well approximated as a linear function of the
regeneration temperature. In other words, the process gain factor or the derivative of this
profile for the temperature decrease is considerable and almost constant. Therefore, it is
an appropriate variable for control purposes. As it can be seen in these figures optimal
values for characteristic of desiccant matrix are desiccant thickness and the air passages
sizes. The increase of these parameters does not have a significant influence on outlet air
conditions. The characteristics of sorption matrixes as designed by the manufactures are
usually in the optimum value shown in these figures.

4.6. Analytical approach

The correlations derived in this chapter can be used only in the limited range of
air conditions given by equations (4.54) through (4.58). Even in the boundaries of the
limited range the error can be significant. Therefore, an analytical approach which can be
derived from simplification assumptions was carried out and will be presented in this
part.

4.6.1. The basic equations of heat and mass transfer

The basic equations of heat and mass transfer for air and the air in saturated layer
in desiccant material were derived in this chapter as:

~

pCAdX% = pCUuA(T —(T +%6’X)) +hA'(T -T) (4.63)

oT oT
“u-D+
ot OX

hA
pPCAdX

(T,-T) (4.64)

In the steadystate conditionsfor air heat transfer equation will be as:
dT hA'

- T -T
dx upACdX( »T) (4.65)
dT 4h
S A, -T
dx upd,C (T =T) (4.66)

In a similar way for mass transfer equation for air:
dx 4h

o X —X
ax uCdpm ) (4.67)
dx 4h
— = X —-X
ax uCdpm ) (4.68)
leoy A 4 A1
T Adx d, Adx S



Desiccant Wheels 99

X_:air humidity in thesaturated layer of Desiccant. Heat transfer equation for desiccant

layer can be written as:

£,C, Adxﬂ hA(T Tm)+quddx (4.69)

A, =Total cross section surface of desiccant and Aluminum layer
A’ =Heat and mass transfer surface

A =7((R+6)* —R?) ~27R5 =d 57 (4.70)

oO'is half of the coating layer thickness . Therefore:
£.C, Adx d —h gA'(X — X, )+hA(T -T,) (4.71)
dT, _dT, hq

X —X -T,) (4.
o dt pc,ec X Xm 5T T (472)
Mass transfer equation for solid layer will be as:
%pdAdX h A(X =X ) (4.73)

Since the information about adsorbed amount of water vapor is given according to
relative humidity of air it can be written as:

OW _ oW 0p X, W dp OT, _o X, o OT,
& OpdX, ot dpoT, a2t

(4.74)
For example for a typical sorption curve as:
W =0.348¢p"15 (4.75)
itcanbewritenas:
6 5294 X
= m 4.7
v =10 e 5732 61X ) (4.76)
5294 10
S, =0.23p %% 4.77
0= 0280 e ) ey 1Y)
-5294
S, =0.23p% ——=—~° 4,78
2= T3 24T, ) (4.78)
Therefore in general it can be written according to S, and S, as:
dXx dT, h, A
S m4S,—"= m X=X 4.79
1 dt + 2 dt pdAdXC ( m) ( )
dx h, A’ h

= = (X = X) =S (e (X = X) +

-T
Yt p,AdxC, c5c P AL
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(4.80)
[ h  hsqg | hs, ~
a - X "‘)(slcdpdac pdCd5C81) pdled5(T Tn)

(4.81)

Therefore the coupled and nonlinear heat and mass transfer equations for air and solid are
derived as:

dT 3
dX ~
W_a(xm X) (4.83)
dx,,
T:ﬁo(x_xm)—i_ﬂla— -T) (4.84)
%:z(x CX,)+k(T-T.) (4.85)
Where:
4h
o = 100C (4.86)
~ h=hS,q
Bo(T, X)) = Sp.C0C (4.87)
— hSZ
ﬁl(va Xm) - ,Od 81Cd5 (488)
__hq
= 5C.0C (4.89)
h
k = 4.90

4.6.2. The approach and solutions

It can be assumed that the saturated air temperature in the small length of wheel is

constant, and only varies with time or T (t) . In other words, the lumped model can be
applied for saturated air temperature and humidity so:

0T m

0 (4.91)
dar dT, =

gt (4.92)
WD) (4.93)
(T,-T)

After integrating in the length of the wheel L:
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e =Te) gy (4.94)
(Tn—=T,)

T -T

exp(-al) = -~— (4.95)
Tm_Tin

Tour =€ (T, _-rm) +-ITm (4.96)

- T,.,—-e°T

T = lour i

m (1_e—aL) (497)
Similarly:

Xour :e_aL(Xi _Xm)_'-)zm (498)

va XOUT _e_aLXi

Xy ==y (4.99)

The integrating of the equations heat and mass transfer for solid layer may result in useful
parameters of average of outlet air humidity and temperature:

b dT ) ty
OTZOV(X —xm)+0jk(T -T.) (4.100)

t, is the time for a revolution that is related to wheel speed N as:

tO:% (4.101)

Tm (to) _Tm (0) = ﬂ’to()zout - )zm) +kt0 (-rout _-rm) (4102)

T,(0)~T, (4.103)
T —e“T

T t ~ out i

m (%) ey (4.104)

It can be assumed that at the optimum Speed : T, (t,) ~ T, , therefore:

1 1 =
— e_aL ) - 1— e_aL )Tout

—al —-alL _p—alT _
ekt T, L8 A X —e7T, T

1-et  1-egt 1-et

1 _
0 = ﬂto (1_1_e——0[|_)X0Ut + (kto(l—l

(4.105)
Also, for mass transfer equation the similar integrating can be done:

Jf?—tmdt = [ B(X = Xp)dt+ [ AT T, )dt (4.106)
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It is desirable to simplify this integral with some assumptions to calculate the average of
outlet air conditions:

Xm(to) - Xm(o) ~ Boto(xout - >zm)"'lélto (-rout _-rm) (4-107)

Xout (to) _e_aLXi

X0 (0) = X, X, (t,) = ,in optimum Speed: X, (t,) = Xout

(1_e—0:L)
Xou t _e_aLXi — — _ _ _ _
t(g-o_)e—aL) = ,Boto(xout - Xm) + ﬂlto (Tout _Tm) (4108)
Bt Bt e—OCLX e—aLX Bt e_aLT (4109)
— 2+ _ 10 oo i i )t i
Tou (A 1—e‘“L)+ 1 g 1 g 1 gd
a)zout +b-|:0ut =C (4110)
oo +€Tou = 1 (4.111)
So:
; 1
a = .-'-_3‘0(4;—1 _e—uL )

J

1 1
b=(kt,(1-
Jf_

/T -
eaL j_euL

ek, T, i, X, —e™T,

c=-— + 1
j_e—cd. }_e—uL j_e—qi, i
_ B ! (4.112)
d=(1+B,t,——22— )
ﬁfr /] J—C?_uL Jr—(.?_uL

Pifo

e=(Pyty - J_oL /

- (X,(Byt, + 1)+ Py, T, )

1-e™

f=

4.6.3. The investigation of the simplified assumptions

The equation of mass transfer or equation (4.84) is nonlinear according to the coefficients
of AT, X,) and A (T,,, X,,). Integrating of the equation (4.106) was done with a very

simplified assumption that it needs to be studied.



Desiccant Wheels 103

0 T 12
-0.0002 - 10
-0.0004 - &
—52
-0.0006 - 6 w51
-0.0008 - 4
-0.001 - 2
-0.0012 0

Figure 4.37. The functions of s (T,,, X,,) and S,(T,,, X,,) according to time
for a revolution or after t, seconds

Figure 4.37 shows the functions of s (T,,X,,)andS,(T,,, X,,) change with respect to time

for a revolution or after t, seconds.

Figure 4.38 shows the behavior of g(T,,X,) and 4,(T,,, X,,) during a revolution as they
are defined as functions of T , X, through equations (4.87) and (4.88). Figure 4.39
represents the term of integration given by model as:

[ A,(X =Xt (4.112)

The blue line (real values using model), presented as real in figure 4.39, represents the
integration described in equation (4.113), and calculated by model. In this figure it has
been named and shown as real values.

The red line (simplified with assumptions) is the result of the approximation given by
assumption made in equation (4.107).

The same analogy can be carried out for the integration of:

[ AT -T,)dt (4.113)
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As it can be observed in figure 4.40 the difference in real result of the integrating term of
(4.114) with the approximation value given by (4.107) illustrates the effectiveness of this
assumption implemented by this approach.
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Figure 4.38. The behavior of g(T,,X,,) and z,(T,, X,,) during a revolution as
they are defined by equations (4.87) and (4.88)

4.6.4. Example

A Simulink model has been made to calculate the outlet air conditions of a
desiccant wheel from this approach. This model can easily connected to the other
building models for any long term simulation of different air conditioning cycles.

In this part one example has been presented to clearly show how this approach works.
The air conditions for both air streams as well as the other characteristics of wheel and air
have been given by:

T,=30°C, X,=8gr/kg, N=15Rph, u=2m/s, s =0.1mm, d, = 2.25mm, L=0.2m,
T, =80C, X, =8gr/kg,
h=46.7W/K.m? , p, =1400kg /m*,C, =1200J / kgK,C =1000J / kgK,q = 2500000J / m?
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The solutions can be obtained based on trial and error method as:

.- T +T, X +X
Initial guess: T, = 5 R =55 X, =———R~ =.004
Sl = Sl(Tmo’ Xmo)
2 =O3XSZ mo’xmo)
0.0001
0.00008
0.00006 f\ —— beta0*(Xm-X)
0.00004 \ —— si_mplified
with
\ assumptions
0.00002 ——reavalue
\ using model
° \K\\
-0.00002 .
-0.00004

Figure 4.39. The comparison between integrating term given by equation (4.107) and
calculated by model, with simplified term of (4.113)

a=34.6

B, =7.66E-02

B, =3.06E-05
A=695, k=0.28
a=-8.26E+01

b =-1.03402299

¢ =-51.68134404
d =-1.01E+00

e =-3.64E-06

f =-0.003189976
-8.26E+01X , +-1.03402299T, = -51.68134404

-1.01E+00X, +-3.64E-06T, =-0.003189976

T, =50C, X, =3gr/kg

The trial and error calculations should be continued and completed until the following
two conditions are met:

1-Tyand X, are close to T, and X, from the previous step.

2- forN, we need to get minimumxX .

initial guess
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Figure 4.40. The difference in real result of the integrating term of (4.107) and
approximation value given by (4.114)

4.7. Dimensionless groups

The correlation given by (4.59) and (4.60) are based on typical characteristics of
commercial desiccant wheels from 3000 data produced by Simulink model and for a
typical wheel with given information for desiccant matrix by industries’. Therefore, the
developments of a correlation based on dimensionless groups that are not limited to a
typical matrix are needed to be made. These correlations have been derived using
optimization routine in Matlab and using dimensionless groups.

New variables are defined as:

T =
— (4.114)

T
X

= 411

X C ( 5)

! Hoval and DRI wheels
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h: heat transfer coefficient

d, : hydraulic diameter

u: air velocity

T,, - airtemperatureinthe saturated layer of Desiccant
A’ heattransfer surface

A air flow crosssection surface

Therefore the heat transfer equation for air can be written according to new non
dimension variables as:
dT* T.-T,  4h -
— R (T, -T)(T.-T 4.116
dx* L UpdeC( R |)(Tm ) ( )
Therefore the dimensionless group of C; can be resulted as:
4Lh

C =
=C, ipd.C (4.117)
New parameter of time can be introduced as:
t"=txN (4.118)
And for air humidity:
. 2X
(X, +X.) (4.119)

The heat and mass transfer equations for solid matrix will be derived as:

aT,  2h q ow
Zd - T-T )+——
" PdCd5( m)+Cd P (4.120)
oW  2h
=1 (X-X
o 1%5( m) (4.121)
oT,”
N x -T d _
(TR I) 8t*
2h . . 4h, . .
Mo =TT =T, )+ 0 (X + X)X = X))
PsCy0 Cq P4
(4.122)
Therefore, dimensionless groups are:
_4Lh
1 upd.C (4.123)
2h
C, = (4.124)

?" p,C,6N
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q 4h, (Xz+X))

__1 m

ST, PN (T, —T) (4.125)

The selected functions to make correlations are:

Tout _Tin

TR +Tin (4.126)
Xin B Xout

X, + X, (4.127)

Using same optimization routine and with data from Simulink model these correlations
have been made according to the dimensionless groups:

Tou Ti
i t R_ =0.036 x( :1 +O.426><C2 +0.226><C3 (4.128)
W . 2 XC]_ 529)( 2 1 541X 3 (412 )

Figures 4.41 and 4.42 show how the outlet air conditions of humidity and temperature
calculated by the correlations in (4.129) and (4.130) can be compared with the results of
simulation for a number of data produced in different air and wheel conditions.

The correlations given by equations (4.59) and (4.60) are based on physical parameters
and are more accurate although they have the disadvantage that are applicable only for a
typical characteristic of wheel given by manufactures. However, since they have been
chosen according to physical facts governing adsorption phenomena they posses the
physical properties of adsorption in the solid material and provide additional information
for mathematical functions. The correlations made for dimensionless groups, although are
independent of the wheel characteristics and can be used for all different matrixes, are
less accurate since they lack physical information and are pure mathematical functions
designed to fit a number of data. Considering this point and the fact that typical
characteristics of wheel provided by the industries represent the optimum and practical
values the correlations of (4.59) and (4.60) have been chosen for year-round simulation of
desiccant cooling systems, in chapter 6 of this thesis. Figures 4.35 and 4.36 compare the
effect of different variables and show the typical design parameters according to the
information provided by the manufactures about the characteristics of the matrixes in the
optimum area. Table 4.3 shows a comparison between different approaches.
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Figure 4.41. The comparison of simulation results with the results calculated by the correlation
given by (4.130)
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Figure 4.42. The comparison of simulation results with the results calculated by the correlation
given by (4.129)
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Table 4.3. A comparison between different approaches.

