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Preface

The low-temperature market is growing and expanding. It plays an essential and
growing role in the global economy. A wide range of low temperatures are required
almost in all branches of everyday life and industries, including the food and
beverage industries, air conditioning (comfort, technological, technical, IT equip-
ment), water and “dry” ice, winter sports, chemical industries, freeze-drying (for
food, pharmaceutical, biological applications, hair care industries, etc.); metallurgy,
mechanical industries, machinery, civil engineering, liquefaction of natural gas, etc.
The total number of low-temperature systems recently in operation over all the world
is roughly 3 billion. Such a development must be sustainable, with limited impact on
the environment and reasonable energy consumption (https://iifiir.org/en).

The scientific publications related to refrigeration cover the directions of new and/
or advanced technologies for application, thermodynamic cycles, working fluids
(one-component and mixtures), heat and mass transfer processes, materials etc.
The methods for the analysis and optimization are adjusted for in the refrigeration
machines because of the processes below/crossing the temperature of the environ-
ment. The initial idea of this book was to provide the reader with a comprehensive
overview of the latest developments and perspectives of research in the very wide
spectrum of refrigeration: feasibility of new technologies and improvements in
existing technologies; energetic, economic, and environmental effectiveness of
machines and processes; different optimization methods; and many other aspects
related to low temperatures.

This book, “Low-temperature Technologies”, consists of 13 chapters. These chap-
ters cover a wide range of low-temperature applications from the temperature
slightly below the environment (air conditioning) down to cryogenics.

The energy consumption for industrial, commercial, and domestic heat, ventilation,
and air conditioning has become a very important issue in the energy balance of
many countries. Therefore, continuous updating to the latest developments helps
the researchers and practical engineers in their work as well as the students for the
education process. Chapter 1 discusses the central air condition systems and their
applications: all-air, all-water, and air-water systems. The topic of a special air
conditioning system and its new application is addressed in Chapter 2. The
desiccant-based systems have been evaluated: standalone and assisted by the M-
cycle. The recommendations for the optimal applications have been formulated.
Desiccant-based air conditioning systems are also the focus of Chapter 3. A solar-
based technology, i.e. solar pond driven air conditioning systems, have been inves-
tigated theoretically and experimentally. Chapter 4 reports the evaluation of the
micro thermoelectric air conditioning system. The aim of this work is to validate the
theoretical model using the experimental data. The results obtained from experi-
mental study have been reported in Chapter 5 as well. The research interest of the
authors is synthetics and natural refrigerants gases usually used for air conditioning
systems in Brazil.



The research in the field of nanorefrigerants is one of new developments for
improving the performance of refrigeration systems. Chapter 6 summarizes the
information about behavior of different nanoparticles in vapor-compression
refrigeration machines.

Within Chapter 7, the authors suggest an approach for modeling the total thermal
energy needed for freezing the bound water in logs subjected to refrigeration. The
approach maximally considers the physics of the freezing process of the bound
water in wood.

Chapter 8 addresses the application of low-temperature technologies for medical
application. Heat transfer aspects have been discussed for the technologies applied
to whole-body cryotherapy.

“Cryogenics” is the key word for Chapter 9. The authors reported the evaluation of
air separation units. An exergetic analysis has been applied in order to identify the
thermodynamic inefficiencies and the processes that cause them. The economic
characteristics of these systems have been also reported.

The remaining chapters discuss the performance of the equipment. Chapter 10 is
dedicated to the evaluation of impacts of air-conditioning filters on microbial
growth and indoor air pollution. The design of the spiral plate heat exchangers is the
topic of Chapter 11. The authors focus on the thermal and hydraulic performance of
such a heat exchanger. Computational fluid dynamics is performed to validate the
thermal and hydraulic method. Particular attention is given to the maintenance of
the spiral plate heat exchangers. Within Chapter 12, the influence of low tempera-
tures on the performance of the vacuum pumps for steam power plants using air
cooling is discussed.

Chapter 13 is dedicated to the overview of the energy and exergy analyses applied to
the different types of refrigeration systems.

We hope that the readers will find this book to be interesting and useful for their
professional activities.

Tatiana Morosuk (Editor)
Professor,

Technische Universitit Berlin,
Germany

Muhammad Sultan (Co-editor)
Assistant Professor,

Bahauddin Zakariya University,
Pakistan
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Chapter 1

Central Air Conditioning: Systems
and Applications

Mohamed Elnaggar and Mohammed Alnahhal

Abstract

It became evident nowadays that modernization influences domestic and commer-
cial HVAC industry, and thus high technological and energy-efficient central air con-
ditioning systems are demanded. Therefore, the selection of proper type of central air
conditioning system is a crucial target in the construction industry as improper selec-
tion can maximize initial and/or running costs of the system and decreases the human
comfort and indoor air quality levels. In fact, a pre-assessment of the construction type
and budget available is required for selecting the proper type of central air conditioning
system. Therefore, there is a continuous need for an updated material in the literature
that reviews the central air conditioning systems and applications, which is the moti-
vation of the present chapter. The present chapter reviews the central air conditioning
systems and applications. Specifically, all-air systems, all-water systems, and air-water
systems are discussed. In addition, all provided systems are further explored through
several developed schematic diagrams enabling the identification of their various
components and the understanding of their working principles. It is may be of interest
to note that this chapter is suitable for undergraduate level students in the fields of
HVAC and R, mechanical, and construction engineering.

Keywords: central air conditioning, all-air systems, all-water systems,
air-water systems, air handling unit

1. Introduction
In central air conditioning, air, water, or both are used as working fluids to
produce the required heating and/or cooling, and therefore based on working fluids,

central air conditioning systems can be classified into three groups [1-5], namely:

1. All-air systems: in these systems air is used as working fluid for heating and/or
cooling purposes.

2. All-water (hydronic) systems: in these systems water is used as working fluid
for heating and/or cooling purposes.

3. Air-water systems: in these systems both air and water are used as working
fluids for producing heating and cooling purposes.

It is may be of interest to note that each type of the central air conditioning
systems has several systems of sometimes different configurations, and the use of

1 IntechOpen
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any system depends on its advantages and disadvantages [1-5]. The following
sections will provide descriptions of all types of central air conditioning systems.

2. Classifications of central air conditioning systems
2.1 All-air systems

In these systems air alone is used as working fluid to produce cooling or heating
in air-conditioned zones; besides that air is responsible for controlling the zones’
humidity level and provide the required ventilations to air-conditioned zones. In
addition, in all-air systems, air is used for aromatizing purposes. Therefore, only air
as working fluid is responsible for providing comfort, i.e., cooling, heating, con-
trolling of humidity and ventilation odor, and thus these systems are called all-air
systems [1-5].

2.1.1 Air handling unit (AHU)

Air handling unit can be considered as the heart of all-air systems since cooling
and heating take place in the air handling unit. It also mixes the outside air after
being purified with the return air, then the necessary psychometric processes are
carried out. Air conditioner is then expelled or withdrawn to the place to be air-
conditioned. These units are used for capacities exceeding 100,000 CFM (50 m*/s)
air. The main components of the air handling unit are shown in Figure 1 [1-6].

The main components of the air handling unit shown in Figure 1 are described
below:

* Supply fan. Centrifugal fan type is used to provide the conditioned air to
various zones.

* Fan motor. Electric motor is used to provide the rotating motion to the supply
fan.

* Cooling coil. Coil placed in AHU where cold water from chiller is circulating in
medium- and large-capacity AHU or expanded refrigerant in small-capacity
AHU.
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Figure 1.
A schematic diagram of an air handling unit with its main components.



Central Air Conditioning: Systems and Applications
DOI: http://dx.doi.org/10.5772 /intechopen.89455

* Filters. Filters or strainers are placed at the early air path in AHU. Filter type
used may depend on application type.

* Mixing box. It is place where fresh air is mixed with zone return air or with
fresh conditioned air. Mixing processes are performed to obtain the desired air
temperature and humidity or to maintain energy-efficient performance.

* Dampers. Dampers are used to control the amount and direction of air before
or after conditioning is performed.

* Heating coil. Coil placed in AHU where hot liquid or vapor water from boilers
is circulating.

* Preheating coil. Preheating coil is placed at AHU entrance before cooling and
heating coils. The task of preheating coil in hot days is to reduce the entering
fresh air’s relative humidity, thus preventing possibly the condensation of
water vapor on cooling coil, hence preventing frost formation on the cold coil.
In addition, preheater coil will prevent the freezing of water inside the coils in

cold days.

* Humidifier. It is a system which is responsible for increasing the humidity in
the conditioned zone. Humidifiers are usually used in cold days where
maintaining hot climate is desired; however this will accompany low-humidity
levels, and thus the use of humidifier becomes essential to maintain the
comfort edge. Humidifier can provide humidity either as hot vapor or water
spray. The first one is more preferable particularly in healthcare applications as
hot vapor will prevent the growth of biological organisms such as bacteria or
algae besides hot vapor compared to the water spray. Besides that hot vapor is
more preferable as provided humidity will have higher temperature and thus
will not reduce the conditioned hot air provided to the zones.

* Centrifugal pumps. Centrifugal pumps are used for cooling and heating air
processes. They are used to maintain pumping cycle of hot water from boilers
to the heating or preheating coils and back to boiler and/or pumping cycle of
cold water from the chiller or cooling tower to cooling coil in AHU and back to
the chiller or cooling tower.

* Control systems. Control systems can vary from simple control system to
advanced control system that use the latest technologies such programmable
logic controllers. Usually controllers are used to control the temperatures and
humidity of the supply air to the zones. It also controls the damper systems in
the AHU. Moreover, advanced control systems can even control the fan
rotation and thus the rate of air supplied to the zone based on the required
temperature in the zone and zone exit damper. In such systems, pressure
sensor connected to the control system will be placed in the air duct, and as
attaining the required temperature in the zone, dampers will get closer
increasing the duct-sensed pressure through which the fan connected to the
control system will reduce its speed and thus maintain energy-efficient
performance [7, 8].

* Casing. Casing is a kind of AHU cover that includes all the above AHU
components.
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It is may be of interest to note that the configuration of air handling unit can
differ slightly in design and components according mainly to the type of
application and AHU capacity (e.g., healthcare buildings or other), but also initial
and running costs can affect the selection of various AHU components. In
addition, air handinbased on various classificationsg units can be classified based
on the structure and based on the location where it is placed [2]. The following
sections will demonstrate all types of air handling units based on various
classifications.

2.1.1.1 Classification of air handling unit based on structure
A. Horigontal air handling unit (horizontal AHU)

The horizontal air handling units place the supply air fan, cooling coil, heating
coil, and humidifier in the casing horizontally (see Figure 2). This design requires a
large floor area as AHU components are large in size. Horizontal AHU type are

usually of high capacity and are usually placed in plant room, whereas small
horizontal AHU type can be placed carefully on the roof [2].

B. Vertical air handling unit (vertical AHU)
In vertical air handling units, the centrifugal fan is placed in a position above the
cooling coil, heating coil, and humidifier as shown in Figure 3. Vertical air handling

units are small in size and are low-capacity units, and thus they are installed in a
small floor area of plant room [2].

2.1.1.2 Classification of air handling unit based on location of installation

A. Internal air handling unit (internal AHU)

These air handling units are normally installed indoor in a plant room. This type
of air handling unit is called simply air handling unit [1].