Inlet Conditions | Physical model Correlations Analytical model | Correlations

Non dimension

T,'C  X;g/kgi Tout C Xowt 9/KGi | Towt C Xou O/KGI | Tou C Xowe 9/Kgi | Tow C Xour 9/Kgi

30

8 52.14 3.03 50.7 3.48 5457 2.38 5128  2.98

25

6 46.28 2.07 45.8 1.76 | 519 1.58 47.65 1.20

4.8.

Summary and conclusions

The basic concepts of this area of study such as the most important numerical and
experimental studies of desiccant wheels have been reviewed and presented in this
chapter. A survey of the literature dealing with this subject was also discussed.

The Simulink model of heat and mass transfer for desiccant wheels was
developed and improvised to produce results in shorter computer times. It can also
more efficiently be connected to other building models. However, because of the
limitation of computer memory and long calculation time, it was necessary to use
simplified models in the application of year round simulation of desiccant cooling
cycles.

Desiccant wheels with a thick layer of solid desiccant are used in
dehumidification applications at low speeds of 10-20 Rph. However, the results of
the simulation show that the same desiccant wheel can easily operate as heat and
moisture or enthalpy exchanger at higher speeds of 10-20 Rpm. Therefore, a
desiccant wheel with a typical thick solid layer, which is common for
dehumidification applications, is able to operate for both winter and summer
applications just by changing the rotation speed. For summer applications the
wheel works at lower speeds and for winter applications the speed needs to be
higher. But, a desiccant wheel with the typical thickness of solid layer for
enthalpy wheel is not able to provide the necessary dehumidification needed for
air drying.

The sensitivity study revealed the most important parameters or control variables.
In addition, the behavior of model solutions for wheel efficiency at different
speeds was compared with the published experimental data. In addition, results of
the theoretical papers were recreated.

Having studied the behavior of the system at different conditions and sensitivity
studies, two physical parameters have been chosen to make simplified models or
correlations.
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» Using 1500 input data of model solutions, two correlations have been developed
by an optimization routine program in Matlab. These equations correlate outlet air
conditions with input air conditions, air streams, wheel rotation speeds and air
speeds.

» The correlations are limited since they can only be used in the given range of air
conditions and wheel speeds. However, this range is useful since it covers the
practical situation that includes the actual weather of Europe according to weather
data (Figure 4.30).

» The maximum error to calculate outlet air humidity by these correlations is
18.5%, and £2.5% for air temperatures.

» The error increases in the regions near the boundaries within the valid range. In
other words, for air temperature, humidity and velocity at the minimum or
maximum borders in the valid ranges larger errors are produced.

» The change in air conditions in the Mollier diagram show that the error in
simulating the desired supply air temperature decreases the error of the desiccant
cooling wheel by a factor of 3. Therefore, even in ranges of low accuracy the
correlations are useful.

» These simplified equations will be used in programs such as Enerk and VABI.

» The correlations presented in this chapter are based on typical information for
wheels prepared by manufactures. For wheels with other characteristics, the
equations would need to be modified.

» The dimensionless groups were derived and new correlations were presented
according to the functions of these groups. Although they have the advantage that
they are not restricted to the typical wheels, they have less accuracy than the
correlations for typical wheels. The simplified equations based on the dimension
groups are more accurate, because they have been selected based on physical
phenomena. In addition, the information used for a typical wheel are optimum and
for a practical mater the different characteristics of different wheels are not as
important as the control variables.

» Although the accuracy of correlations is acceptable within a margin of error for
typical European data weather, they are not accurate for different climates,
especially when all the variables are in the boundaries of ranges. Therefore, an
analytical approach using physical simplified assumptions have been introduced
and presented in this chapter. This analytical approach has been compared with
other approaches. In addition, an example was presented in this chapter showing
how to calculate outlet air conditions using this analytical approach.
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NOMENCLATURE

A Adsorption Potential (kJ/kmol)

Ac Interface area in a channel (m?)

Ad Cross section area for desiccant layer in a channel (m?)
Ag Cross section area for air flow (m?)

C Isobaric specific heat (J kg*K™)

ds Thickness of the desiccant coating (m )

Dn Hydraulic diameter of a channel (m )

Eo Characteristic energy of adsorption( kJ kmol™)
h Heat transfer coefficient (W m2K ™)

him Mass transfer coefficient (kgm=S™)

H Enthalpy ( kJ kg™)

Ke A constant in Freunlich equation

L Depth of the rotor (m )

Le Lewis number

m Air flow rate (kg s™)

Ng A constant in Freunlich equation

N Wheel Speed

Nu Nusselt Number

P Pressure (Pa)

q Adsorption heat (J kg™)

R Gas constant (J kg 'K ™)

t Time (seconds)

to Time for one wheel revolution (seconds)

T Temperature (°C)

Tm Air temperature in saturated layer(°C)

u Control variable

U Velocity (m/s)

\Y/ Velocity (m/s)

wW Water content of the desiccant material (kg kg™)

Distance (m)
Air humidity (gr kg™
m Air humidity in saturated layer(gr kg™)

X X X

Greek letters

Typical thickness(mm)
Efficiency
Density (kg m™)
Relative humidity
Humidity ratio (kg kg™*)
s Humidity ratio of air in equilibrium with the desiccant (kg kg™)

£EEg6D ™ O
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Subscripts

d desiccant

e enthalpy

g gas

[ inlet

I latent

m moisture

min the least value of process and exhaust mass flows to calculation of efficiency
0 outlet

S saturation

st sensible

Vv water vapor
Acronyms

Rph Revolutions per hour

Rpm Revolutions per minute
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5. MODEL VALIDATION

Introduction

The purpose of this chapter is to set forth a concise description of the validation of
the model described in Chapter 4. The test data and information prepared and supplied by
Carrier HH is used as well as some experimental measurements for two different wheels",
an enthalpy (sorption) wheel and a desiccant wheel.

In the laboratory of TUDelft, two test facilities were set up for the wheels and an
experimental study was carried out to compare model results with actual measurements.
In addition, the sorption potential under different air humidities with a definite
temperature was studied for the wheels.

The first part of the test data was derived from a report prepared by University of
Luzern ™ and comparison was carried out only for enthalpy wheels and not dehumidifier
wheels. The test report did not contain any information about the test of the dehumidifier
wheels. In addition, the temperature efficiency and humidity efficiency of an enthalpy
wheel for different air conditions and wheel speeds were observed and shown in this part.

In the second part, the experimental measurements collected by the test facilities
in TUDelft laboratory were studied and compared with model results.

5.1. Model validation by available test results for an enthalpy
wheel

5.1.1. The principle information

According to the information provided by Carrier HH, the enthalpy wheel investigated in
this chapter has the following configuration listed in Table 5.1. The information given in
table 5.1 has been calculated by using the following method:

The channels have a triangular shape and the air way height= 1.9 mm.
Therefore, the edge of air channel cross section=2.24 mm.

. . 4%x2.24x1.9
Hydraulic Diameter= ov3i204 - 1.27 mm

! Hoval and DRI wheels
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Table 5.1 The characteristics of one of Hoval wheels

Desiccant Layer Thickness 10 um
Hydraulic Diameter of Air Channels 1.27mm
Aluminum Thickness 60um
Wheel depth 200mm
Wheel diameter 950mm
Matrix diameter 600 mm

In addition, according to Carrier HH, 1 m? of the sheet surface has 10 gram of
silica gel. The certainty of this value is in question.

The density of silica gel is 500 kg/m3 given by Carrier HH. A coating of a varnish plus
Silica gel is applied on it before rolling the wheel. Density of silica gel may vary because
of the varnish carrying the Silica gel. Weight of Silica gel of 0.01 kg/m? is from the
manufacturer and was not checked.

Therefore:

(1) m?(2.5) (500) kg m>=(0.01) kg
0= 10 pm

According to Carrier HH, the prediction of the thickness of the layer is highly uncertain.
The value of 6= 10 um used in the model gave the best fit with the measured data.
Because of the uncertainties this is supposed to be a useful value involving all kind of
uncertainties. So it may not be the real one, but appropriate to be used in the model as a
calculation parameter compensating for all kind of not observed errors.

5.1.2. The Experimental Measurements in Different Air Conditions and
Wheel Speeds and Comparison with the Model Solutions

The test information in the report from carrier HH Pl is given in table 5.2. The
measurements have been carried out at different wheel speeds as given in the same table
ranging from 4 to 12 revolutions per minute (Rpm).

The description of the nomenclature in Luzern University report for the
temperature and humidity of inlet fresh air and supply and exhaust airs according to the
wheel configuration has been shown in figure 5.1. These measured values (tz2, X22) in
that report are compared with that of the physical model of the enthalpy wheel as
described in chapter 4.
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Uy t
# # 2
Xy X,

-

X

1

Figure 5.1. The description of the indices in Table 5.2 for air streams, as
21= inlet fresh air; 22= supply fresh air; 11= exhaust air

5.1.3. Adsorption Isotherm Curve

The definition of isotherm curves and their importance have been described in the
chapter 4 of this thesis. The model solutions have been calculated by using an adsorption
isotherm curve for silica gel given by literature [ with some correction as:

W =0.348 V15 (5.1)
8
6 ——Error in Temperature%
—*—Error in Humidity %
4 —+— Average Error of T%

K —< Average Error of Humidity %

Error %

e

16 21 26 31 36 41

Test number

Figure5.2. The distribution of relative errors for air temperature and air humidity
from the tests results and model solutions given in table 5.2 with the adsorption curve
given by equation (5.1)
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Table 5.2. The air conditions in different tests as well as model solutions in those conditions
for the wheel with characteristics given in this thesis in different speeds.

Errors:
Air Conditions Simulation-measuerments 100
Averagevalue
Test T1l X11 T21 Temperature Humidity
Nu. °C g/kg °C % %
1 25.2 10.3 104 1.26 3.7
2 25.2 104 5.1 2.61 4.25
3 25.1 104 0.6 2.66 2.12
4 22 6 5 1.18 1.58
5 22 6.1 -0.1 1.94 4.42
6 21.1 8 5.2 0.814 2.82
7 25.2 104 5.1 2.61 4.25
8 252 82 5 -2.15 6.14
9 252 6.6 5 1.74 5.25
10 25.1 58 4.9 1.29 3.89
11 21.1 134 5.1 0.82 3.42
12 21.1 10.1 5 0.64 1.82
13 21.1 91 5 0.82 2.53
14 21.1 8 5.2 0.81 2.82
15 21.1 6.4 49 0.23 2.88
16 21.1 58 4.9 0.58 2.18
17 21.1 79 -03 2.29 2.42
18 21 56 -0.3 1.33 4.79
19 21 3.8 -0.2 1.58 1.94
20 21.2 85 9.1 0.16 -1.62
21 21 9 -5.3 2.2 0.55
22 21 105 -3.7 -1.28 1.51
23 28.1 105 5.1 2.44 6.51
24 25.2 104 5.1 2.61 4.25
25 21.1 10.1 5 0.99 0.68
26 18.2 10.2 5.1 0.47 0.22
27 21.1 6.4 4.9 0.52 2.88
28 21.1 9 5.3 1.59 3.89
29 21.1 8 5.4 1.29 -4
30 212 63 5 1.94 -5.09
31 21.1 58 4.9 1.41 3.52
32 21.1 56 5.1 1.77 2.64
33 21.2 9 5.3 2.93 6.74
34 21.1 81 54 2.29 6.57
36 212 6.2 5 2.99 6.11
37 21.1 59 5 1.62 4.72
38 21.1 8 5.5 1.83 6.18
39 21.1 6.1 5 1.54 455
40 21.2 59 5 2.07 2.36
41 21.1 56 5.1 1.83 -2.08

There are two different sorption functions in literature. They are ?);

W =0.244!15
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And the other is [*4:

A A
W =0.106 exp [-(——)*]1+0.242 exp[-(——)°
p [ (8590)] pL (3140)]

It should be explained that the model solutions observed for different coefficients
in the adsorption curve equation, and the coefficient of 0.348 was chosen in equation
(5.1) because they produced minimum errors as shown in figure 5.2. The errors for other
coefficients are larger and have not shown here.

As it can easily be seen the result of accurate simulation model and the
experimental data [ are agreeable within the acceptable margin of error. Although the
equation to describe the sorption curve has been chosen from literature, since it was not
available for this experimental data, this comparison can well validate the model. In
chapter 4 it was concluded that a large error in the outlet of the desiccant wheel results in
a 3 times smaller error in the supply temperature. Consequently, the error in the models
describing the performance of the desiccant wheel is less sensitive for the end result
(supply air temperature).

5.1.4. Dependency of Efficiency curves on the speed of rotation in
different air conditions

One of the important points observed through the results and charts by
manufactures manuals ! was that efficiency of enthalpy wheel seemed independent of
inlet air conditions. In figures 5.3 through 5.6 the dependency of relative efficiency on the
speed of rotation has been demonstrated. The results strongly depend on the air
conditions and sorption properties of the desiccant.

Figure 5.3 is related to the application of air cooling and drying for sorption curve
as given by equation (5.1), while figures 5.4 through 5.6 are related to the application of
wheel for air heating and moisturizing.

The main idea is that adsorption heat depends on the amount of dehumidification can
affect the heat exchange or temperature efficiency. But the degrees of changes are
strongly dependent on the air conditions.

These following observations were made from the review and comparison of the
measurements and model solutions:

The Adsorption Isotherm curve is the most significant characteristic and has
considerable effect on the results and the range of accuracy of temperature and humidity.
So for different coefficients in the semi-experimental equation of isotherm (such as
equation (5.1)) different values of errors have been observed, and can be tuned according
to an appropriate selection of the coefficient in the equations for adsorption isotherm
curve. Therefore it is very important to conduct more experimental measurements in
order to obtain the right adsorption curve for the test results of the wheel for validating
the model and for testing the Isothermal curve as found here by tuning model outputs
with measured values.
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Figure 5.3. The dependency of relative
efficiencies for fresh air conditions of 35 °C
and 20 gr/kg and exhaust air with 20 °C
temperature and 10 gr/kg humidity in
different wheel rotation speeds.

The adsorption curve given by equation (5.1)
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Figure 5.5. The dependency of relative
efficiencies for fresh air conditions of 15°C
and 6.35 gr/kg and exhaust air with 20 °C and
temperature and 8.74 gr/kg humidity in
different wheel rotation speeds.

The adsorption curve has given by

equation (5.1)
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Figure 5.4. The dependency of relative
efficiencies for fresh air conditions of 5 °C

and 7.56 gr/kg humidity in different wheel
rotation speeds. The adsorption curve given by
equation (5.1)
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Figure 5.6. The dependency of relative
efficiencies for fresh air conditions of 15°C
2 gr/kg and exhaust air with 25 °C
temperature and 10 gr/kg humidity in
different wheel rotation speeds.
These air conditions rarely happens in the
Netherlands and has been chosen according
to the published experimental datal™*
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5.2. Experimental studies for dehumidifier wheel DRI

5.2.1. Objective

The main purpose of these experiments is to measure the capacity of adsorption of
silica gel in the different conditions of temperature and humidity through the
dehumidification process in a desiccant wheel, and to validate the Simulink model.

Figure 5.7a. A schematic outline Figure 5.7b. The first test bed in the
of experimental set up climate room for study and measurements
of adsorbtion for DRI wheel

These values must lead to an equilibrium adsorption curve which is the most vital
parameter to study the behavior of this type of systems and the improvement of their
performance. Therefore, the results of the experimental measurements need to be
represented by a mathematical model. In this chapter the set up and the important points
to produce different air conditions with available air handling unit in TUDelft laboratory
have been described. A comparison between the model results and these actual
measurements has been presented.

5.2.2. Test Set Up to study Dehumidifier Wheel

In figures 5.7a and b the experimental set up in the climate room and a simple
outline schematic of it at the TUDelft are shown. An isolated place that allows controlling
the values of temperature and relative humidity is necessary. Besides, it is important to
design and set up an appropriate system to measure the adsorbed quantity of water vapor
by silica gel.
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The inlet air was prepared by air handling unit and controlled the climate room. The air
had a certain temperature and humidity. It passed through simple flexible ducts and was

=

Figure 5.8a. DRI wheel with heater Figure 5.8b. The other side or outlet side
and rotating motor of the wheel

conducted to the box with electric heater and wheel. The wheel, heater, and the rotor have
been shown in figures 5.8a and 5.8b. The wheel with dimension 260x 50 mm was slowly
rotating during both regeneration and adsorption processes.

The air after passing heater was heated up enough to regenerate the saturated wheel. The
input air temperature and humidity were observed by sensors such as thermocouples and
dew point meter before the wheel. The inlet humidity could be checked in this part only
in the beginning of the experiments. The same sensors were used after the wheel to
measure outlet air conditions. The thermocouples are connected to a data logger. Two
metallic grids were prepared and put before and after the wheel for 17 thermocouples to
record and save the temperatures in computer files. They are located as shown in figure
5.9.

17 6
13 12
Output Input
Figure 5.9. The grids in input and output Figure 5.10. The aluminum piece
and the place of thermocouples covers the wheel, therefore only the

hot air cross it

During regeneration period the wheel was regenerated by hot air. A part of the wheel
which was not crossed by hot air had to be covered by an aluminum disk as shown in
figure 5.10. This covering was necessary to avoid adsorption.
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There are two methods to measure the adsorbed amount of water vapor by silica gel. In
the first method I > ¢ the uptake amount of water vapor might be measured by measuring
the air humidity after and before passing the wheel and by integration over a sufficiently
long time. This method was not possible to be used for the first tests but it was prepared
for the 2" set up.

/)

Figure 5.11. Air handling unit on the climate room roof

In the second method [ & % 1011 12 3] the measurement of the adsorbed amount was
carried out by observing and measuring the change in the weight of the desiccant. Both
methods have restrictions regarding accuracy and practicality. They can be used to check
mass balance (adsorbed water) measured by the difference in the inlet and outlet or by the
scale. A scale with 1 gram accuracy was used to measure the weight. It is clear that the
electrical heater was switched off during the adsorption processes.

On top of the climate room an air handling unit had been placed to deliver the air
conditions for testing the wheel inside this room. The air handling unit on the roof of
climate room has been shown in figure 5.11.

The air was supplied by an air handling unit in the climate room and each device
was controlled by Building Control System installed inside the climate room.
The air flow through the wheel could be controlled with the Control System of the
climate room. The desired set point needed to be selected and manipulated in such a way
that the air passing the wheel had a velocity between 1 to 3 m/s. This velocity could be
measured with two sensors placed at the end of the duct that conducted the air to the box
containing the desiccant wheel.
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5.2.3. Experiments

The procedure used to collect the data for this experiment was carried out in the
following steps:
1. - All the machines were turned on and after steady conditions of flow, temperature and
relative humidity were achieved the air velocity was measured at the entrance of the
desiccant wheel box.
2. - Once desired values were achieved and remained steady the wheel was dried through
the regeneration process. The steps for this process were:

a. - Placing the cover (metallic piece) for the wheel, so only hot air passed
through the wheel

b. - Turning on the heater

c. Calibrating the scale of the balance
Then every five minutes the data of the loss of weight, outlet air relative humidity and
temperature were collected. At the same time, the temperature of the heater needed to be
measured.
When the value of the loss of weight remained constant the drying process was
completed.
3. - After the regeneration of the wheel the adsorption process was initiated. The steps for
the adsorption were:

a. — Taking off the cover

b. — Turning off the heater

c. — Calibrating the scale of the balance
Similar to the regeneration process, the weight, the air relative humidity, and temperature
at the outlet were collected every five minutes.
The adsorption process was completed when the weight shown by the balance remained
constant.

5.2.4. Experimental results

The measurements have been presented here by different profiles of the outlet air
conditions and weight gain. Figure 5.12 shows the results of measurements during the
adsorption process. It takes 50 minutes to reach the equilibrium conditions. It could be
observed that when the adsorption process was finished the air relative humidity in the
input and in the output were the same and about 70% (figure 5.13).

The amount of adsorbed water vapor was 167 grams and after 60 minutes the variation of
the weight was negligible. In the beginning of the adsorption process (just after the
calibration switching off the heater and taking away the covering disk) the matrix has the
highest potential of adsorption but this could not be measured before calibrating the scale.
The regeneration process at the beginning the outlet air relative humidity raised up to a
value of 100%, and the desiccant matrix was loosing the water vapor that had adsorbed
before. After 20 minutes the outlet air relative humidity remained constant (Figure 5.13).
The profile of losing weight with time as shown in figure 5.13 also indicates that after 20
minutes the weight was almost unchanged. The amount of desorbed water vapor in the
regeneration process was about 155 grams. The difference of weight gained and weight
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lost can be attributed to the hysteresis or regeneration temperature. It was observed that
higher regeneration temperature can lead to a better adsorption process.

/ ’/‘_4
—e— outlet air Relative humidity
—=— oulet air Temperature
—&— gain weight of wheel
\ // IR
%\ /!
/ -

Figure 5.12. The profiles of outlet air relative humidity and temperature as well
as the increase in the weight of silica gel matrix with given conditions in the
figure

—e— outlet air Relative humidity

—=— oulet air Temperature
—o— Lost weight of wheel

Figure 5.13. The profiles of weight loosing and outlet air conditions during the
regeneration process
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First Regeneration
T=25.6°C,RH=55%

120 160
o r——o
+ 140
100 A, ——
- / \ / 1 120
>
O = 80
% T + 100
= E
g2 \ &
5 60 \ ——A— Relative Humidity 80 =
Q>
g % \ Ter’nperature 1 60
85 40 —@— gain Lost
o
/N [,
20 \ 20
4 L 4 A —A
0 0
0 10 20 30 40 50 60

time[minute]

Figure 5.14a. The profiles of weight loosing and outlet air conditions during the
regeneration process for given conditions of inlet air

At the beginning the potential of adsorption is the highest, and the driest air can be
observed. The adsorption potential of the desiccant layers will decrease with passing
time. Therefore, at the end the wheel is saturated and can not adsorb any more moisture.
Thus, the outlet air has the same relative humidity as the input air.

Adsorption
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Figure 5.14b. The profiles of outlet air relative humidity and temperature as well
as the increase in the weight of silica gel matrix with given conditions in the figure

Regeneration air conditions are important variables and need to be selected under
optimum conditions. The higher air regeneration temperature and lower humidity will
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regenerate the matrix of silica gel more effectively, and increase the potential of the
desiccant material to adsorb more humidity. This result can be observed in figures 5.14a,
b, 5.15,and 5.16. Similar profiles for adsorption and desorption are measured but for
different given air conditions as shown in these figures.

temperature®C
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Figure 5.15. The profiles of outlet air relative humidity and temperature as well as
the increase in the weight of silica gel matrix with given conditions in the figure
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Figure 5.16. The profiles of outlet air relative humidity and temperature as well as the
increase in the weight of silica gel matrix with given conditions in the figure
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Figure 5.14b shows the adsorption of wheel with a regeneration air temperature of 86°C
and a relative humidity of 8%. When the matrix has been regenerated with these air
conditions the maximum adsorbed amount of humidity is 169 gram. In figure 5.16 the
wheel has been regenerated with better air conditions of 100°C and 2% relative humidity,
the weight gain is 178gram. The regeneration air conditions at 70% relative humidity was
lower and did not have the same potential to regenerate the matrix of silica gel to adsorb
its maximum potential of adsorption. Therefore, in measuring the adsorption by this
method it is very important that wheel is regenerated with the same air conditions.

Figure 5.17 shows the profile of air temperature from one of the thermocouples in
the outlet air. These results are for the thermocouple placed in outlet air and in the front
of heater (T4 in figure 5.9).

As it can be seen in figure at 11.45AM the first regeneration process was completed and
the heater was switched off. The adsorption process started at 11:50AM, and the same
tests for the second time started at 14.05 for regeneration, and at 15:20 for adsorption
processes in the same day.

Figure 5.18 shows the outlet air temperature only for adsorption process for the
second test in the same day. The temperature decreased from 100 °C (which is prepared
by the heater) and reached to the inlet air temperature of 25 °C after the wheel could no
longer adsorb humidity. As it can be observed in this chart, the adsorption process takes
almost 1 hour.

Profile of Outlet air Temperature
il : ; ' :
g g _-,- {_,.-_:__
o o IS ST R LANTS N
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& ‘¥ ; :
: N b "
: | % ?
20 - :
o T T T T T T 1
09:36 10:48 12:00 13:12 14:24 15:36 16:48 18:00
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Figure 5.17. The outlet air temperature measured by one of the thermocouples (T4),
Inlet air conditions are 25 °C and 60 % relative humidity
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Outlet Air Temperature

Termperature [°C]

Time [second]

Figure 5. 18. Outlet air temperature measured in adsorption process by
thermocouple T4

The number of the tests was not enough to calculate and present adsorption of
silica gel with a mathematical equation. In addition, essential information such as the
total mass of silica gel in the matrix, the silica gel layer thickness, and the hydraulic
diameter of the air channels in the matrix of silica gel were not available. Considering a
typical experimental model in the literatures 4 the isotherm was chosen and used to
obtain primary solutions from model.

Figure 5.19 shows how the model can be tuned by changing the input data to be
comparable with the measured results. The input data are: 2.25 mm for hydraulic
diameters of the air channels, 0.14mm thickness of silica gel layer, and 0.06 mm
aluminum thickness. The air velocity was measured by different devices as different
values. Therefore a typical value of 1.55 m/s was chosen to get these solutions from the
model. The isotherm curve was chosen from the literature.



Model Validation 134

The Model Solutions for Outlet Air Temperature

100 —atypical air and wheel
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Figure 5.19. The model solutions for outlet air temperature in different conditions.
The typical conditions for the input file of model

5.2.5. Test set up to study of Enthalpy Wheel

A test bed as shown in figure 5.20a and b was set up to study the enthalpy wheel
of Hoval.

from Ailhandlijnf unit

Heater

SENSOIS  paximum

SeNsors sr Terp

(@)
Figure 5.20. (a) Schematic and (b) the set up to study and test of Hoval that is an
enthalpy wheel.

The limitations to prepare the necessary test facilities were the main reason for
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postponing doing the measurements for this wheel. At first the tests were carried out with
the dehumidifier wheel DRI, however, detailed information about this wheel was not
available to conduct a comprehensive study.

The tests were helpful to organize
the second test bed and solve the
experienced problems in
performing the measurements to
produce and control stable air
conditions. The wheel is shown in
figure 5.21. The primary results
presented in figure 5.22. The
profiles of inlet air temperature
and relative humidity for Hoval
wheel as well as the outlet air
conditions have been shown in
this figure. Initially, the wheel was
regenerated with air at about 75°C
temperatures. The sensor measures
the air temperature and humidity

4 ‘ at a location close to wheel and
Figure 5.21. Hoval wheel used to study and test center part of the wheel.

an enthalpy wheel

The fluctuations in input humidity are caused by a poor tuning of the controller and can
be observed in the results. After turning off the heater adsorption process has been
started. At the end of regeneration process inlet and outlet air conditions need to be equal,
but the results show that still there is a large difference in temperatures of the inlet and
outlet air. This difference indicates that the heater is off before the regeneration of the
wheel is completed. The measurement of weight gain during adsorption has been shown
in figure 5.23.

The maximum adsorption measured by scale was 55gram as seen in this figure.