B. Fresh air handling unit (fresh AHU)

In this type, air handling units are installed in the outdoor environment such as
on the building roof. This type of air handling unit is called fresh air handling unit.
Fresh air handling units are designed to withstand climatic variations. In addition,

Fresh outside air  Preheating coil  Fiter Cooling coil  Heating coil Supplied sir fan  Supplied air to the zone

I
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A schematic diagram of horizontal air handling unit. Redvawn with modification from [2].
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Figure 3.

A schematic diagram of vertical air handling unit. Redrawn with modification from [2].

safety measures must be taken before installing fresh air handling units on roofs due
to their large weights [2].

2.1.1.3 Classification of air handling unit based on supply air fan placement
A. Blow-through units
In the blow-through units, supply air fan forces or pushes the air through
the cooling coil (see Figure 4) to reduce the increase of supplied air temperature

due to friction, and thus air can be cooled before being supplied to the various
zones [2].

B. Draw-through units
In this type, the supply fan is placed after cooling coil (see Figure 5), heating

coil, filter, and humidifier, and thus air is pulled by the supply fan. This system is
commonly used as filters and coils which require small air speed and larger ducts

Fresh outside air Fitter  Supplied air fan  Supplied air to the rone Cooling coil

—

Figure 4.
A schematic diagram of blow-through type of air handling unit. Redvawn with modification from [2].
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A schematic diagram of draw-through type of air handling unit. Redrawn with modification from [2].

than large speeds and small ducts through the fan. The only disadvantage of
this system is that the fan sound can travel with supply air to the conditioned
zones [2].

2.1.2 Types of all-air systems
2.1.2.1 Conventional systems
A. Classification of conventional systems

These systems can be classified into two groups [1-5], namely:

i. Fixed supplied air volume flow rate with variable supplied air temperature

In these systems the rate of air flow remains constant, and the zone-required
temperature is obtained by varying the supplied air temperature.

i. Variable supplied air volume flow rate with fixed supplied air temperature
These systems maintain fixed supplied air temperature; however the
zone-required temperature is maintained by varying the volume flow rate of
supplied air.

B. Advantages of conventional systems

1. Simplicity as the components are of simple configuration and can be found
separated from each other

2.Low initial cost since the system has simple configuration

3.Low running cost as ventilation, return air, and side passage flows can be used,
which can maintain energy-efficient performance

4.Quite operation as air handing unit including the fan is placed in plant room
away from zone

5.Centralized maintenance as air handling unit is placed in the plant room
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2.1.2.1.1 Single-duct conventional systems

Single-duct systems are generally used for conditioning stores, offices, and
industries. A schematic diagram of a single-duct system is shown in Figure 6, which
is fixed supplied air volume flow rate and variable supplied air temperature type,
and thus the required temperature in the zone is attained by the adjustment of
heating and cooling coil flow rates and thus their temperature. On the contrary, the
required temperature in conditioned zone can also be attained by varying supplied
volume flow rate and holding fixed supplied air temperature (Figure 7) which is
accomplished by simply placing dampers in the single duct; thus supplied air vol-
ume rate can be varied, e.g., in summer days, higher supplied air volume rates are
provided to the zone to reach required temperature.

It is worth mentioning that single-duct system is used in both single and multi-
zones. Return air can be mixed with the fresh air in the mixing box in appropriate
ratio. This will provide energy-efficient running of the system; however care must
be taken on the quality of return air as air may have higher percentages of humidity
levels [1-5, 8]. This configuration can be seen in Figure 6 and Figure 7; however, in
Figure 7 variable supplied air volume flow rate and fixed supplied air temperature
type has new arrangement called side passage flow (green lines) where the air once
cooled is directed immediately to the mixing box to accelerate the cooling process.

2.1.2.1.2 Multi-duct conventional systems

Characteristics the characteristics of multi-duct systems are similar to single-
duct systems except that two or more ducts can be used for providing conditioned
air to two or more zones. The usage of several ducts in these systems provides
flexibilities as long as the required condition can be varied according to the
requirement in each zone. These systems are used where control of temperature and
humidity in a building zone is required [1-5]. Figure 8 shows two-duct system of
variable supplied volume flow rates with fixed supplied air temperature.
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Figure 6.

A schematic diagram of single-duct system (fixed supplied air volume flow rate and variable supplied air
temperature).
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Figure 7.
A schematic diagram of single-duct system (variable supplied air volume flow rate and fixed supplied air
temperature).
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Figure 8.
A schematic diagram of multi-duct system (variable supplied air volume flow rate and fixed supplied air
temperature).

2.1.2.2 Reheat systems

Reheat systems are used in applications of variable loads. In these systems air
will be cooled to the zone’s lowest required temperature, and then air will be
circulated to all zones, and the required temperatures of various zones can be
obtained by reheating the supplied air. Electric heater or hot water can be used as
reheaters which are located in the terminal units (see Figure 9) of conditioned
zones [1-5].

In addition, reheaters can be used for reducing the levels of humidity in cold
temperature zones by increasing supplied air temperatures. Usually zone thermo-
stat will be used to control the reheater according to required conditions.
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Figure 9.
A schematic diagram of a veheat system.

2.1.2.3 Constant volume induction system

In these systems, an induction unit is used either for ventilation or heating
purposes. The induction unit usually contains hot water coil, and it induces the
zone’s air to provide further heating or air ventilation (Figure 10). Single or several
induction units can be used based on the number of conditioned zones, and hot
water is provided to them from boilers through a water circuit which return the
water again for reheating. Primary air is usually provided from the air handling unit
which is usually responsible for the latent and sensible thermal loads and provides
the desired humidity level. In addition, primary air will be provided to induction
unit. Induction units are used to meet the increase heating loads and thus can
provide comfort quicker with lower running cost [1-5].

Advantages of induction units

1. Possibility of controlling room temperature as every room with induction unit
can be considered as zone

2.Simple air duct design

3.Centralized supplied primary air

4.Control system simplicity

5.Economic running

6. Possibility of controlling the air ventilation and odor

7.Quite operation as fans are away from the room
2.1.2.4 Multi-zone unit systems

In multi-zone unit systems, the cooling and heating coils are placed parallel to
each other where an amount of air supplied with a constant temperature is
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Figure 10.
A schematic diagram of an induction unit. Readapted from [5].

maintained. In these systems, hot air and cold air are mixed in required proportions,
and thus the supplied air of fixed temperature and fixed volume will be provided to
conditioned zone [1-5]. Figure 11 shows a multi-zone unit system that supplies air
separately to three different zones as dampers can be used.

This system is used and suitable for the following applications, namely:

i. Buildings that contain a number of small and large zones in which separate
temperature control is desired as in schools and offices.

ii. Areas in building of different directions and different internal loads such as
buildings, e.g., banks

iii. Buildings that have interior zones of varying sizes as in radio or television
studios

Advantages of multi-zone unit systems
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Figure 11.
A schematic diagram of multi-zone unit system. Readapted from [2].
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1. These systems allow separate control of temperature in zones or places that are
considered as separate area as supplied air is provided at the desire
temperature.

2.1t is simple to have the smallest unit size. These systems can either be
assembled in plant location or in the factory and fit all requirements.

3.They are easy to switch operation from cold to hot in summer and winter
seasons and vice versa as this can be simply done manually from air handling

unit in plant room.

4.These systems allow easy air distribution and balance. Using only one air duct
with various exits and outlets makes the balance process easier.

5.Centralized refrigeration equipment as air handling unit is used.
6. Centralized maintenance as all air handling unit is placed in the plant room.
7.Low-cost operation.

8.Quiet operation.

2.1.2.5 Dual-duct systems

Dual-duct systems allow separate control of temperatures in conditioned places

and zones. Temperature control is achieved by supplying the mixing box with air
from hot air duct and cold air duct; that is hot air and cold air are mixed in mixing
box in proper required proportion based on the zone thermostat, and then air can be
supplied to the zone to maintain required zone temperatures. These systems are
commonly used in multiroom buildings such as offices, hotels, apartments, hospi-
tals, schools, and large laboratories. Figure 12 shows a dual-duct system that sup-
plies different zones [1-5].

11

Advantages of dual-duct systems

1. Provide separate control in the temperatures in each zone as cold and hot air
presence at the same time allows rapid change in temperatures.

2.Dual-duct systems can be found in the smaller size as the number of served
zone by the central system is reduced, whereas the supply air is maintained
through the mixing box which contains cold and hot air just at the each zone.

3.Easy switching from hot to cold modes and vice versa. This is accomplished
by the zone or place thermostat which is adjusted once a year.

4.The refrigeration equipment and boilers are placed in one place, and thus
electricity, water, and sewage services are located only in plant room but not
in the building parts.

5.Centralized maintenance and service are accomplished.

6. Centralized outdoor air inlets. This will ensure no winds or rain are likely to
enter from outdoor environment.
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Tosmas 1 bap | el

Figure 12.
A schematic diagram of dual-duct system. Redrawn with modification from [1].

7.Higher filter efficiencies can be attained.
8.Low-cost operation can be obtained with these systems.

9.These systems are operating quietly as the refrigeration machines and fan are
placed away from zones.

10.These systems have flexible air duct system designs. The choice of medium
and high air speeds is possible on an economic basis and according to the
requirements of the building.

Disadvantages of the dual-duct systems
1. The use of separate ducts increases the initial cost compared to other systems.

2.Precise control needs a large handling unit, and as a result the total cost of the
system will be enlarged.

3.The dual-duct systems are considered inefficient energy systems, and
currently these systems are not recommended.

2.1.2.6 Variable air volume (VAV) systems

Variable air volume systems can vary the thermal loads according to zone ther-
mal load variations. One advantage of these systems is that both the initial cost and
the operating cost are low because the air volume requires simple control within
20% of the air outlets. These systems are used with fixed thermal loads throughout
the year. Applications of these systems can be found in commercial stores, office
buildings, hotels, hospitals, housing, and schools. Figure 13 shows various common
terminal units of variable air volume [1-5].

2.2 All-water systems

In all-water systems, water is used as a working fluid for providing heating and
cooling. Water is pumped to the fan coil unit located in the zone which is to be
conditioned. And then the fan coil unit will use the zone air or sometimes outdoor air
for cooling or heating purposes. If outdoor air is used with the fan coil units, then
separate air duct system will be introduced to the structure of the building [1-5].

12
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Figure 13.
Pictures of some common variable air volume terminal units. Readapted from [2].

2.2.1 Fan coil unit

Fan coil units are used in all-water central air conditioning. Cold and/or hot
water from central chillers and boilers flows through the unit coils. The air temper-
ature is controlled by controlling the flow rate of water through the coil via control
valves, e.g., solenoid valves. Fan coil units are cheap in price and widely used in
hotels, office buildings, and medical centers. Figure 14 shows a schematic diagram
of a fan coil unit [1-5].

Advantages of fan coil units

1.Low cost

2.Do not need ducts

3.Does not occupy much space

4.Easy to install
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Figure 14.
A schematic diagram of a fan coil unit. Readapted from [5].
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Disadvantages of fan coil units

1.Do not provide good control of room air humidity.

2.Require maintenance within the air-conditioned places.

3.Provide suitable medium for bacteria grow in water pipes.

4.The ventilation of the rooms is affected by the speed of wind and rain and

insect leakage through the wall openings and cracks which are associated with
optional air ventilation duct systems.

2.2.2 Types of all water systems

The all water systems are classified based on water pipe connections to the fan
coil units, into two types [1-5], namely:

2.2.2.1 Single piping systems
A. Single piping system (veversed veturn)

In this system, there are two pipes, one pipe to feed either the cold or hot water
to the fan coil unit and another pipe for returning the water back to the chiller or

boiler (see Figure 15). In these systems the supplied water is in counterflow with
the return water.