In addition, the measurements of inlet and outlet air conditions given in figure 5.22 the
adsorption amount can be measured by:

Adsorbed weight = PVA (e, — @, ) dt

The integral terms can be measured from the results of sensors shown in figure 5.22
during adsorption process as:

3, 0t — [, ct = (32.77—32.36) = 0.41kg kgsec
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Figure 5.22. The profiles of inlet and outlet air conditions for Hoval wheel during the
regeneration and adsorption of wheel. The desired inlet air conditions was set to 27°C
temperature and 12 gr /kg humidity, but in practice has been measured by sensors as shown in

this figure
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Figure 5.23. Adsorption process for Hoval wheel. Inlet air conditions were
fluctuating around 27°C and 60% relative humidity
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The number of air passages in the matrix, can be easily calculated (here 99200), and at
air velocity of 1 m/s the adsorption can be measured by sensors as:

Adsorbed weight =
1.2x1x ((7x1.27° 1 4)x10*) x 99200 [(e, - @,,,) dt =0.062kgr

Using the physical model the adsorption can also be calculated as:

J.(wm —a,, ) dt = (33-32.54) = 0.46kg kg™ sec
Adsorbed weight =
1.2x1x ((7x1.27% 1 4)x10°) x 99200 x J.(a)in - a,, ) dt =0.069kgr

As it can be seen, measurement by the scale yields a lower adsorption than the second
method and the model. This difference is reasonably acceptable as in the second method
all the air passages are assumed to be in the same conditions of air velocity and
adsorption that is not realistic.

5.3. Summary and conclusion of experimental studies

>

Data from measurements supplied by Carrier Holland Heating, compiled at Luzan
University for an enthalpy wheel, with Simulink model solutions at the same
conditions. The function for sorption of the material in the measurements was missing
information but the solutions were calculated by one isotherm equation with some
corrections in the literature.

The agreement between the data and the Simulink model results was excellent and
validated the model. The comparison between accurate simulation model and the
experimental data ™ shows they agree within the acceptable margin of error. Having
ignored the results for very low wheel speeds, since it is difficult to obtain accurate
results for both model and experimental measurements, the errors are between
+2.5% for air temperature and humidity.

In chapter Four it was concluded that a large error in the outlet of the desiccant wheel
results in 3 times a smaller error in the supply temperature. Consequently, a wide
tolerance in validation can be accepted, therefore, even the larger amount of error in
low speeds are negligible in modeling of an air conditioning cycle.

Two different test beds were set up and the adsorption properties of two desiccant
wheels (one dehumidifier DRI and the other enthalpy wheel Hoval), with the
characteristics given in this chapter, were studied for different air conditions of
temperature and humidity (20-27 °C and 35- 70%). The results of the second set up to
test the Hoval wheel will be published in the papers since it could not be finished
before publishing this thesis. Therefore, only the results of measurements from the
first set up with DRI wheel have been discussed in this chapter.
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>

It was difficult to measure the adsorbed weight, especially in adsorption process. This
is because in the beginning of the process the desiccant has the highest potential to
adsorb humidity, so some changes had to be rearranged, such as removing the cover,
the switching off the heater, and the re-calibration of the scale. All of these caused an
error in the weight measurement.

The profiles of the weight loss in the regeneration period and also the weight gain in
the adsorption period, as well as outlet air humidity profiles, show well the
symmetrical physical behavior of adsorption and desorption, and the time necessary
for each process. It was observed that in general regeneration is a faster phenomenon
than adsorption.

The results show adsorption decreases with a rise in the air temperature. On the other
hand, the increase in regeneration temperature and decrease of its humidity increases
the adsorption. Therefore, for measuring maximum potential of adsorption in
different air humidities, the matrix needs to be regenerated in the same air conditions.

There was not enough information to compare the measurements and model solutions
for the available dehumidifier wheel. Some primary information about the wheel such
as the mass of silica gel matrix needs to be prepared. However, primary investigation
shows the model can be tuned and calibrated with these experimental data. The model
and the measurements are in agreement in the calculation the weight of adsorbed
water vapor for typical inlet air conditions. Some corrections in the variations in inlet
air humidity and the errors in weight measuring were added and considered for the
comparison.



Model Validation 139

References

10.

11.

12.

13.

14.

Prof. R. Furter, P.Keller, Temperatur-und Feuchteubertragungsverhalten von
Warmeruckgewinnern im Teillastbetbetrieb, HTA Luzern, Dezember 2000.
A.Kodama, T.Hirayama, Maggot, T.Hirose, R.E.Critoph, The use of
psychometric charts for the optimization of a thermal swing desiccant wheel,
Applied Thermal Engineering. 21, 1657-1674, 2001.

Hoval Rotary Heat Exchanger for Heat Recovery in Ventilation Systems,
Handbook for Design, Installation and Operation, Doc.No.Hw60aE1-11/2002,
www.hoval.com.,Hovalwerk AG,Liechtenstein, 2002.

Chauch Y.K, P.Norton, F. Kreith, Transient Mass Transfer in Parallel Passage
Dehumidifiers with & without Solid Side Resistance, ASME Journal of Heat
Transfer, V. 111, 1038-1044, 19809.

Ahmad A. Pessaran and Anthony F. Mills, Moisture transport in silica gel
packed beds- Il Experimental study, Int. J. Heat Mass Transfer. Vol. 30, N. 6,
pp. 1051-1060, 1987.

Popescu. M, Ghosh. T.K, Dehumidification and simultaneous removal of
selected pollutants from indoor air by a desiccant wheel using a 1M type
desiccant, Journal of solar energy engineering, Transactions of the ASME, Vol.
121, N. 1, pp 1-13, 1999.

C.X. Jia, Y.J. Dai *, J.Y. Wu, R.Z. Wang, Experimental comparison of two
honeycombed desiccant wheels fabricated with silica gel and composite
desiccant material, Energy Conversion and Management 47, 2523-2534, 2006.
Ahmed M. Hamed, Experimental investigation on the adsorption/desorption
processes using solid desiccant in an inclined-fluidized bed, Renewable Energy
30, 1913-1921, 2005.

Frank H. Dickey, The preparation of specific adsorbents, proceedings of the
national academy of sciences, Volume 35, Number 5, May 15, 1949.

Yuri . Aristov , Mikhail M. Tokarev , Angelo Freni b, Ivan S. Glaznev ,
Giovanni Restuccia, Kinetics of water adsorption on silica Fuji Davison RD,
Microporous and Mesoporous Materials 96 , 65-71, 2006.

J. Cheng-Chin Ni, Jung-Yang San, Measurement of apparent solid-side mass
diffusivity of a water vapor-silica gel system, International Journal of Heat and
Mass Transfer VVol. 45, pp 1839-1847, 2002.

Devrim Balkose, Sevgi Ulutan, Fehime Cakicioglu Ozkan, Sedat Celebi, Semra
Ulku, Dynamics of water vapor adsorption on humidity-indicating silica-gel ,
Applied Surface Science Vol. 134 pp .39-46, 1998.

George W. Scherer, Effect of drying on properties of silica gel, Journal of Non-
Crystalline Solids Vol. 215, pp 155-168, 1997.

Steich G., Performance of Rotary Enthalpy Exchangers, M.S. Thesis in
Mechanical Engineering, University of Wisconsin-Madison, 1994,



Model Validation 140



6. DESICCANT COOLING
SYSTEMS

“Reprinted with permission from the American Institute of Aeronautics and Astronautics, AIAA”

Introduction

In desiccant cooling processes fresh air is dehumidified, and then sensibly cooled
by evaporation before being sent to the conditioned space. Since this technique works
without conventional refrigerants, such as fluorocarbons and it allows the use of low-
temperature heat (low temperature industrial waste heat or solar energy) to drive the
cooling cycle, it attracted increased attention especially in America, Japan and Europe. ™
Desiccants remove moisture from the surrounding air until they reach equilibrium with it.
This moisture can be removed from the desiccant by heating it to temperatures around
60-90°C (depending on air conditions) and exposing it to a regenerative air stream. The
desiccant is then cooled so that it can adsorb moisture again, and cool down the supply air
stream by humidification. Desiccant cooling cycles are particularly useful if they are used
in humid regions.

The major advantage of desiccant cooling is its significant potential for energy
savings and reduced consumption of fossil fuels. The electrical energy requirement can
be very low compared with conventional refrigeration systems. Advantages of using
desiccant cooling systems include the following: (1) very small electrical energy is
consumed and the sources for the regenerating thermal energy can be diverse; (2) a
desiccant system is likely to eliminate or reduce the use of ozone depleting CFCs
(depending on whether desiccant cooling is used in conjunction with evaporative coolers
or vapor compression systems, respectively); (3) better humidity control can be achieved
when compared to those cases employing vapor compression systems, since sensible and
latent cooling occur separately; (4) improvement in indoor air quality is likely to occur
due to the normally high ventilation and fresh air flow rates being emPoned; and (5)
desiccant systems have the capability of removing airborne pollutants. -

Having low coefficient of performance (COP) can be considered as the main
disadvantage for desiccant cooling systems. COP values of 0.8-1 are commonly predicted
for this cycle. COP or coefficient of performance is defined as the space cooling load
divided by thermal energy required to regenerate the desiccant. Some investigators use
the heat removed from the processes air stream divided by the thermal energy required to
regenerate the desiccant.

Kang and Maclain-Cross ! showed that the dehumidifier is the key component of
a desiccant cooling system and the cooling COP can be significantly improved by
improving the performance of this component. Due to the advantages of desiccant
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cooling systems, they have been introduced as attractive alternatives to conventional
vapor compression systems and a great number of studies have been done on different
aspects of this technology. [

The typical adsorptive desiccant cooling system consists of desiccant wheel, heat
exchanger, evaporative coolers and several configurations for desiccant cooling systems
such as ventilation mode and recirculation mode have been proposed for the total system
as has been reviewed and reported. ™! The sensitivity analysis shows a significant
potential for an increase in the coefficient of performance (COP) by improving the
performance of the dehumidifier. ™**! Two methods for improving COP of these systems:
the addition of inert heat capacity to the desiccant matrix, and staging of the regeneration
air stream has been reported by Collier, et. al. ™ Since there are rarely published
experimental works in this subject, the cooling efficiency studies with many assumptions
have not been confirmed by the actual system of desiccant cooling. %!

Although there have been a considerable number of efforts, there are still many
unknowns surrounding the performance of a desiccant cooling system due to a variety of
system designs and the number of variables effecting the operation of the system.

The objective of this chapter is to connect the heat and mass transfer model of a
desiccant wheel described earlier in this thesis to the other models for components of
different desiccant cooling cycles. In addition, a control strategy based on sensitivity
analysis has been presented. This requires simple and fast correlation functions to limit
the computing time to an acceptable level. These functions can be used for the year round
simulation of the cycle. The results of year round simulation of a desiccant cooling cycle
with the control strategy resulting from a sensitivity analysis have been presented in this
chapter. All desiccant cooling systems employ three main components in varying
quantities and positions: desiccant wheel, evaporative cooler, heat exchanger.

6.1. Modeling of desiccant cooling systems

To study cooling systems with evaporation and adsorption technology the
performance of four different air-conditioning cycles has been considered. The
schematics of the four cycles have been shown in figures 6.1 a-d.

The first cycle, and probably the most studied desiccant cooling cycle that is named
ventilation cycle, has been shown in figure 6.1a. It takes ambient air into a rotating
desiccant dehumidifier where moisture is adsorbed and the temperature increases. The air
then is sensibly and evaporatively cooled, and introduced into the conditioned space. The
air leaving the room is first evaporatively cooled, then passed through the sensible heat
exchanger where it recovers heat of adsorption from the supply air. Next it is heated with
low grade thermal energy and the hot air is used to regenerate the desiccant.

A variation of this cycle is the recirculation cycle shown in figure 6.1b. The difference
is that the air from the conditioned space is partially (50%) recirculated through the
dehumidifier and other components. Ambient air is used for regeneration, and then
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exhausted to the atmosphere. This cycle with 100% recirculation is useful as dryer in
greenhouses. There is no ventilation or 100% return air from greenhouse in order to keep
CO;, that is supplied as fertilizer in the greenhouse.

Heat
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- Exhaust 4 - 3 Exhaust
L = =
4 ’I”_' 1 Fresh Evaporative —- , U
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6 Fresh 5 Heat
cooler 1 air Source
Evaporative ,
Heat Source "D"g—|
7 -Exhaust
5 4
i\"'—H F“{ 7 ——— - —a— - Fresh
' . 2 Hk dces air
Evaporative I_l 3 I_l Desiceant cooler Heat DPS‘;CC llllt
cooler wheel Evaporative Exchanger whee
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Figure 6.1. Four different desiccant cooling cycles; their performances have been studied by

Simulink models with results presented in this chapter

Figure 6.1c shows a modification of these two cycles. Now the dry heat exchanger
has been used for regeneration of the desiccant wheel and the other heat exchanger by
using the infrasonic humidifier which has been partly wetted to cool down the supply air
flow by indirect evaporative cooling.

The other modification has been shown in figure 6.1d. In this cycle the humidifier
is not applied in the return air flow.

The simulation of these four different cycles has been done to investigate the highest
COP or the minimum regeneration heat according to the desired supply temperature of
16°C.

Heat exchangers here are recuperative air to air heat exchanger type with
efficiency of 80%. Evaporative cooler here means a humidifier that can produce humid
air of 80-95 % relative humidity. Infrasonic humidifier can produce oversaturated vapor
so it can make the surfaces of heat exchanger wet. In other words, infrasonic humidifier
cools the air to saturation and more so the heat exchanger is wetted on the exhaust air
side.