B. Single piping system (divect return)

In this system, there are two pipes, one pipe to feed either the cold or hot water
to the fan coil unit and another pipe for returning the water back to the chiller or
boiler (see Figure 16). In these systems the supplied water is flowing in a pipe
which is connected directly to the chiller or boiler, where the same pipes receive the
return water from each fan coil unit.

Water pump Fan coil units

Y BO 4, 1‘ >

"Chiller or boiler
F. 3

, Return pipe

-

Figure 15.
A schematic diagram of a fan coil unit, two-pipe system of reversed return. Redrawn from [2].
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Figure 16.
A schematic diagram of a fan coil unit, two-pipe system of direct veturn. Redvawn with modification from [2].

2.2.2.2 Multi-piping systems
A. Three-pipe systems

In these systems, there are two pipes for providing hot and cold water to the fan
coil unit and one pipe for return water (three-pipe system). Figure 17 shows a
three-pipe all-water-type system.

B. Four-pipe systems

In these systems, there are two pipes for providing hot and cold water to the fan
coil unit and two pipes for return, one for cold water return and one for hot water
return (four-pipe system). These systems are considered as the best system as the
use of two return pipes can maintain efficient energy performance. Figure 18 shows
a four-pipe all-water-type system.

2.3 Air-water systems

In these systems both air and water produce heating and cooling effects. Usually
induction or fan coil units can be used in air-water systems. The following section
will describe the induction unit systems and fan coil system [1-5].
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Figure 17.
A schematic diagram of a fan coil unit of three-pipe system. Redrawn with modification from [2].
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Figure 18.
A schematic diagram of a fan coil unit of four-pipe system. Redrawn with modification from [2].
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Figure 19.
A schematic diagram of an induction unit system. Readapted from [5].

2.3.1 Induction unit system

Induction unit systems in air-water central air condition are used in building of
multi-surrounding rooms such as offices, hotels, hospital patient rooms, as well as
apartments. These systems are used where higher thermal loads are present. In
addition, these systems are suitable where some rooms require cooling, while the next
other rooms require heating. Besides that, these systems are suitable for buildings
such as skyscrapers where the spaces are limited. Figure 19 shows a schematic view
of induction unit system which uses primary air and external air. Return air can be
used if all primary air is greater than the minimum ventilation requirements [1-5].

2.3.2 Primary air fan coil systems

The working principle of primary air fan coil systems is very similar to the
induction unit system. The main difference is the use of fan. These systems are
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Figure 20.
A schematic diagram of a fan coil unit system. Readapted with modification from [5].

generally used in multiroom buildings such as hotels, hospitals, and apartments
where the operating mode can be switched to work in cold season.

Advantages of these systems over induction units are the quite operation and the
means to control required condition as fan speed can be usually controlled. But the
initial cost of fan coil unit which is higher than induction units makes the induction
units more preferred. Figure 20 shows a schematic diagram of a fan coil unit with
its components [1-5].

3. Conclusion

This chapter reviews the types of central air conditioning systems. Specifically, the
types and applications of all-air, all-water, and air-water systems are provided. In
addition, this chapter gives further insight to all systems through several developed
schematic diagrams as various components and working principles of these diagrams
and systems can be identified and figured out, respectively. Moreover, the differences
among the given systems can be easily distinguished through this chapter.
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Chapter 2

Investigation of Desiccant and
Evaporative Cooling Systems for
Animal Air-Conditioning

Muhammad Sultan, Hassan Niaz and Takahiko Miyazaki

Abstract

Productivity of livestock animals particularly sheep, goats, dairy, and beef cattle
are usually affected due to high thermal/heat (sensible and latent) stresses,
particularly in the developing countries. Different types of heating, ventilation, and
air-conditioning (HVAC) systems are used worldwide depending upon the ambient
air conditions to achieve the animals’ thermal comfort. In this chapter, few low-cost
options for the air-conditioning system and for farm building designs are discussed.
Desiccant-based two air-conditioning systems are considered i.e., standalone
desiccant air-conditioning (D-AC) and M-cycle assisted D-AC (M-DAC) system.
The feasibility of both systems is thermodynamically checked for climatic
conditions of Multan, Pakistan. Daily- basis data of ambient and processed air from
both systems are analyzed for the thermal comfort of Holstein Friesian cows.
Temperature humidity index (THI) is calculated to investigate the thermal heat
stress conditions. Results showed that the D-AC system can be used efficiently in
the humid climatic conditions with relatively moderate-to-low temperatures. On
the other hand, the M-DAC system can be used in humid climatic conditions with
relatively high-temperature conditions. It is important to mention that the typical
direct evaporative cooling systems can be obviously low-cost options in case of dry
climatic conditions.

Keywords: desiccant, evaporative cooling, air-conditioning, animal, M-cycle,
thermal comfort

1. Introduction

Air-conditioning (AC) is a basic need for thermal comfort of humans as well as
for animals. Living space per capita in case of human is decreasing due to popula-
tion increase; therefore, it is difficult to provide huge space to animals with high
natural ventilation. Thus, compact size farms with good thermal comfort conditions
are needed. For this purpose, many air-conditioning systems are being used glob-
ally. The conventional AC systems use almost half of the total energy which is a
huge amount of primary energy. So, energy efficient AC systems are principally
required for animals particularly for developing countries. In case of Pakistan,
animals contribute about 70-75% of the total agricultural GDP share [1] which is
huge number. Livestock is sometime neglected area of research in developing
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countries e.g., Pakistan, Bangladesh, India, African countries etc. Therefore, the
benefit from the livestock sector of such countries can be significantly increased by
providing low-cost sustainable farm technologies [2]. Animals’ thermal comfort
includes the mechanisms of metabolism rate, skin heat transfer, rate of respiration,
genetic factor and nature of feed, etc., [3-5]. That’s why, it is important to air
condition the space for animals to enhance the output products e.g., milk, fertility,
meat and other related products etc., [2, 4, 6].

Figure 1 shows the illustration of the different heat transfer phenomena
between environment and animals and the psychrometric thermal comfort zones
for different animal species [7]. Most commonly heat transfer phenomena are
considered which govern the fundamental equations for load calculations. Similarly,
comfort zones elaborate the limit of temperature and relative humidity required for
the ideal growth of different species [5, 8].

This chapter focuses on ideal heat transfer and comfort zones for the different
species of animals. A set of equations is used for the measurement of the heat load

™| Poultry breeds and
laying houses

humidity ratio]g/kgA|

Dry bulb temperature|C)
B

Figure 1.
Simplified illustration of: (A) animals heat transfer phenomena, and (B) psychrometric thermal comfort zones
for different animals.
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calculation for farm animals (Holstein Friesian Cow and Poultry application).
Evaporative cooling and desiccant based air-conditioning systems are discussed
according to the thermal comfort requirements for the animals. Jurinak model
[9-13] is used for the evaluation of desiccant block and simplified correlations are
used for performance evaluation of heat exchanger [14] and M-cycle cooling system
[5]. Building designs and associated key factors affecting are also discussed for the
subjected application. Moreover, the feasibility of systems is checked for the cli-
matic conditions of Multan, Pakistan. Some other authors [15-18] also evaluate for
animal applications the different AC systems (desiccant based and evaporative
cooling-based systems) for different ventilation arrangements.

The novelty of this book chapter is to introduce the methods to calculate the heat
load calculations for Holstein Friesian cows and poultry applications for the climatic
conditions of Multan, Pakistan. The AC systems (standalone and combined) pro-
posed for animal air-conditioning are not used for discussed applications before for
the climatic conditions of Multan, Pakistan.

2. Ventilation rate and building designs for animal housings
2.1 Significance of ventilation rate

Ventilation is one of the important techniques used to control the thermal
stresses in case of animals. Lots of studies have showed the significance of ventila-
tion rate for achieving the ideal thermal comfort, and thereby, ventilation rate is
considered an essential parameter for animal air-conditioning [5, 15, 16-19]. For
example, Figure 2 shows the factors affecting the selection of ventilation rate [20].
The suffocation or level of O,/CO; is usually controlled by the air flow rate which
must be designed precisely depending upon the nature of application. For livestock
applications, ventilation is highly required to avoid the heat stress condition espe-
cially dairy cattle [17-20]. Dairy products, meat production, and other livestock
applications need enough oxygen for longer storage period especially at commercial
level. The ventilation rate depends upon the nature of the application and the
climatic condition of the area for which the AC is needed [5, 21, 22]. It is considered
the key parameter to measure and to create the thermal comfort.

2.2 Climate control and farm building designs

Advanced animals’ AC options are limited in developing countries due to high
initial and maintenance cost. Small farmers/stake holders cannot afford much cost.
In addition, building designs are not very efficient in terms of providing thermal
comfort to the farm animals [5, 7, 23]. In many developing countries including
Pakistan, open side walls covered with sieve like material (natural ventilation) are
used for cross flow of air with a flat roof [24]. Natural ventilation is good in
maintaining the temperature, humidity and suffocation in cattle barns especially
[23]. Instead, mechanical ventilation (active or passive) avoids the excess amount
of carbon dioxide and ammonia in the air which can cause diseases and growth rate
declination. Furthermore, the building designs can be further modified with respect
to ventilation requirements and thermal comfort requirements [5, 7, 8, 23]. In this
regard, researchers use different types of ventilation orientations [3, 5, 23, 25].

First type of ventilation is base ventilation as shown in Figure 3a. Negative
pressure is created by lateral fans inside the house ejecting the exhaust air outside
(brown arrows). Supply clean air (green arrows) is entered through the windows on
the opposite wall that creates ventilation flow in the cross direction that guarantees
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Figure 2.
Selection of ventilation rate for livestock application [20].

indoor air quality control. Base ventilation in rectangular shaped farm sheds which
are used with fans at one end and the holes at roof and opposite side of the building
which allows the cross flow of the air. Base flow is normally used to control indoor
air quality for the circulation of the air which reduces the contaminants of harmful
gases in the air [3, 25]. The second type of the ventilation is tunnel ventilation as
shown in Figure 3b. This is due to the horizontal movement of air in the farm shed.
There are greater number of fans used than that of base ventilation. It can be seen
that the hot air is ejected through the fans placed at the end of the house outside
(red arrows), that creates a negative pressure inside the building. Due to the pres-
sure difference, fresh outdoor air is entered (blue arrows) through the inlets
decreasing the indoor air temperature. In this type of ventilation, air temperature is
decreased due to the removal of thermal emission of the animals and wind-chill
effect is produced [3, 7, 14, 26]. Air speed does not exceed 3 ms ! in this type of
ventilation, otherwise thermal discomfort occurs. When tunnel ventilation is not
enough to provide thermal comfort in the farm sheds, evaporative cooling systems
are additionally used. The evaporative cooling (EC) shown in the Figure 3¢ con-
verts sensible heat into latent which is carried out by evaporative pads. It can be
seen that the negative pressure is created inside the house by the fans which lets the
hot external air pass through the wet evaporative pads that decreases the air tem-
perature (red/blue arrows). The indoor air temperature is decreased and is expelled
by the tunnel ventilation fans (red arrows). During the warmest periods, ambient
air passes through the evaporative pads where air is cooled due to evaporation of the
water [3, 7, 8, 25]. This decreases the outlet air and consequently, indoor air tem-
perature also decreases. Cooling pads are configured on the larger side of the
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Figure 3.
Lllustration of operating principle for: (a) base ventilation, (b) tunnel ventilation, and (c) evaporative
cooling [3].

building wall opposite to the tunnel ventilation fans which allows the passage of
cooled air due to negative pressure [3].

The side view of the evaporative pads used in the farm sheds is shown in
Figure 4a and the schematic diagram of the evaporative cooling system as shown in
the Figure 4b. Evaporative cooling (EC) is a system of water vapor evaporating into
air that cools the air by water evaporation. In a study [7, 16], authors used honey-
comb like structure for the evaporation supportive channel. In that channel, water
is supplied from upside down with the help of a sprinkler. Air is passed through that
honeycomb structure from one side to another side. The fan is used for the con-
trolled flow of air in the system. There is a cylinder of water that collects water
whereas a water pump is used to flow the water from the tank to the sprinkler as
shown in Figure 4b. This can be a low-cost method to attain thermal comfort
conditions in controlled sheds in hot climatic conditions except in rainy season
(monsoon season).
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Figure 4.
A view of: (a) cellulose evaporative pads [3]; and (b) schematic diagram of evaporative cooling system [7].

3. Methodology: animals’ thermal comfort

Farm animals’ thermal comfort is estimated for the viewpoint of optimum
productivity. Different temperature and humidity values are required for different
types of animals [7]. The heat transfer between farm animals and surrounding
environment is expressed in Figure 1a. The heat transfer phenomenon between
animal and environment is associated with conduction, convection, radiation,
evaporation, evapotranspiration, wind velocity and metabolism rate (sensible and
latent energy/heat transfer through animal skin). Heat transfer through building is
also considerable while designing the animals’ farm building. Temperature humid-
ity index (THI) is one of the key parameters to measure the environmental condi-
tion for the farm animals. The thermal threshold values for Holstein Friesian cows
are 72 for thermal neutral region and above than 72 for heat stress region [6]. The
total heat load is calculated by following Eqgs. (1)-(9). Total amount of heat is the
sum of heat load for animals and heat load for building as shown in Eq. (8). Eq. (1)
is used for the calculation of total heat load for animals [14] as follows:

Qa = Qokin T Gres T S M

where, Q, is total amount of heat for animals (kW), q is the partial heat load for
the different sections (kW), and S is the amount of heat stored in the body (for
ideal case: S = 0). The subscripts “a” and “res” denote animals and respiration,
respectively. Heat load for respiration is calculated by the Egs. (2) and (3) [14, 19]

as given by:

qskin = SAMR (2)
Sa = 0.147 WO (3)
where, W is the weight of animal (kg), S, is the surface area of skin (m?), and

Mg denotes the metabolism rate (met). The heat of respiration which is the sum of
evaporation and convection heat loss is calculated by the Egs. (4)-(6) [14].

Qres — Cres + Eres (4)
Cres = [0.0014 Mg(34 — T,)] (5)
Eres = [0.0173 Mg(5.87 — P,)] (6)

where, C is the convection heat loss from respiration [W/ (h.m?)], E is the
evaporation heat loss from respiration [W/ (h.m?)], and My, is metabolic rate (met).
The terms T, and P, represents ambient air temperature (°C) and vapor pressure
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(kPa), respectively. Total amount of heat transfer through buildings is calculated by
Eq. (7) as given by:

Q, =UAAT ?)

where, Q}, is the total heat load for buildings (kW), U is overall heat transfer
coefficient for building [W/ (m%K)], A is the area of building (m?), and AT is the
temperature difference (°C or K). Total amount of heat required for the thermal
comfort of farm animals is calculated by Eq. (8) as follows:

Q=Q, +Qy (8)

where, Q is the total amount of heat load (kW). Temperature humidity index
(THI) is important parameter which is used to measure the environment condition
i.e., whether the region is in heat stress condition or in thermal neutral condition.
THI is calculated by the Eq. (9) [4, 6] as given below:

THI = (1.8 T + 32) — [(0.55 — 0.0055 RH)(1.8 T — 26)] 9)

where, THI is the temperature humidity index [—], T is the temperature (°C), and
RH is the relative humidity (%). As the THI is dependent on temperature and humid-
ity, therefore, typical values of THI can also be found from the literature as given by
reference [6]. A region is considered thermal neutral region when THI < 68, and the
region is thermally stable region when THI = 68-72. The region is moderate heat stress
region when THI = 72-80 and the region is severe heat stress region when THI > 80.

Similarly, to cows and cattle, THI is also calculated for poultry birds [23, 27]. THI
equation for poultry applications is given by Eq. (10) as reported in Ref. [27]:

THI = 0.6Tyy + 0.4Typ (10)

where, T is the temperature (°C). The subscripts “db” and “wb” denote dry-bulb
and wet-bulb, respectively. The interior dry-bulb and wet-bulb temperatures can be
calculated according to the Egs. (11) and (12). For the air-conditioned space by
evaporative cooler, interior dry-bulb temperature and humidity ratio is calculated
from sensible and latent heat equations for the building as follows:

Qs (age1 to, db)nbirdsmbirds - B I‘hw hfg
m,Cp

ti, db = to, db + (11)

Qy (age, ti, db) Mpirds — P tilw heg
h,he,

W; =W, + (12)

where, t is the temperature (°C), Q is the heat production (W), np;qs is the number
of birds, and my,,q is the mass per bird (kg). The term f i, represents the mass flow
rate of the moisture in the air and hg, denotes latent heat of vaporization i.e., nearly
2.43M]J kg " at 30°C. The term C,, shows specific heat of air i.e., 1006 ] kg ' K. The
subscripts “i,” “o0,” “db,” “wb,” “S,” “L,” “a,” and “w” denote inside, outside, dry-
bulb, wet-bulb, sensible, latent, air, and water, respectively.

4. Proposed air-conditioning systems

There are many innovative modern AC technologies that are used globally in
addition to vapor compressor-based systems. These systems mainly use the
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conception of evaporative cooling adsorption cooling and desiccant AC. These
systems are not explored extensively in developing countries. Direct evaporative
cooling system (swamp cooler) is most common system used worldwide wherever
dry climatic conditions exists. Thermal comfort and/or temperature/humidity con-
trol are becoming more popular and demanding day by day in agriculture sector
particularly for product storage, post-harvest processing, farm animals’ buildings,
as well as transportation of dairy, meat and food products [1, 15, 28, 29]. Thermal
comfort for agricultural products and livestock requires cooling (temperature con-
trol) as well as humidity control and ventilation. These requirements change with
the change in application and climatic conditions from one to another. Therefore,
above mentioned thermally driven AC systems can be used for this purpose

(5,7, 8, 15].

4.1 Standalone desiccant air-conditioning (D-AC) system

Standalone desiccant air-conditioning (D-AC) system consists of a desiccant
unit (wheel or block) mostly with the addition of heat-exchanger (HX). There is no
cooling device principally used in the D-AC system. The D-AC system is used for
the humidity control. It is relatively more efficient in the humid regions where
humidity control is primarily required. It may also feasible for the applications in
which humidity control is mainly concerned (i.e., storage of onion and leafy
vegetables) [8, 11, 15, 26].

The schematic diagram of the D-AC system is shown in Figure 5a. The
standalone D-AC system consists of two desiccant blocks (DB-1 and DB-2) used for
the dehumidification of air. The dehumidified (relatively warmer) air is passed
through the HX where the temperature of the air becomes equal to the ambient air
(ideally). After that, the cooled air may be used for the desired application. The
total process is known as the air dehumidification cycle. However, in regeneration
cycle, the desiccant unit is regenerated by passing the hot air. Therefore, a heating
unit is used D-AC system to heat up the air. Then the heated air is passed through
the desiccant unit to remove its moisture in order to be used for cyclic process. The
heating unit usually uses thermal energy sources i.e., waste heat, biogas, biomass,
direct thermal energy (from solar or likewise), geothermal energy, etc. The regen-
eration depends upon the material type, ambient air conditions and other factors
related to the material properties. Thus, regenerations temperature may be changed
with the change in these factors.

A set of equations given by Jurinak model [9-13, 30] is used for performance
evaluation of the desiccant unit.

@ Wip Y1
Fyip = +171( ) (13)
P (Typ+273.15)"  \1000
1.49
T; 273.15 in \ 7
By p = e T 23 ) — ()" (14)
> . 1000
Fi,2 —Fy1
_M,2— M, (15)
1 Fi,s —Fq,1
Fyo—Fy

— 227 a1 (16)
72 Fy s —Fy 1

where, F; and F, are combined potentials [—], and ngs, g, are the efficiencies

of the combined potentials. The term “ip” indicates the state of air in the system
(1, 2, and 8). Egs. (13)—(16) are used for the performance evaluation of the
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Schematic diagram for: (a) standalone desiccant AC (D-AC) system and (b) M-cycle assisted desiccant AC
(M-DAC) system.

desiccant unit with the help of MS excel solver. The typical values for the efficien-
cies are taken as: (g1, Nr2) = (0.05, 0.95) for the high performance of desiccant unit
as reported by [8-13]. The values for the constants are given in Table 1.

The performance of the desiccant unit was evaluated by given equations and also
can be validated for the different climatic conditions (especially for developing
countries). The processed air through the desiccant unit has higher temperature and
low relative humidity as comparison with the ambient air conditions. The hot air
passes through the heat exchanger where the temperature of the air decreases, but
the humidity ratio remains constant. The temperature of the air is calculated by
Eq. (17) [14].

T3 =Ty a — enx(To, a0 — T1,ap) (17)

«_»

where, “¢” is the efficiency of the HX whose value is taken as 0.90. The Tj; is the
air temperature (°C) which has to be calculated. The T is the temperature (°C) of
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Parameter Value Parameter Value
o1 [-] —2865 @ [-] 6360
T [—] 4.344 T [—] 1.127
vy [=] 0.8624 v, [-] 0.07969
Table 1.
Constants of Jurinak model for the evaluation of desiccant unit.
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Figure 6.

Results of D-AC system for July (daily-basis) for climatic conditions of Multan, Pakistan: (a) temperature-
humidity profile and (b) THI profile.

the dehumidified air after passing through the desiccant and the T; is the ambient
air temperature (°C).

Figure 6 shows the results of the standalone D-AC system for July (daily based)
according to climatic conditions of Multan, Pakistan. The data of temperature and
humidity is the average data of 20 years obtained from the METRONOME software.
The D-AC is evaluated in terms of system analysis and also THI analysis which
elucidate the D-AC system’s applicability for animal air-conditioning. Figure 6a
shows the difference between ambient air temperature and relative humidity with
the product air temperature and relative humidity. It is clear that the product air
temperature is higher than ambient air temperature due to latent heat of adsorption
[15, 29, 30]. However, relative humidity of product air from the D-AC system is
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lower than ambient air relative humidity due to adsorption of water by desiccant
material. Feasibility of the standalone D-AC system for animal air-conditioning is
checked by the THI analysis which clarifies the system’s feasibility for desired
application. Figure 6b shows the THI values of ambient and product air, as well as
the permissible limit of heat stress. The permissible limit of heat stress for cows is
72. The THI of the ambient air as well as product air is higher than the permissible
limit for the whole month. So, it may not be suitable for the ambient conditions of
Multan for the month of July.