Desiccant Cooling Systems 144

6.1.1. Modeling for Desiccant Wheel

The heat and mass transfer model in Matlab Simulink has this adaptability to easily
connect to the building models and other air-conditioning models. However, the
simulation for long periods needs a lot of calculation time and requires significant amount
of computing memory that is not acceptable. Having used the correlations of outlet
humidity and temperature, derived in the chapter 4, the simulation of wheel in different
air conditioning cycles has been carried out for one reference year. However, for design
purposes, the simulation has been carried out by physical model.

6.1.2. Modeling of wet heat exchanger for heat recovery unit

The humidifier is infrasonic that means it produces infra humidification and
makes the heat exchanger’s surfaces next to it partly wet. Here the heat exchanger
surfaces are assumed to be completely wet surfaces. Figure 6.2 shows the configuration
used to model the thermal resistances of this component.

The heat flux q refers to a part AA of the heat exchanger surface A where heat and mass
transfer occur. This can be calculated with the Merkel formula and also a linear
assumption for enthalpy over a small range of temperature as:

a ae
q=C—(hs—h)wC—(ts—t) (6.1)
p p
Cold Airh, t ,w e t,air
2 — o 4
wmidifier . Exe
:L\ e ]:J = et A '7‘-__/ hs tﬁ “5; I tg
Rz |
1
Hot air RI‘
1
# tl{ 1M
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L ] t[-:
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Figure 6.2. Scheme of the heat and mass transfers in the wet heat exchanger

The linearization factor “e” can be calculated by considering two typical
enthalpies of h and h, at different temperatures t, and t,:
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hz — h1
e=—— 6.2
tz _tl ( )
Therefore, the heat flux dqg through a surface element dA is given by:
dg=m, dh=m,edt (6.3)
dg =K, dA(t, —t) (6.4)
dg =-m, C,dt, (6.5)

To obtain the total thermal resistance (due to the heat transfer between air and outside
surface, conduction through the material of the surface, and the conductive heat transfer
between two air streams inside the channels) theses terms are combined into one

. 1 . .
resistance oS shown in figure 6.2:

t

C
i:—’)+R2+Rp+i (6.6)
. ex &,

Comparing with the procedure used to obtain temperature efficiencies for counter flow
heat exchangers, the formulas for temperature efficiency of counter flow heat exchangers
is derived as:

1— e—Ntu(l—C)

Sw =1 Co WA O (6.7)

With
K. A

Ntu = mktck (68)

And
_ mkck
C=T (6.9)

It can be shown that the relation between the efficiency for the main and secondary air
flow (€45 €k ) is given by:

twi - tki

The outlet air humidity can be calculated using enthalpy balances for two air streams as
follows:

&, =Ceg = (6.10)

hout,CoId - hin,CoId = hin,Hot - hout,Hot (6.11)

The humidity of the air from desiccant wheel will not change. But the humidity of the air
cooled by evaporation will be calculated by equation (6.11).
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6.1.3. Computer Simulation

The simulations have been carried out using the Matlab Simulink environment
shown in the block diagram in figure 6.3 due to adaptability with HVAC system and
building simulation tool. In addition, the simulation parameters such as time steps, error
tolerances, and solvers can be fitted to optimize both time and accuracy of the simulation.
Output variables can be easily displayed with this modular tool. The psychrometric data
are represented by the moist air properties equations following ASHRAE. 1®! The
desiccant wheel can be considered in optimum speed as the correlations used in the
simulation are based on optimum speed of the wheel.
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Figure 6.3. Simulink representation of the model, showing cycle | as a sample

6.1.4. Results of Simulation

The cooling capacity can be written as:

Qcool cap Cp m(TbuiIding _Tsupply ) (6.12)

Therefore, the heat rates can be calculated according to cooling capacity designed for the
building. The COP or the coefficient of performance of the system can be calculated
according to cooling load and the required energy as:

Cooling forairhandling  MC,, (T fesn i —Tsuppyair)

COP = -
Required Energy (Q +Q. +Qy)

(6.13)
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The term Qg refers to the energy needed for regeneration. The term Qc to after cooling
energy (needed when the supply air temperature is still higher than the set point). If the
temperature is lower than desired supply temperature, Qy is the energy needed to heat the
supply air to the point of interest. Figures 6.4-6.7 show the change of air conditions. For
the cycles shown in figures 6.1a-d, the ambient air conditions of 30°C temperature and 17
o/kg humidity are considered and the results are demonstrated for the optimum wheel
speed.
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Figure 6.4. the Mollier chart of cycle | for Figure 6.5. the Mollier chart of
ambient air of 30°C and 17gr/kg Recirculation cycle 11 for ambient air of
30°C and 17gr/kg
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Figure 6.6. the Mollier chart of cycle 111 for Figure 6.7. the Mollier chart of cycle

ambient air of 30°C and17gr/kg

The desired set point for the supply temperature has been chosen at 16°C (in saturation)
for all four cycles. The results of simulation for coefficient of performance and supply
temperature, energy needed for after cooling or after heating (depends on the
temperature) and regeneration heat for all cycles have been given in table 6.1 two
different conditions of outside air humidity and temperature. Calculations have performed
using the physical model for desiccant wheel.

As it can easily be seen cycles Il and IV have better values of coefficient of
performance. In addition, the coefficient of performance of the system depends on the
ambient air conditions so that it is higher for ambient air conditions of 40°C and 30g/kg

IV for ambient air of 30°C and 17 gr/kg
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representing hot and humid climates. Table 6.2 shows the COP of the four cycles
according to different outside conditions of humidity and temperature.

The effect of dry and wet heat exchangers has been evaluated for these cycles, as well.
The surfaces are assumed to have been wetted by the infrasonic humidifier, using the
model that was described in the previous section.

The choice of wet heat exchangers as provider of supply air has been based on the
ability of delivering lower temperatures comparing with dry heat exchangers. Therefore
the dry heat exchanger is an appropriate choice as a provider for pre-regeneration air
since it can deliver the higher temperature before heating up the air for regeneration.

Therefore, an optimum performance can be predicted with the application of a
regenerative evaporative cooler or Static cooler which was modeled in this study, and has
been described in chapter 2 of this thesis. Proposing Static cooler as a heat exchanger, the
incoming air is indirectly cooled by water. The water in turn is cooled by recirculation
part of the supply air. The ratio of the recirculated air to the total incoming air is proposed
to be 33%.

Table 6.1. The performance of the desiccant cycles 6.1a-d according to
COP for different air conditions and regeneration heat.

Ambient air Ambient air

Temperature  Humidity | Temperature  Humidity

30C 17g/kg 40C 30gr/kg
QR(kw) 18.64 15.24
Cycle 1 | QC(kw) - 1.46
QH(kw) 0.016 -
COP 0.3 0.57
Cycle Il | QR(kw) 12 10.89
QC(kw) 0.47 1.22
QH(kw) - -
COP 0.45 0.79
Cycle 11l | QR(kw) 11.33 11.33
QC(kw) 1.21 0.16
QH(kw) - -
COP 0.45 0.84
Cycle IV | QR(kw) 11.42 8.96
QC(kw) 0.39 1.5
QH(kw) - -
COP 0.47 0.91
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Table 6.2. The results of simulation for different outside air
conditions of humidity and temperature. The regeneration air
80°C and set point for supply air of 16°C have been considered.

Out door Cycle I | Cycle Il | Cycle 111 | Cycle

conditions \Y/
°C | g/kg dry air
30 15 0.29 0.3 0.48 | 0.47
30 25 0.31 0.42 049 | 0.49
40 25 0.56 0.8 1 0.91
40 35 0.58 0.79 098 | 0.91
40 45 0.6 0.77 099 | 0.89

6.1.5. Desiccant cooling system with three wheels

A new cycle using two heat exchanger wheels as shown in figure 6.8A’ is
suggested and, its performance is evaluated by simulation. Using the third wheel or a heat
recovery wheel in figure 6.8A’ for recovering the heat from the hot outlet regeneration air
from the desiccant wheel will lead to an energy saving for pre-heating of regeneration air.

Heat Recovery Wheel

Desiccant Wheel

Figure 6.8A’. A special heat recovery wheel in the exhaust air flow saves about 20%
energy required for the wheel regeneration

As shown in table 6.3, reductions of 25 % and 19 % in the regeneration heat requirement
have been resulted. The efficiency of heat exchanger is 80%, and humidification
efficiency is assumed to be 90%.
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Table 6.3. The improvement of about 25 % in the performance of desiccant cooling

system using

one additional wheel of heat exchanger.

Outside
Temperature
C

Outside
Humidity
gr/kg

Supply air
Temperature
C

Regeneration
Temperature
C

Regeneration
Heat: kw

COP

Cycle |
Without
Additional
heat
exchanger

40

20

18

79

48.5

0.51

Cycle |
with two
heat
exchangers

40

20

18

79

36.18

0.73

Cycle |
Without
additional
heat
exchanger

30

20

16

79.5

52

0.32

Cycle |
with two
heat
exchangers

30

20

16

79.5

42.28

0.4
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A typical situation has been chosen in Mollier diagram as shown in figure 6.8B’.
It can be simply understood from this figure higher outlet temperature of desiccant wheel
(point 8) can lead to more saving of heating energy rate. Therefore, COP is a function of
the outlet air conditions from desiccant wheel and the efficiency of the heat recovery
system. The regeneration temperature depends on the desiccant characteristics and the
wheel speed and air conditions.

6.2. The sensitivity analysis for control strategy

A sensitivity analysis is carried out to study and optimize the performance of the
air conditioning systems. Regarding the materials described in the previous chapters of
this thesis, one of the important control variables is the regeneration air condition for
desiccant wheel. Figures 6.8 and 6.9 show the result of simulation of a simple desiccant
cooling system for different regeneration air temperatures; moderate, hot and humid
climates respectively.

Supply air Temperature as a function of Regeneration
Temperature for outside air of 30C and 8grikg

11.5 4

Supply air Temperaure
fa
in

10.5

0 20 40 80 B0 100 120 140 180
Regeneration Temperature

Figure 6.8. Increase in regeneration temperature result in decrease in
supply air temperature

As it can be observed in figure 6.10, this profile also depends on the outside air
conditions.

Figure 6.10 gives the results of simulation for supply air temperature in different
wheel speeds for an extreme climate. It is clear the increase in wheel speed can reduce
supply air temperature but after an optimum speed the increase of speed does not have
effect and change the air conditions. The graphic for a moderate climate shows the same
tendency.
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Supply air Temperature

Supply air Temperature as a function of Regeneration
Temperature for outside air of 40C and 20grikg
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Figure 6.9: Increase in regeneration temperature results in decrease in supply

temperature for more humid and hot air conditions

Supply air Temperature

Supply air Temperature as a function of Wheel Speed for

outside air of 30°C and 20grikg,Regeneration temperature 80C
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Figure 6.10. The increase in wheel speed results in decrease in the supply air
temperature, but after an optimum speed the increase in speed does not change the

air conditions

Using these results a strategy to control the performance of a typical desiccant air

cooling system can be concluded. It seems the wheel needs to be rotated at the optimum
speed but at a minimum temperature for regeneration air. The optimum value for
regeneration air temperature depends on the outside air conditions and changes as a



Desiccant Cooling Systems 153

variable. The increase in regeneration temperature has resulted in decrease in the supply
air temperature as it is shown in these figures.

6.3. Year round simulation and control of a hybrid air-
conditioning system

The cycle considered in this chapter for yearly simulation is a ventilation air-
conditioning cycle shown in figure 6.11 due to simplicity and the fact that the supply air
is 100% outside air. The fresh air is dehumidified through a desiccant wheel and then
sensibly and evaporatively cooled before being sent to the conditioned space through a
heat exchanger and a humidifier. The return air is cooled down through an infrasonic
humidifier, which can produce over saturated air, and is heated by the air to air heat
exchanger used for regeneration.

optional

infrasone
humidifier

R r1 Return
(ol == [ e
IE
=
|2
S o4 o5 Supply
Ou'tsideg @P
air -

Figure 6.11 Component elements of the desiccant cooling system

As shown in this chapter, desiccant coolers have very low coefficient of
performance as a result of large amount of heating required for regeneration of the
desiccant matrix. Therefore, a hybrid cooling system with desiccant wheel, as an
auxiliary system, has been chosen for year-round simulation. Its performance has been
simulated and compared with that of the conventional chillers. Based on a control
strategy, the system uses a wheel as a dehumidifier only at extreme outside air conditions.

Four different systems are considered to be compared according to their
performances. They are:
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1. Hybrid desiccant cooling system: a desiccant cooling system that desiccant wheel is
active only when the cycle of indirect evaporative cooler is unable to prepare supply air
in set point temperature. If the system is still unable to supply air at the desired set point,
then an auxiliary system using cold water from a conventional chiller is considered in the
year- round simulations.

2. Conventional cooling system: a chiller with air cooler and heat recovery system.

3. Hybrid desiccant cooling using waste heat or solar thermal systems: the regeneration
heat is delivered fully by a free source of thermal energy.

4. Evaporative cooling system using a heat exchanger with wet surfaces and conventional
chillers as auxiliary system.

The simulations have been carried out using the Matlab Simulink environment
due to its adaptability with HVAC system and building simulation. Matlab Simulink tool
is well adapted to easily link the HVAC components with each other and eventually with
the building models. Output variables can be easily displayed in this modular tool. The
psychrometric data are represented by the equations for moist air properties following the
ASHRAE. [*®l

In these simulations the thermal behavior of the building is not considered. It is
assumed that the air handling unit is used as a makeup unit for an air system with
constant air conditions and the variations in the internal building cooling loads are not
considered. The air handling unit delivers cold air Tsupply for example 16°C. When the
indoor temperature Touilding IS controlled at 24°C, the supply air with mass flow rate of m
delivers an amount of cooling to the building equal to: .