4.2 M-cycle assisted desiccant air-conditioning (M-DAC) system

The schematic diagram of Maisotsenko cycle (M-cycle) assisted desiccant air
conditioning (M-DAC) system is shown in Figure 5b. It consists of desiccant unit
with the addition of HX and an exclusive M-cycle unit. The M-cycle cooling device
lowers down the temperature of the processed air from the HX. Therefore, this
system can be used for the humidity and temperature control. This can be efficient
in hot and humid climatic regions where temperature and humidity control are
essential. It may also be efficiently feasible for the applications in which humidity
and temperature control is concerned (i.e., agricultural storage and livestock appli-
cations) even in hot and humid climatic conditions [5, 11, 16, 26]. The system
consists of two desiccant blocks (DB-1 and DB-2) used for the air dehumidification
and regeneration purposes. The dehumidified air is passed through the heat-
exchanger where the temperature of the air becomes nearly equal to the ambient
air. The air is further passed through the M-cycle unit where air is further cooled up
to the desired temperature and humidity conditions to be used for desired applica-
tion. The desiccant unit is regenerated by hot air and therefore a heating unit is
principally required in this system which is supposed to be operated on low-cost
thermal energy options. The heated air is passed through the desiccant unit to
remove moisture from the desiccant material for cyclic usage.

It is important to mention that the M-cycle is an advanced indirect evaporative
cooling conception that cools down the temperature of the working air up to the
dew point by capturing energy from the air step by step as the humidity of the
system remains constant [5, 16, 31, 32]. M-cycle is well-known in the air-
conditioning field due to its working range for the dew point evaporative cooling.
The details can be found from authors’ previous work as reported in [16]. Many
researchers used different structures (channels) and materials for the manufactur-
ing of the M-cycle channels as well as flow arrangements [8, 16, 31, 32]. In one-way
configuration of M-cycle unit, the ambient air is passed through the dry channels
(in cross flow direction to the wet channel) and then part of this air is mixed into
the wet channel. The cyclic process brings the product air temperature to the dew
point (theoretically) of the ambient air temperature. In another way configuration
of M-cycle unit, the wet channel is sandwiched between two dry channels. Process
air is passed firstly through one of the dry channels followed by the wet channel. In
the cyclic process, this will lower the temperature of the product air passing through
the other dry channel up to the ambient air wet bulb (finally approaches to the dew
point) temperature. In authors’ previous work [5], a simplified correlation was
developed for performance evaluation of the M-cycle unit as given by following
Egs. (18) and (19):

To = Al + Bl(Tl) + Cl (Hspc) (18)
Q = Ay + By(Ti) + Ca(Hepe) (19)
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where T; and T, represent the air temperature (°C) at inlet and outlet of M-cycle
channels, respectively. The term Hgp. represents the specific humidity (g/kg-DA)
and Q represents the specific cooling capacity. The terms A, B, and C are the
constants for simplified correlations, and optimized values for these constants are
given in Table 2.

Figure 7 shows the daily based analysis of M-cycle based D-AC system for the
month of July for Multan, Pakistan. The data of temperature and humidity is the
average data of 20 years obtained from the METRONOME software. The M-DAC is

Constant Value Constant Value Constant Value

Aq [-] 6.70 By [-] 0.2630 G [-] 0.5298

Ay [-] —5.48 B, [-] 0.7317 C, [-] —0.5946
Table 2.

Numerical values of the constants of the simplified M-cycle correlations [5].
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Figure 7.
Results of M-DAC system for July (daily-basis) for climatic conditions of Multan, Pakistan: (a) temperature-
humidity profile and (b) THI profile.
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evaluated in terms of system analysis and THI analysis which elucidate the M-DAC
system’s applicability for animal air-conditioning. Figure 7a shows the difference
between ambient air temperature and relative humidity with the product air tem-
perature and relative humidity. It is clear from the figure that the product air
temperature is lower than ambient air temperature due to water evaporation

[30, 33-35]. However, relative humidity of product air is higher than ambient air
relative humidity which is required for animal air-conditioning.

Thereby, feasibility of the M-cycle based D-AC system for animal air-
conditioning is checked by THI calculated from Eq. 9. Figure 7b shows the
THI values of ambient air and product air, and permissible limit of heat stress
is also shown in the figure. The permissible limit of heat stress for cows is 72.

The figure clearly indicates that the THI of the ambient air is higher than the
permissible limit for the whole month, while the THI of the product air is lower
than permissible limit in most of the days. So, it may be feasible for the ambient
conditions of Multan for the month of July (greater relative humidity and
temperature).

The psychrometric representation of the product air of proposed AC systems
according to the temperature and relative humidity values is shown in the Figure 8
with the help of different markers. The values are obtained for the ambient
conditions of Multan, Pakistan for the month of July. The black color line box
shows the thermal comfort zone for animals. The circular marker shows the
ambient air conditions, triangular marker shows the D-AC system’s air
conditions and diamond shaped marker shows M-DAC system’s air conditions.
The ambient conditions and D-AC output conditions are not able to provide the
thermal comfort for animals. However, M-DAC output conditions are relatively
suitable; therefore, this system can be applicable for animal air-conditioning
subjected to the conditions.
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Figure 8.
Psychrometric plot of results identifying the feasibility of D-AC and M-DAC systems. Black line marked closed
region shows animal air conditioning zone.
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5. Conclusions

This chapter reviews the fundamental requirements for animals’ air condition-
ing (AC) particularly for developing countries. The significance of ventilation rate
and the associated animal housing designs are discussed from the view-point of
energy-efficient climatic control systems. The study explores the literature related
to temperature humidity index for Holstein Friesian cows. The importance of
evaporative cooling systems is obvious in developing countries; however, this
chapter highlights its usage/integration with the thermally-driven desiccant based
open cycle systems. In this regard, the study focuses the climatic conditions of
Multan, Pakistan. The performance of two kinds of evaporative and desiccant based
AC systems is checked for the subjected application. Results indicate that the per-
formance of the systems vary with the climatic conditions and systems’ operation.
The standalone desiccant AC (D-AC) system nicely dehumidifies the air which
increases the temperature as well due to adsorption heat. However, the dry warm
air is unable to provide the optimum thermal comfort conditions for the animals for
most of the climatic conditions. However, M-cycle assisted desiccant AC (M-DAC)
system dehumidifies the air on one side whereas it also control the sensible AC load
on the other side. Thus, it makes it feasible to provide thermal comfort conditions
for animals for most of the climatic conditions. Thus, it is energy efficient to use the
evaporative cooling options in humid climates if integrated with desiccant units.
The D-AC system should be used only for humid climatic conditions where latent
load control (dehumidification) is mainly required. The D-AC system is not found
effective for the summer conditions of Multan, Pakistan. However, it may be used
for drying purposes as per authors’ previous work. The M-DAC system is good to
use in all kind of humid climatic conditions including the hotter regions. It has been
found feasible for thermal comfort of cows for summer conditions including rainy
season for Multan, Pakistan.
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Chapter 3

Solar Pond Driven Air
Conditioning Using Seawater
Bitterns and MgCl, as the
Desiccant Source

Esam Elsarrag, Opubo N. Igobo and Philip A. Davies

Abstract

Solar energy is used for a wide range of applications such as electricity produc-
tion, desalination, cooling, heating, etc. Solar-based technologies are widely spread
and increasingly studied in the industry. This theoretical and experimental study
focuses on solar ponds as a desiccant and low-grade energy source. A thermal model
has been developed for a salinity gradient solar pond (SGSP) with a non-convective
zone split into 10 sub-zones. A solar pond was constructed and used as a case study
for the validation of the predictive model capabilities. The dimensional characteris-
tics of the pond, as well as the solar radiation intensity and ambient temperature
data obtained from the meteorological data, were used to produce the solar pond’s
zone thermal behaviour data. With regards to the thermal behaviour measurements
obtained from the solar pond, the predicted data were found to be higher. There is
a significant difference between the real-world and meteorological data obtained,
the difference between the predicted and real-world pond temperature data was
also attributed to the fact that the actual absorbed solar radiation was reduced due
to wall shading effect, turbidity and insufficient duration of operation of the pond.
In the following year, the stored heat from the previous summer would be expected
to improve thermal storage values obtained partially.

Keywords: solar energy, solar pond, desiccant cooling, carbon emissions,
humid climates

1. Introduction

The continuous increase in energy demand raises the need for alternative energy
sources. Energy consumption from air conditioning will continue to increase which
will raise the need for innovative solutions in many industrial sectors. One of the
significant sources alternative widely and increasingly studied in the industry is
solar-based technologies. Solar energy is used for a wide range of applications such
as electricity production, desalination, cooling, heating, etc. Solar ponds are rela-
tively simple and yet effective thermal storage [1].

A solar pond consists of a body of salty water which collects solar energy and
converts it for thermal storage. A solar pond can be either convective or non-
convective. The principle of convective solar ponds largely depends on the water’s
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surface being covered by an insulating material to store the system’s collected heat;
the most commonly used solar pond of this type is the shallow solar pond. Non-
convective solar ponds, however, operate by limiting the process of natural
convection by the use of a water collector or storage medium.

In this study, a salinity gradient solar pond (SGSP) is designed and constructed.
The SGSP is a large, low-cost solar-thermal energy collection and storage system
which consists of a large body of saltwater (with salinity gradient) such that solar
energy incident on the pond is partially transmitted to the bottom of the pond
where a portion (20-30%) of it is absorbed.

A typical SGSP consists of three regions: the upper-convective zone (UCZ), the
non-convective zone (UCZ) and the lower-convective zone (LCZ). The UCZ is the
topmost layer of the solar pond and is a relatively thin layer (usually 0.1-0.5 m)
which contains almost no salinity (about 0-5% concentration). The NCZ is the
middle region (of about 0.7-1.5 m thickness) and has an increasing concentration
(salinity gradient) relative to the UCZ, and it also acts as insulation on the LCZ,
because convection motion in the NCZ is ideally suppressed if the concentration
gradient is sufficiently large. The LCZ is the layer in which the salt concentration
is the greatest (about 26%), and there is no concentration gradient in it, as depicted
in Figure 1 [3].

Resultantly, large amounts of heat can potentially be stored in these systems [4].
The utilisation of solar ponds as energy carriers was first conceived by Tabor [5, 6]
when observing the natural phenomenon in a Hungarian lake at the turn of the
twentieth century. The studies proposed the possibility of simulating the natural
phenomenon experimentally for energy production. The authors laid the all-
important foundations of current solar pond research conducted to date. However,
the work of Tabor [6] was not developed as far as its potential would allow.
Nevertheless, in recent decades, with the current global search for alternative
energy, as aforementioned, solar ponds have gained a substantial increase in
interest in academia and industry [1, 3, 7].

A wide variety of models have been developed to investigate the energy proper-
ties and potential capabilities of solar ponds. Rabl and Nielsen [4] first examined
the possibility of utilising the thermal energy from solar ponds for space heating, by
deriving a set of formulae specific to a certain type of salt gradient pond. The pond,
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SGSP solar radiation distribution [2].
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in essence, consisted of two homogeneous layers: an upper convecting layer
(a lower salt content) and a lower non-convecting layer which acts as the thermal
storage part of the pond.

The authors considered the varying temperature ranges that a standard-sized
dwelling would encounter seasonally in varying locations and climates. They sub-
sequently reported that the use of a solar pond would undoubtedly provide ade-
quate heating at prices, competitive with those of conventional heating solutions,
for the various climates and geographic locations they considered; including the
Arctic Circle. Due to its simplified nature, the model developed by Rabl and Nielsen
[4] revived solar pond research and had subsequently been used to study the
prospects of solar ponds in many regions and climates [8].