Qcool cap = Cp I’n(TbuiIding _Tsupply )

The mass flow rates should be chosen so that the constant internal load of Qinternal
given per m? floor area can be cooled away. The indoor temperature has been fixed at
24°C and the difference in absolute humidity between supply and return air due to high
ventilation rates are neglected and the supply air is supposed to be saturated. The state for
the outside temperatures lower than supply set point are switched off to zero, therefore
the simulation results on the workspace are only considered for the outside temperatures
higher than the set point for supply air temperature.

The performance of desiccant air-conditioning system has been studied for
weather data of Beijing as an extreme climate as well as Netherlands as a typical
moderate climate in reference years (winter 1964/ summer 1965). The set point
temperature for supply air temperature has been considered equal to 16°C. In order to
minimize regeneration heat the control strategy adjusts the minimum regeneration
temperature according to the set point for supply air temperature to provide the required
cooling capacity.
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The regeneration temperature would be in maximum value if and only if the
supply temperature is equal or more than set point according to this control strategy. For
the states with supply temperatures higher than set point after cooling is required and
have been considered using a conventional chiller in these simulations.

Heat recovery systems or heat exchangers with wet surfaces, which has been
modeled as described in section 6.1.2, give lower supply air temperatures comparing with
the heat exchangers with dry surfaces. Figure 6.12 shows how using heat recovery system
with a wet surface in the return airflow stream reduces air temperature of supply air as
well as the air temperature before heating or regeneration.

Although the heat exchanger with wet surfaces is capable of supplying air 2-4°K
colder, the reduction in air temperature before the heater for regeneration is 8-16°K due to
using wet heat recovery system. Consequently, it is not advantageous to use a heat
recovery with wet surfaces when desiccant wheel is active and thermal energy for
regeneration is not free.

However, the heat exchangers with wet surfaces are applied in the system when
the desiccant wheel is not active or when the regeneration heat is prepared from the waste
heat or solar energy. In addition, the efficiency of humidification has a considerable
effect on the results, and has been described in the next section.

Histogram of the effect of Heat Exchanger with wet surfaces :
1- supply air temperature [Reduction in °C]
2- Regeneration Heat [ Increase in kw]
3- air temperature before heating for regeneration [Reduction in
Oc]
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B Increase in Regeneration Heat flow [kw]
B Reduction in air temperature before Regeneration (pre-heating) [C]

Figure 6.12. The reduction of supply air temperature and the air temperature before
heating for regeneration due to use of wet heat exchanger during a reference year for the
Netherlands
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6.4. Results of yearly simulation

The cooling capacity is defined as the cooling or removing the surplus heat per
m? of the floor area, and can be described as:

Q.. /A=mC, (T, ) A

et,indoor Tset,sup ply

Consequently, an air handling installation has to deliver this amount of cooling to the
airflow. The COP or the coefficient of performance of the system can be calculated
according to cooling load and the required energy.

The performance of desiccant air conditioning systems depend on the operating
parameters of desiccant wheel. This study has been performed according to year-round
simulation for variable cooling load; according to a selective supply air temperature and
variable fresh air temperatures and humidities; so the required regeneration heat may be
minimized by selecting proper values of regeneration temperature for a hybrid cooling
system.

At the same time the control strategies influence system performance through
optimum speed of wheel. This analysis presents a method for choosing optimal values.
The optimal control strategy will allow the regeneration temperature to vary in proportion
to the cooling load. The wheel rotational speed may be kept constant according to
optimum speed and fine tuning of this speed is not important. The control strategy has
been described in figure 6.13.

It can be observed that how a hybrid desiccant cooling system using desiccant
wheel only in a part of summer, as shown in the tables, leads to saving energy and
reduction in CO2 emissions with different ratios for different climates.

Tables 6.4 and 6.5 show CO2 emissions and energy costs at two different climates
for different cooling systems.

The first system is related to a reference system or the conventional air cooler,
studied in chapter 3, with a cooling factor equal to 3. The simulation results demonstrate
that an auxiliary evaporative cooling system, using two humidifiers and a heat exchanger
with wet surfaces, results in considerable reduction in energy costs and the emissions.

Use of evaporative cooling system suffices in the Netherland for 40% of summer
time while this ratio is 25% for Beijing climate. In the next row, the results of simulation
for a hybrid desiccant cooling system have been given. A combination of adsorption and
evaporation cooling leads to the given results for the emissions and the energy costs. The
advantage of desiccant technology, for the situations using waste heat or a free heat
source such as solar energy is demonstrated in the last row. The energy necessary for fans



Desiccant Cooling Systems 157

and pumps are not considered, since this factor would have been the same for each and
every scenario described in table 6.4.

Control strategy

Starting value Tsupply,set =16
Tregeneration =Treg max — 90°C
n=0 Tovitcning =24 °C ChTiIIer on aft?r heating
Treg n = Trfg na—10n °C Yes No
indirect evaporative Tsupmy > Tsupmyyset
cooling + desiccant
in_operation n=n+1 T
measure supply
supply
supply - desiccant on
temperature l - indirect evaporative
0 cooling on
Tsupply < Tswitching and Treg > 60 Yes
Topplyset =16 No desiccant off
indirect evaporative
l cooling on
Tsupply <Tswitch and Treg =60°C No
Yes
System with Ty, =Tg,onsec =16° is called: hybrid desiccant cooling.
System with T ;. =24° and T, .. =16°is called: hybrid cooling with desiccant in peakload hours only

Figure 6.13. A graphical representation of the control strategy implemented in the year-
round simulation of hybrid cooling system

These results are shown using different figures in this chapter. Figures 6.14 and
6.15 show the energy costs according to the given set point temperature 16°C for supply
air and cooling capacity of 30 W/m? for both climates. The comparison for conventional
chillers with cold factor 3 and solar hybrid desiccant cooler is observed in these figures.
As mentioned before, the desiccant wheel has been implemented as an auxiliary system
for a hybrid system that is a combination of evaporative coolers and also heat exchanger.
A conventional chiller is used to reach the desired set point for the situations that the
system of adsorption and evaporative cooler is not able to achieve supply air at the
desired set point.
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This means that the desiccant system has been used only for peak load hours and

for the rest of a year the hybrid system using heat recovery unit and two evaporative
coolers is considered.
Table 6.4. Yearly CO2 emissions and energy costs for the Netherlands using different
cooling systems: The humidification and heat exchanger efficiency of 80% have been
considered for all systems. The model of wet heat exchanger is given and discussed in
this thesis. The effects of fans and pumps are the same for different systems and are not
considered in these calculations.

coz2 Energy
emission costs
kg/m2 euro/m2

(Wet HX+ Evaporative Cooler +

Desi t Wheel=systemC) 60%+
esieean eel=systemC) 0 0 system or waste heat is
(System A) 40% A
used for regeneration heat)

Free heat(solar thermal

The results show that using desiccant wheel can result in some savings in the
energy and reducing environmental impacts comparing with conventional chillers, for the
Netherlands. However, when regeneration heat is prepared by free thermal source, the
indirect evaporative cooling system and adsorption will suffice (without using
conventional chillers) by themselves. For Beijing the reduction in the costs and emissions
are 90% as it can be seen in the figures and the results of the tables.

Figures 6.16 and 6.17 show the comparison of CO:2 emissions for different
coolings systems according to supply set point temperature. The efficiency of 90% for
boiler has been assumed to calculate of gas consumption for regeneration heat.

The energy consumption needed for after cooling requirement has been calculated using a
cold factor of 3 for conventional chillers and 40% efficiency of power plants. It is
assumed that the after cooling requirement is calculated without considering the
dehumidification for the conventional air cooler.

Considering that each cubic meter of gas can produce 9.8 kWh of thermal energy,
then the yearly gas consumption for hybrid desiccant air conditioning system can be
calculated as:

Primary Required Energy = > QRege“eg"’“C’" +> Qg‘j”"g‘g [kwh] (6.14)
. A X
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Table 6.5. Yearly CO2 emissions and energy costs for Beijing and different cooling
systems: The humidification and heat exchanger efficiency of 80% have been considered.
The effects of fans and pumps are the same for different systems and are not considered
in these calculations.

coz2 Energy
emission costs
kg/m2 euro/m2

(Wet HX+ Evaporative Cooler +

. o Free heat(solar thermal
Di t Wheel=systemC) 60%+
esieean eel=systemC) 0 0 system or waste heat is
(System A) 40% A
used for regeneration heat)

Z QRegeneration + Z Qafter-cooling

gas Consumption = 0.9 04x3  m?

98 (6.15)

Using a cost of 0.44 Euro for each cubic meter of gas and 0.13 Euro for each kWh
electricity, the energy costs have been calculated for hybrid desiccant system.

The system has been investigated for CO2 emission in the given set point of supply air
temperature and comparison has been made between hybrid desiccant system and
conventional chillers.

It has been assumed that each cubic meter gas can produce 2kg of COz. For
conventional chillers the cold factor of 3 and power plant efficiency of 40% has been
used to calculate the energy costs and COz2 emission as:

Thermal Energy Consumption =
(6.16)
5 Cooling Load ¥ MC, (Tousiaeair + 1~ Tuppiy ) [KWh]
(3%0.4) (1.2)
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Ts=16"C for Set Point
Climate:Beijing

Humidifier Efficiency:80%

HE Conventional Chiller

E Hybrid Desiccant Cooler

OConventional Chiller+Evaporative Coolers

O Hybrid Desiccant Cooler using waste heat or solar energy

Yearly Energy 4
Cost [Euroim’] o}~

0

10.8
Ventilation rate[m’/hour/m’]

Figure 6.14. Comparison of energy costs for hybrid cooling system and conventional
chiller with cold factor 3, and cooling capacity of 30 W/m? for 16°C supply air
temperature. Desiccant wheel is activated only in peak load hours. The simulation results
show a proper combination of heat exchangers with wet surfaces, evaporative coolers
and desiccant wheels can be energy efficient and show considerable emission reductions.

In the calculation of cooling load, one degree increase in the air temperature for
the air heating by fans has been considered.

The effect of humidification efficiency of evaporative coolers on the performance
of cooling system regarding energy costs and COz2 emissions have been shown in figures
6.19 and 6.20. It can be observed that how an increase in humidification efficiency
improves the performance of hybrid desiccant cooling systems.

Desiccant cooling technology can be useful and practical when the latent load is
large in comparison with the sensible load for the energy cost and COz emissions. Typical
reductions of 10 and 55% in COz2 emission and energy costs can be obtained respectively.
These figures increase to 90 and 100% reduction for the systems that use waste heat as
regeneration heat. The thermal coefficient of performance (COP) is commonly used to
compare the system performance. The definition of the thermal COP varies, and there are
two definitions in the literatures. Some investigators use the space-cooling load divided
by the thermal energy required to regenerate the desiccant. Others use the heat removed
from the process air stream divided by the thermal energy required to regenerate the
desiccant or equation (6.13). Figures 6.21 and 22 show the thermal coefficient of
performance for year-round simulation of hybrid desiccant cooler respectively for the
Netherlands and Beijing using this definition. The low values of COP are due to cooling
system with desiccant wheel while the high values of COPs are due to the situations that
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the required energy is only the energy needed for running fans. The COPs less than one
are related to high values of the required regeneration energies.

In short, desiccant wheels have low coefficient of performance due to the high
regeneration heat. According to the control strategy described here, the desiccant wheel
has been used only in the peak load hours. Therefore, the desiccant wheel is an auxiliary
system for a hybrid system including heat recovery and evaporative systems. In addition,
desiccant cooling systems when the source of regeneration heat is waste heat or solar
energy can save energy consumption and reduces COz2 emission considerably as shown in
the results of year-round simulation described in this chapter. It can be easily concluded
that the desiccant technology is an attractive alternative for hot and humid climates.

Ts=16"C for Set Point
Climate:Netherlands

Humidifier Efficiency:80%

B Conventional Chiller

@ Hybrid Desiccant Cooler

O Conventional Chiller + Evaporative Cooler

O Hybrid Desiccant Cooler using solar energy or waste heat

Yearly Energy |
Cost [Euro/m’] g5

0

10.8

Ventilation rate[m°/hour/m?]

Figure 6.15. Comparison of energy costs for hybrid desiccant system and conventional

chiller with cold factor 3, and cooling capacity of 30 W/m?for 16°C supply air
temperature
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Set Point for supply air or Ts:16°C
Climate:Beijing
Humidifier Efficiency:80%
EConventional Chiller
EHybrid Desiccant Cooler
OConventional Chiller+Evaporative Coolers
O Hybrid Desiccant Cooler using waste heat or solar energy

25_/

204 .

YearlyCo2 151" -
Emission [kg/m?] 10+
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Ventilation rate[m*/hour/m’]

Figure 6.16. Comparison of CO2 emissions for hybrid desiccant system and conventional
chiller with cold factor 3, and cooling capacity of 30 W/m>for 16°C supply air
temperature

Set Point for supply air or Ts:16°C
Climate:Netherlands

Humidifier Efficiency:80%

B Conventional Chiller

EHybrid desiccant Cooler

OConventional Chiller+Evaporative Coolers

O Hybrid Desiccant Cooler using solar energy or waste heat
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Emission [kg!mzl
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10.8

Ventilation rate[maihour.fmz]
Figure 6.17. Comparison of CO2 emissions for hybrid desiccant system and conventional
chiller with cold factor 3, and cooling capacity of 30 W/m?for 16°C supply air
temperature
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Comparison of different Climates

Ts=16"C
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Figure 6.18. Comparison of different climates of Beijing and Netherlands on the energy
costs and CO2 emissions in the same set point of 16°C for supply air

Comparison for different humidifier efficiencies
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Figure 6.19. The effect of humidification on the results of CO2 emissions for Beijing and
supply air temperature set in 16 °C and cooling capacity of 30 W/m?
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Comparison for different Humidifier efficiencies

@ 95% efficiency for
Humidifier

[ 85% efficiency for
Humidifier

O 75% efficiency for
Humidifier
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Figure 6.20. The effect of humidification on the results of the energy costs for Beijing and
supply air temperature set in 16°C and cooling capacity of 30 W/m?