Kooi [9] developed an analytical model to study operating characteristics, such
as its temperature distributions and energy fluxes, on the assumption that the non-
convective zone temperature was equal to the ambient wet-bulb temperature. The
model would allow the analysis of the performance of three-layer solar pond sys-
tems to be conducted in a similar calculation model to the Hottel-Whillier-Bliss
equations [10] used for steady-state flat plate solar energy collectors.

With validation, established models such as that of Rabl and Nielsen [4] deemed
the steady-state salt gradient of a solar pond system to be similar to that of a flat
plate collector. Kooi [11] also modified the formulae developed by Rabl and Nielsen
[4] to account for reflected radiation. He assumed that, since most solar ponds
would operate near the solubility limit, this would naturally increase the reflectivity
of the solar pond floor. Kooi concluded that the increase of reflectivity, in fact,
reduced the efficiency of the steady-state system and that avoidance of supersatu-
ration would be the key for an economical solar pond system.

Other authors also studied the influence of a solar pond’s physical properties on
its thermal storage efficiency. Wang and Seyed-Yagoobi [12] developed the equa-
tions reported by Kooi [11] to investigate the influence of the water’s clarity and salt
concentrations on the penetration of solar radiation underwater. The authors used
turbidity as a parameter for the solar pond’s water clarity. The authors reported that
solar radiation did not affect the penetration of solar radiation underwater. How-
ever, the clarity of the water was found to be imperative, as the turbidity was
observed to affect solar radiation penetration with increasing depths.

Karakilcik et al. [13] assessed the performance effect of the presence of shade on
each of the solar pond zones. The authors reported a major influence on the solar
pond’s efficiency caused by the solar pond’s shading effect. Another potential per-
formance effect was proposed by Jaefarzadeh and Akbarzadeh [14]. The authors
suggested that wind-induced mixing could affect the salinity gradient required for
an effectively operating solar pond. The use of floating rings on the surface of
the pond would help to mitigate such effects and thus improve performance
year-round.

With a great amount of progress focussed on the analysis of the efficiency,
performance and adverse effect mitigation, the salt gradient solar pond has been
shown by many accounts to be a very promising technology for energy storage that
can be adapted to many climates and geographical locations. Elsarrag et al. [15]
reviewed the possibility of supplying the necessary energy required for the regen-
eration stage of a liquid desiccant cooling system using a salt gradient solar pond.
The authors considered different solar pond system configurations, designs and
solute materials which would be suitable for implementations in a potential solar-
powered desiccant cooling system. Sayer et al. [16] researched the feasibility and
performance gel pond and compared with the salinity gradient solar pond for low
temperature applications. Amro and Yusuf [17] conducted a theoretical study of
using solar ponds for seawater desalination in Qatar.
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This study aims to investigate theoretically and validate a salt gradient solar
pond experimentally as a desiccant and energy source in a hot-humid climate. The
model is comprised of energy balances of the pond (including each salt gradient,
pond wall, and surface area), saltwater thermo-physical properties and soil
temperature.

2. Modelling of a salinity gradient solar pond

The behaviour of a solar pond, like any other solar-thermal collector, is majorly
influenced by its geographical location. The pond of interest for the title-study has
been constructed and has been analysed for more than 10 months in a hot-humid
climate. Initially, the weather data for the location, as obtained from the NASA
Atmospheric Science Data Centre at 25.2867°N and 51.5333°E (the geographical
location of the salinity gradient solar pond of interest) is given in Table 1.

The temperature profile needs to be determined to characterise the thermal
behaviour of the pond. The temperature varies with depth (and time). The tem-
perature profile of the solar pond can be obtained from an energy balance of the
solar pond. The general energy balance equation is in the form:

rate ofheat rate of heat
rate ofchange
flow generation in
ofenergy content | = +
into the element the elemental
of elemental layer
layer layer

rate of heat

flow
out from the

elemental layer

Month Insolation (kWh/mzlday) Tamb, av (°C) V (m/s) RH (%)
Jan 3.42 19.5 411 52.5
Feb 4.25 20.1 4.71 51.8
Mar 4.88 22.5 4.44 51.4
Apr 5.84 26.7 4.12 47.3
May 6.92 31.4 4.52 42.2
Jun 7.4 33.7 4.75 417
Jul 7.01 352 435 4
Aug 6.57 35.4 4.28 43.5
Sep 5.84 33.4 3.83 44.8
Oct 4.84 30 3.5 47.8
Nov 3.78 259 3.52 50.2
Dec 3.2 21.9 4.05 52.9
Table 1.

Metrological data for Doha.
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Assuming an initial pre-stable ideal state, convection is ideally suppressed in the
pond, thus heat flow is primarily by conduction. Thus, the energy balance can be
expressed in terms of the one-dimensional heat conduction equation in differential
form as:

oT 0 oT .

where the thermo-physical properties (density, thermal conductivity and
specific heat capacity) of the saltwater vary with temperature and concentration.
For example, for NaCl pond, the following correlations are widely
employed [18]:

k = 0.5553 — 0.0000813S + 0.0008(T — 20) )
p =998 + 0.65C — 0.4(T — 20) (3)
Cp = 4180 + 4.396C + 0.0048S5” (4)

3. Energy analysis of the solar pond

The temperature profile of the solar pond can be obtained from an energy
balance of the different zones of the solar pond. With the assumptions that [2]:

* The temperature variation in the horizontal direction is assumed negligible.
Thus the temperature and concentration distribution can be considered one-
dimensional.

* The three zones of the pond (UCZ, NCZ and LCZ) are considered distinct
enough to have a clear fixed boundary.

* The bottom surface of the pond is assumed appropriately blackened; as such
the radiation reaching the LCZ is completely absorbed by the saltwater and the
pond’s bottom.

* Due to the presence of convection in the UCZ and the LCZ, the temperature
and concentration in these zones are considered uniformly constant; such that
they can be treated as single cells with a thickness zu and zl, respectively.

* The temperature varies with depth in the NCZ, and as such, in applying the
energy balance, this part of the pond can be divided into several imaginary

layers, i of thickness Az each.

* The pond is considered very large. Thus, the side effects such as convection
current at the wall can be ignored [19].

3.1 Upper-convective zone (UCZ)

Due to convection in the UCZ, it can be treated as having a uniform tempera-
ture. The heat balance equation for the UCZ can be given as:

Quez = Qnu + Quiar — Qu (%)
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QU = QUc + QUV + QUe + QU; (6)

The solar radiation intensity, I, at a given layer (depth) in the pond can be
obtained as a fraction of the radiation that penetrates the pond’s surface.
The solar radiation in the pond decays exponentially with depth

I, =1l, 7)
The fraction (z) varies with the depth (z), and can be expressed as:
7=0.36 —0.081n () (8)

While, the solar radiation that penetrates the pond’s surface can be expressed in
terms of the incident radiation on the pond’s surface; taking into consideration that
not all the incident rays penetrate (refracted) at the surface, as some are reflected
back.

Io = ﬂI (9)
1[sin%(@; — 6,) tan?(6; — 6,)

P=1"3 0. 70, a6 1 0,) (10)
are related to the refractive index, n (=1.33 for water) as:
sin 0; = nsind, (11)
The angle of incidence can be obtained from:
cos 6; = cosdcosOcosw + sindsinb (12)
8 = 23.45sin <3602265';542‘5~‘N)> = 23.45sin (360(31\;(;80)> (13)
®= w (in rad) (14)
®= w (in degree) (15)
The convective heat loss rate from the pond’s surface, Q, is:
Que = Ahe(Ty — Ta) (16)
where the convective heat transfer coefficient can be obtained as:
he=57+3.8V (17)
The heat loss rate due to radiation Qy, is
Quy = e6A(T,* — Tyy*) (18)
The sky temperature T, can be determined as:
Ty = Ta — (0.55 4 0.061\/5)0'25 (19)
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The evaporative heat loss rate Qy, is obtained as:

Jhe(P, — P,)A

) e — 20
Qw 1.6Cy_ Pum (20)
3885
P, = exp (18.403 - m) (21)
3885
P, =R 18.403 — ——— 22
Hexp<8 03 Ta+230> (22)
Cp, = 1.005 + 1.82Rs (23)
The heat loss through the sidewall Q;, can be obtained as:
Qus = CwAuwu(Tu — Teu) (24)
1 kyk,
Co=r=cp (25)

Ry~ Spke +Sik,

The solar energy absorbed by the zone can be obtained as the difference between
the radiation entering the zone and the radiation leaving the zone.

With the foregoing, the energy balance equation for the UCZ can be written in
differential form as:

oTy o [, 0T\ oluy .
M?Z&@&)*i‘% (26)
oT oT .
214pC, —azU =kA—|  +PAe, I (704) = Tlars) — Qu (27)
Z2=2Z1

Tuerty — Tue R A%(T(l 0 — Tuw)

zlApuCpu At = ’Aﬁ +,BA ( T(0,) — T(z1, t)) Qu(t
2

(28)

Thus, the UCZ layer temperature can be obtained as:

At kiAy(T (1,0 — Tu(s))
Ty@s1) = Tue + — + PAcwI (700 — Qui

o =Tow+ e { & (700 = Tewn) = Que

(29)

3.2 Non-convective zone (NCZ)

The NCZ is assumed to be divided into several imaginary layers i, with the first
and last layers having a boundary with the UCZ and LCZ denoted as 1 and f,
respectively; thus, the temperature in the first layer can be denoted as T; and in the
last layer as T¢.

Here, the heat balance for the NCZ can be given as:

Qi) = Quirry) + Queotar) — Qui—1.0) — Qi) (30)
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Thus, the energy balance can be written in differential form as:

oT 0 oT 0(Acz)tz) 0 oT
Ap,C, —=—|kA— [ —————— — — kA —
PiCoi oy = 5 ( az>zm M- &\ o),
04,
~ Co 2 (T — To) (31)
Or,
oT oT oT
AZl‘AipiCpi E = kA & _y + ﬂAe(i)I(t(i—%,t) - T(i+%,t)) — kA g s
— CwAuwi)(Tiy — Ta) (32)
And in non-differential form:
Ty — Taw  *@)A04) )
AziAip;Cp, At = Z Agz; + ‘BAe(i)I(T(i 3) T(”%’t))
ki nAag) (Tan — Ti1)
: Az, — Cuwhuii)(Tir) — Ta)
(33)
Hence, the temperature of a layer of the NCZ can be expressed as:
o gy At [RepAey (T = Tiin)
(Gt41) — L (i) AZiAiPiCpi Az
kapAiy(Tan —Tern) (34
A (7510 = To140)) Az

— Cwhuii) (Tir) — Tow) }

3.3 Lower-convective zone (LCZ)
Using the same procedure that outlined previously, the heat balance equation for
the LCZ can be expressed as:

QL = Q(mlar) - QLHN - Qs(i,t) -

Qg — Qe (35)
oT oT
z1A1p$,Cy, EI = Aol (t(es) — kA~

— CwAu(z) (T — Ta)

Z2=2)
— CowAey (Tir) = T6) = Qewe (36)
Tusen — T, kA, (T — T,
21 A1p1Cp, “el) () )At ) - BA ] (T(z0)) — .l (; 0)
2
= Cwutz) (Tu = To) = Cauhey (Tup = T6) = Qe
(37)
Thus, the temperature of the LCZ can be given as:
At kiAz, (Tue) — Tiro)
Ty =Tar + m {ﬁAe(za>I (7)) — A
(38)

— Cuwhue) (T — Tc) — CugAz (T — Te) — Qm}
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3.4 Dimensions of the solar pond

The dimensional characteristics of each zone of the solar pond would need to be
initially ascertained to obtain the temperature predictions of each of the pond’s
zones. The geometry of the pond could be characterised as shown in Figure 2. Here,
the relevant cross-sectional surface areas (required for heat transfer) are deduce in
relation to the dimensional references of the zones.