Climate:Netherlands

COP

Figure 6.21. The thermal coefficient of performance for year-round simulation of hybrid
desiccant cooler for the Netherlands using the definition according to the equation
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(6.13). The high values of COP is related to the part of year that desiccant is not in
operation and a simple evaporative cooling suffices the air cooling to the set point

Climate: Beijing

1400
1200 -
1000 -
800 -
600 -
400

203“ :H:H:H:H:H:H:H:H:”:

Frequency

K I
K\
COP

Figure 6.22. The thermal coefficient of performance for year-round simulation of hybrid

desiccant cooler for Beijing using the definition according to equation (6.13)

6.5 Summary and conclusion

The performance of four cycles for solid desiccant air conditioning systems has
been predicted using the graphical computer tool of Simulink, it is a very simple
and quick way to test different cycles.

The results of this study show that the performances of these systems greatly
depend on the operating parameters of the desiccant wheel with respect to the
selection of optimum speed of the wheel and regeneration air temperature.

The best application of the desiccant wheel for air conditioning has been
suggested. The best choice of wet and dry heat exchangers is based on minimum
regeneration heat and desired supply air temperature. The results can change
considerably within different ranges of outside conditions.

Desiccant air conditioning systems perform better when the latent load is higher
than the sensible load. A significant improvement in the performance of the
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desiccant cooling cycle has been predicted with the application of an evaporative
cooler as applied in the cycles I, 11, and IV.

» This study simulated a one-year time frame for variable cooling load, fixed supply
temperature, and variable fresh air temperatures. The required regeneration heat
was minimized by choosing proper values of regeneration temperature for a
hybrid desiccant cooler. The desiccant control strategy was to maintain minimum
regeneration heat. At the same time, desiccant control strategies influenced the
system performance using wheel speed since only the optimum wheel speeds
were used.

» This analysis presents a method for choosing optimal values. The optimal control
strategy will let the regeneration temperature vary in proportion to the cooling
load. The wheel rotation speed may be kept constant at optimum speed. Fine
tuning of this speed is not important.

» The use of the graphical computer tool of Simulink is a promising way to test
different control strategies. The key control parameters can easily and quickly be
identified and modified for year round simulation.

» Using a heat recovery wheel to save exhaust heat from the desiccant wheel, as a
preheating for regeneration of the desiccant matrix, can result in 20-25% energy
saving.

» The results show desiccant cooling technology can be useful and practical, if it is
in operation as an auxiliary system for an evaporation cooling system. The
reduction of 10-55% in CO2 emission and energy costs are observed from the year
round simulation results. The reduction percentages will grow even larger if the
source of thermal energy for regeneration can be prepared for free or
inexpensively such as waste heat or solar energy. Of course the investment costs
may be high and the energy saving may not compensate for it, but the reduction in
COzemission and the possibility to use waste heat and solar radiation may resolve
these issues when applying these systems.

» The results of year round simulation show that conventional chillers can be
replaced with hybrid desiccant air conditioning system, if desiccant wheels are
active only for a limited time and the rest of year the evaporation cooling will
suffice without desiccant in operation. In addition, the difficulties resulting from
the overheating of cooling water for power plants, makes them attractive to be
considered as a promising alternative that can be implemented within a short time.

» The results of performance of desiccant technology in air conditioning are
strongly dependent on the climates.
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NOMENCLATURE

A Heat Exchanger Surface (m?)

C Constant given by equation (5.7)

Cx  Hot fluid specific heat (J kg K™)

C,  Airspecific heat (J kg™ K™

Cw  Water specific heat (J kg™ K™)

COP Coefficient of Performance defined in equation (5.13)

e The linear coefficient of enthalpy

g Mass flow (kg m™)

h Enthalpy of humid air (kJ kg™*)

hs Enthalpy of humid air in the boundary layer of the air (kJ kg™)
K:  Total Heat transfer coefficient (Wm?K™)

m  Air flow rate (kg s™)

rm, Hotair flow rate (kg s™)
m

Cold air flow rate (kg s™)

Ntu Heat Transfer number

q Heat flux related to a surface area of AA (W m?)

Q Heat flow rate (W)

Qc  After cooling load (W)

Q. Cooling capacity (W)

Qmn  The energy rate needed for two fans in the system (W)

Qr  Regeneration heat rate (W)

R Thermal conduction Resistance of water layer (W™ K m? )
R,  Thermal conduction Resistance of heat exchanger Wall (W™ K m?)
ts Air temperature in saturated layer of wet surface (°C)

ty Hot air temperature (°C)

tw Cold air temperature (°C)

T Inlet air temperature to the desiccant wheel (°C)

Tr  Regeneration air temperature(°C)

Touwt  Outlet air temperature from adsorption side of the wheel (°C)
U  Velocity (ms™)

Greek letters

a Convective Heat Transfer Coefficient (W m? K™)

Ok Convective Heat Transfer Coefficient for hot fluid side(W m? K™)
€ Humidity efficiency of the wheel

€k Temperature efficiency of hot fluid

Ew Temperature efficiency of cold fluid

(0} Relative Humidity%
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Wt
Wout

Input air humidity for the desiccant wheel ( kg kg™)
Outlet air humidity for the desiccant wheel, the adsorption side ( kg kg™)
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/. CONCLUSIONS AND FUTURE
WORK

7.1. Conclusions

Heat and mass transfer are modeled in different components of sustainable air
handling systems based on adsorption and evaporation in this thesis. This research
advances the scientific understanding of this technology for making different design
tools. The scientific findings of this research are discussed in the various chapters:

* A numerical model for the simulation of heat and moisture transfer in an indirect

evaporative cooling system (Static Cooler) is developed, and compared with experimental
data prepared by different manufactures and centers in the Netherlands. (Chapter 2);

* A numerical model for the simulation of heat and moisture transfer in a chilled water air

cooler is developed and validated. This validated model is used to develop a simplified
model using the Mollier diagram. It is applied as a design tool to a yearly energy analysis
of conventional air handling installations. One of the uses of this simplified model is as a
reference in the comparison of different air conditioning systems. (Chapter 3);

» A numerical model for the simulation of heat and moisture transfer in desiccant wheels

is developed. The model is used to study different applications of desiccant technology
for both low and high speeds of the wheel. At low speeds within a range of 10-20
revolutions per hour, desiccant wheels operate as dehumidifier wheels. At high speeds of
10-20 revolutions per minute they operate as energy recovery wheels. A variety of
practical questions are answered using the physical model. The simplified models are
derived from the physical model to produce quick and easy formulas to calculate the
change in the condition of the air after passing through the wheel. An analytical approach
is introduced to calculate the average values of the outlet air condition in a steady state
after air passes through the wheel. An analytical approach is introduced to calculate the
average values of the outlet air condition in a steady state after the air passes through the
wheel. (Chapter 4);

* The numerical model of desiccant wheels was validated with experimental data

prepared by manufacturers. Also measurements were carried out with a specially
designed test facility in a climate room at TU Delft. (Chapter 5);
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* The validated physical models are used to simulate various air conditioning systems in

order to analyze them with respect to capacity, energy consumption and environmental
aspects. In addition, the simplified equations developed in this thesis for dehumidifier
wheels are used to simulate a hybrid evaporative desiccant cooling system at a reference
year for two different extreme and moderate climates. The energy costs and CO:2
emissions are calculated for the different systems in the different climates. (Chapter 6);

» The validated models of air cooler and desiccant wheels are implemented in the

computer program Enerk. It can be used to analyze and to compare any desiccant system
with traditional and conventional air handling units. (Appendix A);

The final conclusions and contributions of this thesis are presented below and in the next
section entitled “future work” are recommended.

Having used the model for the advanced evaporative cooler, any type of
improvement in the performance of the system can be easily and quickly studied for
different simulations such as: the selection of appropriate dimension and configuration of
the system; the characteristics of air flow rate; the appropriate selection of the process
and primary air streams ratios. A unit of these coolers was analyzed and the simulation
results confirmed that the plates were not wetted properly and uniformly during the test
measurements. The results after analysis show that the present configuration of the
dimension and characteristics of the unit is not able to deliver the dew point temperature.
However, changes in design are possible to yield the desired temperature that is below the
wet bulb temperature.

The experimental set up made for air coolers provided the measurements for 24
different input conditions of air and cold water. The results show the need to make
correction for both the overall heat transfer coefficient and the Lewis number. This is
necessary because of condensation. The correction factors compensate for the simplified
assumptions regarding the wet surface of fins and the analogy between heat and mass
transfer. Furthermore, the correction factors depend on the dehumidification quantity.
The corrected model has been implemented in studies of the advanced evaporative air-
conditioning systems, where it has been used to construct a graphical model based on the
rules for transients in the Mollier diagram.

The user-friendly and flexible programming environment of the Simulink
provides an excellent alternative to obtain solutions for modeling of desiccant wheels.
The advantages of the modeling platform include: adaptability; the ability to generate
accurate solutions that are very concise with minimum calculation time; and ease and
usefulness in studying and modeling the total system. The Simulink model of heat and
mass transfer for desiccant wheels is improved to produce the results in shorter computer
times and also made more efficient so that it can be connected to the other building
models. However, because of the limitation of computer memory and long calculation
time, the physical model was not used; instead the simplified models were made and
applied in the year-round simulation of the desiccant cooling cycles.
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Two physical parameters have been chosen to make simplified models or
correlations. They are based on the relevant physical principles of adsorption that is a
phenomenon similar to evaporation with constant enthalpy. The correlations are made
using an optimization routine in Matlab. These equations correlate the outlet air
conditions to the input air conditions for air streams as well as the wheel and air speeds.
The correlations are limited in scope and can only be used in a given range of air
conditions and wheel speed.

However, the range encompasses the practical situations that usually occur based
on the weather data. The maximum relative error when estimating the outlet air humidity
by these correlations for almost 1500 data inputs is calculated. The errors range from

18.5% for air humidity to £2.5% for air temperatures. The error increases in the regions

near the boundaries within the valid range. In other words, for air temperature, humidity
and velocity at the minimum or maximum borders in the valid ranges, larger errors are
produced. Furthermore, the change in air conditions in the Mollier diagram show that the
error in simulating the desired supply air temperature decreases the error of the
simulation of outlet air conditions of the desiccant wheel by a factor of 3. Therefore, even
in ranges of low accuracy the correlations are still useful.

Although the accuracy of the correlations is acceptable within a margin of error
for a typical European data weather, they are not usable for other climates. The error is
larger when all the variables are outside the boundaries. Therefore, an analytical approach
using physical simplified assumption was introduced. This approach is based on many
simplified assumptions. Although they are not satisfied in most real conditions, they
make it possible to produce a very simple but helpful model.

The results of simulation show that a desiccant wheel with thicker layer of solid
desiccant, used in dehumidification applications at low speeds, can easily instead operate
as a heat and moisture or enthalpy exchanger in higher speeds. Therefore, desiccant
wheel with a typical thick solid layer, common for dehumidification applications, is able
to operate for both winter and summer applications just by changing the speed. For
summer applications, the wheel works within lower speeds and in winter applications the
speed needs to be higher. But, when the desiccant wheel is an enthalpy wheel, with a thin
layer, it is unable to provide the necessary dehumidification needed for air drying.

In addition, the sensitivity study shows the most important parameters or control
variables. The regeneration temperature is the most important parameter, the wheel
speed, as far as operating in a practical range, is not so significant.

Adsorption equilibrium isotherms are the most important parameters in the study of
sorption. The experimental study of adsorption was carried out by different
measurements for two different wheels. It was observed that, in general, regeneration is
faster phenomenon than adsorption and adsorption is reduced by a rise in temperature.
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In addition, the numerical model of the desiccant wheel as an enthalpy wheel is
validated with the measurements provided by the manufactures that cover a wide range of
airflows, temperatures and humidities. The numerical and experimental values show
agreement especially for practical situations.

The performance of four cycles for solid desiccant air conditioning systems is
predicted using the graphical computer tool of Simulink. The results of this study show
that the performance of these systems highly depend on the operating parameters of
desiccant wheel with respect to the selection of the optimum speed of the wheel and
regeneration air temperature. The best application of a desiccant wheel for air
conditioning has been suggested, depending on to the choice of the wet and dry heat
exchangers. This decision is made based on the minimum regeneration heat and the
desired supply air temperature. The results can vary considerably in different range of
outside conditions.

In addition, use of a heat recovery wheel to save exhaust heat from the desiccant
wheel, as a preheating for regeneration of the desiccant matrix, was studied and observed
that it can result in 20-25% energy saving.

The use of the graphical computer tool Simulink is an interesting way to test
various control strategies. The key control parameters can easily and quickly be modified
for year-round simulation. The results show desiccant cooling technology can be useful
and practical, if the source of thermal energy for regeneration can be generated for free or
inexpensively such as waste heat or solar energy. Of course, the investment costs may be
high and the energy saving may not compensate for it, but the reduction in CO2 emission
and the possibility to use the waste heat and solar radiation may solve this problem and
make it more attractive to apply these systems. The results of year-long simulation show
that conventional chillers can be replaced with hybrid desiccant air conditioning systems.
It is important as they can reduce electricity usage demand by at least 25% for cooling
during peak load hours of summer.

A contribution of this thesis is the development of design tools for desiccant
wheel and air coolers in the computer program Enerk. The correlation model of desiccant
cooling is used in the computer program Enerk. With this program the energy
consumption for air handling installations can be defined. Only conventional systems
based on cold water air cooler could be simulated. Using the results of this thesis (the
validated models) desiccant systems can be analyzed and compared with traditional
models.

7.2. Future Work

The simplified equations that have been developed in this thesis for desiccant
wheels as dehumidifiers are validated only for a limited range of air conditions. In the
situations that the air conditions and the wheel speed are not within the boundaries of
valid range, the errors are considerably high. Although the errors of these calculations for
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air conditions in a practical cycle are reduced by a factor 3, the new simplified equations
which cover a wider range of air and speed conditions need to be developed.