3.4.1 Surface aveas of the LCZ

The cross-sectional area of the LCZ, A; may be calculated at mid-plane of the
zone (as shown in Figure 2).
The average area is:

A =x;-w (39)

where the average length of the pond at the level (measured at mid-level):

2y
X _x_z(z2+ 2> (40)

tand

Similarly, the average width of the pond can be given as:

Z]
w; = W_2(22+2> (41)
tang

Thus, the area is:

Ao (2 (w23
a=(x=2(5d)- (v (%))

A, = (x-2(22)). (W—z(szZq))) (43)

Similarly,
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Figure 2
The dimensional characteristics of the solar pond.
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Side wall area, A, ()),
Aw(zl) = 2Aw(z,),W + 2Aw(zl),X (4’4)
The area of one side (along the width) is:

1 2z Z3 3]
Avew =35 KW - 2(%)) * (W - 2(%»} sin® )

Hence,

Z] V) Z3
Aw(z,),W = m |:W - - :| (46)

Similarly, the area of an adjacent side along the length is:

Z] y) z3
S :
wEDX T g tand  tand (47)
Thus, the total area of the four side walls of the LCZ is:
Z] Py) Z3 Z] 27 23
Apy =22 |lw- 22 %3 2,—[X————} 48
&)~ “5ing [ tang mngo] + sing tand tand (48)

3.4.2 Surface areas of the UCZ

Following the same procedure, the area for the UCZ can be deduced to be:

0 4 2 0 4 2
e foG) (o) @
tand tang
2y 2y
Au= (X _mm‘)) ' (W a mn(p)

Similarly, the total area of the four side walls for the UCZ can be obtained as:

Zy 0 21 Zy 0 21
A =2—|\W-— 2 X———— 0
wie) sind { tang tomq)] + sing [ tand mn&} (50)
Zy 21 Zy 21
Agey =2 (W = 2| g 20 [y EL] 1
&) = % 5ing [ tan(p] + sing tand 5D

3.4.3 Surface areas of the NCZ

Zi Zi

A =(X-2 Sl W-=2 2
( tom&) ( mn(p) (52)

3yl Ziv

A= (x—220)  (wo2l
i+ < tan&) (W mnqo> (53)
A= (x -2 (w2 (54)

i tand tangp

The total surface area of the four side walls of an elemental layer in the NCZ is:
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Az; Zi-l Byl Az; Zi-l iyl
Apaz) =2 W-—-—2/+2 X——-—
w(4z) sind tang tango] + sing [ tand tcm&} (55)
where
Az
z; :,=<:1+(i—1)Az+7 (56)
zia=z1+ (1 —1)Az (57)
zi1 =21 +idz (58)

3.5. Soil temperature

Although the earth surface temperature at the location can easily be obtained
alongside the metrological data; the temperature of the soil varies with depth, as
such requires to be calculated separately as a function of depth and time.

The annual variation of the average soil temperature at different depths can be
obtained as [20]:

Tylet) = Ty + Aoe sin [w(t —to) - 2} (59)
Ay = (Tg(O) max — Tg(O)min)/2 (60)
d =/, (61)

2z

4. Calculation procedure

The solar radiation intensity and ambient temperature data were obtained from
the meteorological data for Qatar. The calculation was initialised (at time t = 0) by
setting the temperature of the various layers of the pond to be equal to the ambient
temperature; while setting the initial salinities of the UCZ and LCZ as equal to 2 and
26%, respectively (i.e. assuming that the pond was initially stabilised artificially).

In the sequence of calculation, the parameters—heat transfer coefficients and
the properties of the liquid (in the different layers)—are first determined by the
initial (ambient) temperature. Then, the obtained liquid properties are employed
together with the solar radiation to determine the temperatures of the different
layers of the pond at time interval Az. The temperature of any layer at a time
interval is determined with the liquid properties previously obtained with the
preceding temperature of that layer. Using the same procedure, the temperatures of
the layers for any selected time interval or time of the day can be calculated. In the
simulation, the thickness of UCZ, NCZ and LCZ were taken to be 0.2, 1.3 and 0.5 m,
respectively.

5. Modelling results
Results were computed by performing energy balances throughout each layer
and sub-layer of the pond to achieve accurate temperatures. As the middle NCZ

layer has the greatest depth and in turn has the most changes in salinity and density,
it had to be divided into more layers. Each layer, as they have different densities,
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Month Tatm Tucz Trcz
January 19.50 19.50 42.36
February 20.10 20.10 51.69
March 22.50 22.50 58.07
April 26.70 26.70 65.63
May 31.40 31.40 74.51
June 33.70 33.70 79.48
July 35.20 35.20 78.65
August 35.40 35.40 76.23
September 33.40 33.40 71.31
October 30.00 30.00 63.98
November 25.90 25.90 55.58
December 21.90 21.90 49.51
Table 2.

Calculated temperatures of the top (UCZ) and bottom (LCZ) layers.

Month Ta Tiz Tis Tia Tis

January 2113 23.74 25.96 27.95 29.82
February 22.31 25.95 29.12 32.00 34.73
March 24.98 29.09 32.68 35.94 39.03
April 29.43 33.91 37.78 41.30 44.64
May 34.44 39.38 43.64 47.50 51.17
June 36.93 42.19 46.74 50.87 54.79
July 38.26 43.26 47.59 51.54 55.30
August 38.26 42.96 47.04 50.76 54.29
September 36.05 40.42 44.24 47.73 51.04
October 32.35 36.29 39.75 42.93 45.95
November 27.93 31.38 34.44 37.27 39.96
December 23.78 26.99 29.86 32.51 35.03

Table 3.

Calculated temperatures of the upper half of the middle (NCZ) layer of the salinity gradient solar pond,
divided into 10 sub-layers.

loses heat to the layers immediately below and above dissimilarly. A solar pond
operating in the geographical area of interest is predicted to reach a maximum
temperature of approximately 79.5°C in the summer months with lows of 40°C in
the winter. Tables 2—-4 show the diverse temperatures expected with the months of
the year based on the energy balance models discussed in the previous section.

6. Empirical validation

Following the predictions obtained from the calculation model, empirical vali-
dation would need to be conducted on the solar pond constructed. Thus, the model
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calculations reported in this study were simultaneously compared and validated
against the temperature gradient data gathered from a salinity gradient solar pond
constructed as aforementioned. The solar pond of interest was constructed with the
dimensions shown in Figure 3.

Month Tie T Tis Tio Tito
January 31.68 33.61 35.71 38.08 40.80
February 37.42 40.17 43.08 46.24 49.74
March 42.08 45.20 48.48 52.02 55.92
April 47.95 51.35 54.96 58.89 63.24
May 54.82 58.59 62.62 67.02 71.86
June 58.69 62.71 66.99 71.63 76.72
July 59.02 62.84 66.90 71.28 76.06
August 57.79 61.39 65.19 69.30 73.79
September 54.32 57.66 61.18 64.95 69.07
October 48.92 51.93 55.07 58.40 62.02
November 42.60 45.24 47.96 50.83 53.92
December 37.49 39.96 42.48 4513 47.98
Table 4.

Calculated temperatures of the lower half of the middle (NCZ) layer of the salinity gradient solar pond,
divided into 10 sub-layers.
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Figure 3

The dimension of the side view (top) and front view (bottom) of the salinity gradient solar pond used for
empirical validation of the developed calculation model. The dimensions detailed were used to produce the
thermal predictions for the salinity gradient zones of the pond.
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Figure 4

A %:mpm"ison of the major ion concentvation gradient achieved with the constructed solar pond. The samples
were obtained using an extraction pump at different depths. The surface data vefers to a sample obtained at
approximately 5-10 cm below the surface of the pond to allow for the pump to be completely immersed. The
bittern sample refers to the ion concentration of the bittern used before the addition of MgCl,.
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Figure 5

Temperature log of the different zones of the solar pond over the first 300 days of operation. The UCZ, NCZ and
LCZ sample were taken at depths of 10, 70 and 150 cm, respectively.
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Figure 6

Comparison of the calculation model predictions vs. the empirical temperature data obtained over the initial
300 days. The NCZ data for the model are the mean values for Ti values reported in Tables 3 and 4. The
depths of each of the ‘real’ were obtained at the depths reported in Figure 5 caption.

The presence of a well-defined salinity gradient is paramount to the effective-
ness of the solar pond’s capability for heat storage. Thus, samples were taken at
different levels of the pond to observe the concentrations at the expected upper,
lower and non-convective zones.

Seawater bittern was the saline material used for the solar pond with additional
MgCl, dissolved in the saline material to ensure a more pronounced salinity gradi-
ent was achieved. Future trials were envisioned only to use desalination
reject brines as this would not only make use of an industrial waste product,
without the conventional energy-intensive processes needed, but it would also
improve the potential economic viability of the technology by using an
inexpensive resource.

The increase in the salinity of the ponds towards the lower-convective zone can
be seen in Figure 4 and shows promise towards the solar pond’s thermal storage
potential. An interesting observation of the different ion concentrations were those
of calcium and magnesium. The highest concentration cations in the upper and non-
convective zones were those of magnesium. It was the case until the deeper depths
of the lower-convective zone at which the calcium and magnesium concentrations
were much more comparable.

To validate the thermal properties model, the temperatures of the upper-
convective, non-convective and lower-convective zones (UCZ, NCZ and LCZ,
respectively) were measured periodically as an empirical comparison of the initial
300 days of operation. The temperature measurements were taken at different
depths along the centre of the pond; by using RTD with an accuracy of 0.1°C.
Figure 5 shows the temperature measurements obtained from the constructed solar
pond while Figure 6 shows a comparison of the model predictions vs. the actual
solar pond temperatures measurements.

The temperature of the lower-convective zone was not expected to reach the
heights predicted by the model as the winter month predictions begin with a solar
pond with an LCZ already at temperatures of over 45°C stored from the previous
summer months. However, the gradual increase in heat storage measured across the
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early summer months is promising. Except for the lower-convective zone, the
thermal behaviour across the initial months of the solar ponds was increased at a
similar rate to the predicted data albeit at lower temperatures. The initial increase
was hypothesised to be due to the initial heat of dissolution because of adding the
salts to the solar pond.

In a nutshell, though the temperature profile of the pond (through the months of
operation) follows a similar pattern to the model predictions, the measured tem-
peratures are lower than predicted. The discrepancy can be partly attributed to the
fact that the weather data employed in the model is in variance with the actual
weather condition experienced during the pond’s operation. In addition, the effects
of shading of the side walls and turbidity (clarity of the water) were not considered
in the model, but in reality, contribute to the reduction of solar radiation received
by the pond. The shading due to the side walls tends to reduce the effective surface
area of the pond available to receive incident radiation thus consequently resulting
in reduced temperature. The pond is prone to dust (due to the geographical loca-
tion). Increased dust spread on the pond reduces the clarity of the water thereby
reducing the penetration of solar radiation into the pond, consequently reducing the
pond temperature.