The analytical approach developed in this thesis for a dehumidifier wheel is based
on many simplified assumptions which are not satisfied in most conditions. Therefore,
the analytical model needs to be improved in order to reduce the assumptions to obtain
more accurate solutions.

Another major area of future research is to apply the simplified functions
developed in this thesis to optimize different air conditioning cycles for use in buildings
and some special applications such as green houses. With these simplified equations the
sustainable air conditioning systems with least life cycle costs and energy consumption
and CO2 emission can be designed for building in different climates with local energy
prices. These optimized solutions together with appropriate design methods, will be
attractive to industry for implementation of optimal designs.

There are many questions for HVAC engineers and manufactures concerning
design and manufacturing of these systems that should be addressed by future research
projects. The design tools made by these simplified equations can be used for this
purpose.

Since the heat regeneration can be provided by inexpensive sources of thermal
energy, such as solar energy and waste heat or cogeneration heat, one of the most
attractive examples of research projects in this area are calculations of energy savings and
reduction of COz emission for these systems. The results from this thesis can easily be
implemented when performing these calculations, and optimizing the performance of
these systems.



Conclusions and Future Work 176



Appendix A: Practical Application
of Results of This Thesis

“Reprinted with permission of the American Society of Mechanical Engineers, ASME”

Model of desiccant cooling process applied in the simulation program
Enerk’

. heat adiabatic
desiccant
recovery L
wheel wheel humldlﬂer/\

S e

Figure Al Desgiceant cooling syciem implemented in Eneri.

In this chapter, it is shown how desiccant and evaporative cooling can be implemented in
the computer program Enerk.

A.1 Enerkinshort

A computer program, ENERK, was developed at the TUDelft by van Paassen and
van der Stelt to design heating, ventilating and air-conditioning systems for low energy
buildings. It interacts with the designer of HVAC-systems by asking questions and by
recommending appropriate control strategies for different systems to find the most energy
efficient system.

This program is based on a new calculation method. It enables the designer to use
rules of thumbs and cognitive strategies when deciding what to do during the design
process. It shows much similarity with the design procedure that the user himself likes to
follow.

The program offers a higher degree of flexibility in system design; a better
understanding of the effects of energy savings, and the same accuracy as a computer
program does based on an hour-by-hour calculation method.

! Reference for Enerk: Paassen, A.H.C. van , T.P. van der Stelt. Een interactief computerprogramma voor
het ontwerpen van klimaatbeheersingsinstallaties ENERK. TVVL Magazine 30, november 2001.
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Enerk is functioning in the following sequential steps:

e Based on the design data of a room with the window oriented in a specific
direction the hour by hour response of the cooling and heating load is calculated.

e Then a bookkeeping type program counts the number of hours with outside
conditions occurring in specific intervals of outdoor temperature and humidifiers.
These intervals (indicated by i,j) are represented in sections in the Mollier
diagram and for each section the average outdoor temperature and humidity and
cooling and heating loads are defined. Thus, the time response is transferred in a
probability function given per section the occurrence of the average outdoor
temperature, humidity and heating and cooling load:

Ij (Qij,average’eifaverage’ Javerage) and IJ (Qlj average ! |average’ X;average)

e For each section in the Mollier diagram the designer now select the sequence of
air handling, and dictates the inlet and outlet condition belonging to each step of
the air handling that eventually gives the required heating and cooling needed for
that section. By means of a presentation of the psychometric chart on the monitor
the air handling processes is shown and the designer can change the sequence or
control strategy according his/her wishes.

e After the right sequence is defined the energy needed to realize this air handling
per kg of air will automatically calculated. By summing up all the results per
section the yearly energy consumption can be found automatically. Consequently,
the designer can find the best air handling process and its control system by trial
and error without the necessity of reprogramming, as is required for the more
conventional computer programs.

A.2 Desiccant cooling implemented in ENERK

The simulation models derived in this thesis is used to implement desiccant cooling in
Enerk.
The fast correlation functions of Chapter 4 showed to be appropriate for this purpose.

In a similar way the curve of the change of air conditions due to desiccant cooling
should be indicated in the Mollier diagram. In the menu of control strategy it is possible
to choose between conventional (as it is now in Enerk), desiccant cooling and indirect
evaporative cooling system (desiccant wheel not active). When desiccant cooling is
selected the control strategies switch over to indirect evaporative cooling as soon as this
can deliver the desired supply temperature. The reason is that evaporative cooling doesn’t
need regeneration heat.

The various options - ranging from conventional to desiccant cooling - can be selected
using the screen “Installation data” as shown in figure A2.
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i Enerk 5.3 - C:\Program Files\Enerk 5.3 (Standard version, build 25)\test1.enk (Modified) - [Weather File: SRY_DeBilt_NL_hot.ewf]
File Options Weather data Help

Fioom walls} Fioom Shading] Fioom use] Day resu\ls] ‘r'ear resulls] Comfort dalal Solar energy] Sector partiion  Installation data 1 Contral Slralegy] Total energy use] Output repurl] Costs I

Type of airconditioning system Air properties aﬁ Default

& Induction system Density 1.25 [ka/m3]
™ Yariable Air Yolume system Specific heat: 397 [skak]
™ Constant All Air system Arnbient pressure: 1013 [kPa]
Heater Heat recovery
Bailer efficiency: ’90— [%] Efficiency sensible heat recovery: ’90— [%]
Efficiency recovery of moisture: ’807 [%]
Cooling system
" Conventional Humidifier
[25 &+ Adiabatic humidification
 Desiccant / Evaporative only " Steam humidification (slectic heated generator)
Efficiency hurmidiier [inlst flow) ’70— 1% " Steam humidification [gas heated generatar]
Efficiency humidifier [exhaust] ’?D— [#] ’—
Temp. efficiency heat recoverny whesk ’?D— [*]
o Dessicant Gl e
Air speed: ’T [m/s]
“wiheel speed desiccant wheel: ,107 [rph] il el il v (et D [orkal
Max. regeneration temperatur: ISD— ['T] i X .upper boundt N et
“Wentilation rate minimal ¢ 0.5 -1
" Ewaporative anly surgery . ca 20 '2— [per haour]
- Mirimurn flaw = vertilation rate *w * [k 10962 [m32h]
Charge head fan: ’W [Pa] Flows 'W [m3#h]
Beneiismmmy ’80— = b asimum recireulation building air: 8.65 [%]

g Start e A" se. Fere [ EAlF... r@D... EN Koppelingen * Bureaublad > ] @‘;‘:f}‘ (e

Figure A2. Installation data input of type of cooling and efficiencies

Model desiccant cooling in Enerk

The models of this thesis are used to simulate the desiccant cooling system as
indicated in figure Al in such a way it can be used in Enerk.

The cycle is as follows:

e Outside air with temperature T; and humidity X; is dried by the desiccant wheel
to the condition T, and humidity X.

e Then the recuperative air to air heat exchanger transfers the heat generated by
adsorption to the exhaust air flow. Thus, the supply air flow is cooled down at
point 3 to a lower temperature. Adiabatic humidification cools down this air flow
further to the supply condition T4and X,.

The exhaust air flow conditions are changed as follows:
e The air leaving the building has a temperature close to that of the desired one
(comfort temperature is 24°C. The humidity Xs is due to the moisture generated in
the building by people slightly higher then that of the supply air (X4+0.0005).
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e This air flow can be humidified to the wet bulb temperature T, and heated by the
recuperative heat recovery wheel to T.

e To drive out the adsorbed moisture the temperature should be increased by an air
heater to Tg. The more water should be driven out, the higher this temperature will
be (60 to 90°C).

The model should be able to calculate the supply air conditions T4 X, for different input
conditions T1 X; and control variables (Tg, wheel speed N and air speed V).

The model shown in figure A3 is based on heat balances, correlation functions, and
empirical data for the heat recovery efficiency.

. . . T.,T.
The input air conditions are: I\TVE‘

T,, X, (outside air condition to be handled)
Ty, X, (building exhaust air condition) l

T %y T,, X
. . 4 Ny
Select: T Xs Model desiccant
—» >

Regeneration temperature: T, =T;;
Wheel speed: N;
Air flow:V;

cooling system

Figure A3. Set up model

Calculate desiccant cooling system

Ts, Xi = X, with following equations.

h; =c,Ty+r X;  (sensible heat of water vapor is ignored)
hy, = h

T, . =27.8InMs+38
' 455

To =14, (Ts _Twetbulp,return) +T;
with 7,,, efficiency of first adiabatic humidifier (5<->6)
— hs _Te
° 2491
Xp =X =X;=Xg

The correlation study of the physical model results in the following characteristic
variables:
dT/dX and dT/Tk.

g—; =0.0723N -0.286V —0.0401X —0.178X, +3.7833
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3—1 =-0.0053T,-0.0527V +0.0041N - 0.003X, + 0.0127X, +0.001T, +0.3042

With constraints:

10Rph < N <18Rph 60<T, <90
1.5% <V 53.5% 25<T, <35

g - x <169
kg kg

g - x. <169"
kg kg

These 2 correlation equations are derived from a detailed physical model (chapter 4).
With these equations and simple heat balances of the auxiliary components a
straightforward set of equations could be obtained to calculate the curves in the Mollier
diagram representing the change of air conditions during the air handling process and the
heating energy needed to handle the drying and cooling process. With these equations the
output of the desiccant wheel, X, and T2 can be defined.

Tz _Tl
dar
dXx

X, =X, -

T2:T1+T8c_j|_—T Ty =Tx

8
Using temperature efficiency, , of heat recovery unit or wheel gives T7:

T, =T or
Tz _Te

T, =Q-& )T, + gTT2

&=

The heat balance over heat recovery wheel gives:

T,=T,-(T, -T;)

h,=hy=c,T,+2412-X, and X, =X,

T, =27.8In "t

' 455

T,-T, . I I o

Mo =17 efficiency adiabatic humidifier (2th) gives: T, =T, =77, (T, =T, 4)
3 wh,4

X, = M

2.491
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Heat needed for regeneration is:

QReg = Cp (TR _T7)

A2

Mode of operation (control)

Desiccant mode. The strategy is as follows. The maximum capacity is put in
operation by controlling the regeneration temperature Tr to 90 °C. Also, the
rotation speed of the desiccant wheel is set at maximum value (although its
effect is less then that of Tg), and both adiabatic humidifiers are on. Tr values
are now controlled back to get the desired value of the supply air (T4=T4 ).
See figure A4.

Indirect evaporative cooling. When the minimum value of 60 °C is reached
the air heater for regeneration is switched off, and the desiccant wheel is
stopped and, bypassed. Because humidifiers don’t need energy the following
mode is made active directly.

Indirect and direct evaporative cooling. Now both humidifiers are switched
on.

Conventional mode. An air cooler is put in operation producing additional
cooling. Of course, this requires electricity to drive the cold water chiller.

For the situation considered (outside air conditions, cooling load and frequency) a
conventional air handling installation can be put in operation and compared with the
desiccant system to see if it is appropriate.

The Mollier diagram is divided into small sections. Section by section the selected air
handling system is put in operation and the energy required for making the required
supply conditions are calculated. Summing up of the energies yields the yearly total
energy consumption.
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Figure A4. Depending on the required supply temperature one of the above graphs is shown.
If the required set point can not be realized by indirect evaporative cooling then the graph on
the top is shown (the desiccant cycle is placed in operation). The bold numbers of 1 to 8 are
used to indicate the air conditions after each treatment, the smaller numbers of 1 to 5 are for
indicating the sections with the same control strategy in the Mollier diagram.
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Appendix B: K-factors for One Row in Air Cooler

Ki=D Ky Ky =D, Ky, Ky =Ky

K, =-REF-K,, K, =KK, +KK;-K

Ks = KK, +KK; -K,; , K, =KK; - K, , Ky = KK, = KK, - K, Kg = KK, +KK; - Ky

K, = KK, + KK, - K, , If K, =0.0then K, =1.0

Ky = KK; - K 5 Ky = KK —KK; - Kgg

Kiz = (D + Kos - Kg) 1By, Kyy = (D, + Ky - Ky ) /By

Kis = Kos - Kop /By Kig = (=D, - REF — K3 - K ) /By

g o_4He o HAAKy,
P-C-DV, CeotVe

Hy=0H,u +(-0)H,y, ,0=1,T <T,,

_ LDzH, B H,

, A, =nD,L

B.—— " F B =— A _2DK
s CCMVF 4 EXRAA 0" opp
oLV oH,AK
B, = A ,B7:—Dpp(R°_hF);
DOVF CC,totVF
oH_7LK
s = —_m " oo y HF = CwateerrOppleS
A NN

Other symbols:
2B 2B, -TGR
BO4 = —4 05 — O-B—
(B, +2)B, (Bs +B;)B,
2B,

B, +2
BS

o =0dry; o=1 wet

EE, = ,EE, =¢-B,(TGR—-0.5B,.B,) +B, + EE,

EE,=0- 5 Bé , If TC,, >T,, then o=0 (dry)

5+6

B,=0,B,=0,EE =B,+EE,,EE, =0 ,D, =B, -EE,/EE,
D, =B,-EE,/EE, D, =(1-B,/EE)B,
o= e ™, K, =0-Ky,)/D,
=B —D,, Ky =(1-K,)/D,
Kos = KosDyy Koy = Kgs D,
Kg =K,y -REF , KK, =(2-B,)/(2+B,)+B,D,
KK, =By,D,, KK, =B,K, , KK, =-REF - KK,
EE B

A AN

KK, =B,D,, KK; =B—73— B, +B, + By D,
EE B
KK; =By K KKq = B73 - B, ‘:Be +ByD,

2B

5 6

KK, =
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