7. Conclusions

Thermal behaviour analysis and a prediction model have been developed which
can be effectively used for the construction and operation of a solar salinity pond.
For the developed numerical was split into three sections: the UCZ, NCZ and LCZ.
However, the NCZ consisted of a much larger depth than the other zones, thereby
resulting in much more significant variance in its salinity and density. It was split
into 10 sub-sections. By employing the numerical model in a set calculation proce-
dure, the heat transfer coefficient could be first determined followed by the physi-
cal parameter of the pond saline material. Following this procedure, the
temperature of each layer (and NCZ sub-layer) could be determined for any period
in the year.

In this study, the average temperature of each layer was calculated for each
month in the year when exposed to the Qatari temperatures. With the high heat
climates of Doha, LCZ temperatures were predicted to reach its highest thermal
storage potential at temperatures of about 70°C in June with the lowest in January
reaching around 40°C.

The developed numerical model is planned for solar desiccant cooling applica-
tions in which the salinity gradient solar pond would be used for thermal storage as
well as the storage and regeneration of the liquid desiccant used in the proposed air
conditioning system.
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corresponding surface area of the wall at the given layer
surface area of side wall corresponding to the UCZ.
thermal conductance of the composite wall

humid heat capacity of air

local time

convective heat transfer coefficient

solar radiation intensity

thermal conductivity of the insulation material

thermal conductivity of the concrete wall

day of the year

atmospheric pressure

vapour pressure of water at the upper layer surface temperature
partial pressure of the water vapour in the ambient air

heat extraction rate (load) from the LCZ by heat exchanger
heat loss rates through the bottom wall (ground) of the pond
heat lost from LCZ to NCZ

heat gained from NCZ to UCZ

heat loss rates through the side wall of the pond

solar energy absorbed by the layer

total heat losses from the UCZ

convective heat loss rate from the pond’s surface
evaporative of heat loss rate

heat loss rate due to radiation

heat loss through the side wall

average monthly relative humidity at location

specific humidity

total thermal resistance of the individual resistance of the thermal
insulation and concrete

relative humidity

thickness of concrete

thickness of insulation material

temperature in the first layer

ambient air temperature

temperature in the last layer

annual average earth temperature at the location

average soil temperature at depth z (m) and time t (d).

ambient air temperature at time t of n* day of the year
ground temperature of the surrounding soil at the layer in consider-
ation

sky temperature.

depth of the UCZ

emissivity of water

Stefan Boltzmann’s constant

average monthly wind speed

reflectivity of the radiation

angle of incidence

angle of refraction

latitude angle

hour angle

declination angle

latent heat of water evaporation

fraction
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Chapter 4

Theoretical and Experimental
Analysis of a Thermoelectric
Air-conditioning System

Adeyanju Anthony Ademola

Abstract

Thermoelectric devices use the Peltier effect that creates a heat flux between the
junctions of two different types of materials. The thermoelectric module also
referred to as a heat pump transfers heat from one side to the other when a DC
current is applied. This study carried out the theoretical analysis of a thermoelectric
air conditioning system. A prototype thermoelectric air conditioner of 286 W cooling
capacity was built and a testing enclosure made from plywood and Styrofoam was
also constructed in order to validate the theoretical result with an experimentation.
It was discovered that thermoelectric air conditioning took 4 minutes to reach its
desired temperature of 22°C, whereas the standard air conditioning system (refrige-
ration cycle) took 20 minutes to cool to a room temperature. Economically, it was
also discovered that thermoelectric air conditioning system is 50% cheaper than the
refrigeration cycle air conditioning systems. The thermoelectric air conditioner has
cheaper maintenance and greater estimated life span of 7 years more than the
refrigeration air conditioner. This is because the air conditioner that operates on the
refrigeration cycle uses a rotating compressor, while the thermoelectric air condi-
tioner uses thermometric module.

Keywords: thermoelectric, Peltier effect, coefficient of performance,
refrigeration cycle

1. Introduction

Air conditioning systems that uses the refrigeration cycle are the most common
types of devices that uses air to exchange heat in an occupied space such as a
building or a car. These systems consume a lot of electricity, can be bulky and some
of the refrigerants used in the system is harmful to the environment. Therefore,
there is the need for an alternative air conditioning system, thermoelectric modules
are capable of generating both hot and cold temperatures at each side and as such
can be used as an alternative to the present system. Although thermoelectric air
conditioning systems have many advantages, they are rarely used due to having a
lower efficiency as compared to conventional air conditioning systems [1]. It is
therefore necessary to design a thermoelectric air conditioning system to achieve
similar performance to that of a conventional AC system and also to have less
disadvantages by designing a compact and light weigh prototype.

59 IntechOpen



Low-temperature Technologies

2. Brief history of thermoelectric principles

In the 1820s, it was found that the temperature difference of two dissimilar
metals when in contact with each other produced an electromotive force of voltage.
This voltage was produced since the temperature difference causes the electrons or
other charged carriers to move from the hot side to the cold side of the metal which
produced a current as shown in in Figure 1. This theory was found by Thomas
Seebeck and is known as the Seebeck effect [2].

Approximately 10 years later, a physicist, Jean Peltier found that the reverse of the
Seebeck effect is also true. He found that if a current was passed through different
metals, the temperature at one side of the metal would increase while at the other side
the temperature would decrease. This effect is known as the Peltier effect. The Peltier
module work as a heat pump, such that at the cold side of the module, it absorbed the
heat to be removed to the other side of the module when a DC voltage is applied [3].

2.1 Operating principle of the refrigeration cycle

The air conditioner consists of two connected coils which contains continuous
flowing refrigerant inside of it. The split unit systems are the most common type of
air conditioner, in which the coil located inside the room to be cooled is referred to
as the evaporator and the coil located outside the room is called the condenser [4].

The operating principle of the refrigeration cycle is to keep the evaporator colder
than the temperature of the room and the condenser temperature higher than the
surroundings as shown in Figure 2. These conditions allow for the continuous flowing
fluid to absorb the heat from the room and then eject the heat into the surroundings.

A Cooling/heating B Power generation
(Peltier effect) (Seebeck effect)
Heat absorption (cooling) Heat input
E [re—
| A R
N P N P
e m—— B — - -
(v H o )
e 4 A S =i
Heat rejection (heating) £ Heat removal
Power
oufput

Figure 1.
Thermoelectric principle.

Condenser

Discharge
Line

Compressor

Suction
Line

Figure 2.
Refrigeration cycle.
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A compressor and an expansion valve are used to achieve these conditions. The
compressor, usually a reciprocating compressor, is used to increase the pressure of
the refrigerant. The refrigerant in the gaseous state enters the compressor and it is
compressed which increases the temperature and pressure of the refrigerant. The
temperature at the outlet of the compressor would be much greater than the atmo-
sphere; therefore, when the hot gas passes through the condenser, the heat is easily
rejected with the aid of a fan.

During the heat ejection phase, the gas is condensed into a liquid. At the exit of
the condenser, an expansion valve is used to reduce the pressure of the fluid and
also the temperature drops, which is lower than the room temperature. This is how
the cold refrigerant is produced inside an air conditioner.

When the air is passed through the evaporator’s coil, the room temperature would
drop and the refrigerant is converted to vapor during the heat absorption process.

Therefore, the fundamental rule of the air conditioner is achieved, in which
the temperature is lower than room temperature in the coil inside the room and
the temperature is more than the atmospheric temperature in the coil outside the room.

2.2 Thermoelectric module

Unlike the conventional air conditioning systems, the Seebeck effect is a revers-
ible process such that heating and cooling can be obtained on both sides depending
on the direction of the current applied to the device. In Figure 3, when an electric
current is supplied to the device, the electrons and holes will move through the P-
type and N-type elements thus causing heating and cooling in the respective sides of
the module. These elements are an alloy called Bismuth and Tellurium and when
exposed to the same temperature, they have different free electron densities. The
P-type element has a deficiency of electrons and the N-type element have an excess
of electron and when a current is applied, the module tries to establish an equilib-
rium and as a result, heating and cooling occurs. Alumina ceramic substrates are
used on both sides of the module where the heating occurs in one side and cooling

CErRmIG i

subystrate “..\ _'_ heat abgorted

b —elettrens
Copper _.!I
comdisotor P- = T .
\ typ N-lype

1 heles

heat oled
('I‘Ilr el TE e e
/e

——
heat sink = drect cuwrent

CETAMIE
subsirate

Figure 3.
Principle of thermoelectric module.
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| P-TYPE ELEMENT
N-TYPE ELEMENT

ELECTRIC
CURRENT |

Figure 4.
P-type and N-type elements connected in series.

occurs at the other side. This material is chosen due to being a good insulator of
electricity and also being thermally conductive. The coefficient of performance of
this device is defined as the ratio of the cooling or heating power to the power
supplied to the module.

In order to pump a great amount of heat, the thermoelectric device usually con-
sists of multiple P-type and N-type elements. A typical thermometric device contains
around 250 P-type and N-type elements connected in series as shown in in Figure 4.

3. Theoretical analysis of thermoelectric air conditioning system

The design of thermoelectric air conditioning system is shown in Figure 5, a fan is
mounted on top of the cover where air at ambient temperature would be sucked into
the device and circulate through the heat sinks and then blow through two rectangu-
lar holes such that the direction of the air can be controlled via the flaps. This would
allow for the heat from the air to be properly transferred to the heat sinks.

3.1 Determining the cooling load
3.1.1 Cooling and dehumidification of the air

The temperature and relative humidity of the ambient air measured in the
laboratory was 31°C and 63% respectively. In order to obtain within thermal com-
fort range as defined by ASHRAE, it is best to cool and dehumidify the air to 22°C
with a relative humidity of 50% as shown in Figure 6. The cold side of the thermo-
electric module would be at a temperature lower than the dew point temperature
and therefore condensation is expected to take place which would decrease the
relative humidity of the air [5, 6].

(a) (b)

Figure 5.
Thermoelectric air conditioning system.
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Figure 6.
Psychometric chart: cooling and dehumidifying.

State 1 represents the air properties of the ambient air in the lab while state 2
represents the air properties that we would like to have. The following calculations
are used to determine the required cooling capacity for the thermoelectric module.

Qr=Q,+Q 1
=g (ha — ha) +mia(ha — h1)hy, )
= ig [(h1 — ha) — (W1 — Wa)hy,,] (3)

where Q.: = sensible heat in kW; Ql = latent heat in kW; h = enthalpy in kJ/kg;
M, = mass flow rate in kJ/kg; W = humidity ratio in kg/kg.

At state 1:

31°C, 63% relative humidity

hi = 76.91KJ /kg; 9; = 0.887m> /kg; W = 0.0179 kg/kg

At state 2:
22°C, 50% relative humidity

hy = 43.04 kJ/kg; W, = 0.0082 kg/kg; ks, = 83.94 kJ /kg

A fan of 15 CFM was available at the lab:
15 CFM = 0.00708 m>/s

1

o 3
m, = 0.00708 m° /s x 0.887m? kg

= 0.00798 kg/s

Qr =g (k1 — h2) — (W1 — W)y, (4)
= 0.00798[(76.91 — 43.04) — (0.0179 — 0.0082)83.94]
= 0.264 kW
=264 W
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3.1.2 Sensible cooling load of the enclosure

An enclosure shown in Figure 7 was designed in order to test the thermoelectric
air conditioning system. The enclosure was made of plywood and properly insulated
with styrofoam so that the outside temperature would have minimal effect on the
testing of the device.

The temperature of the ambient air is 31°C

Thermal comfort temperature is 22°C

Thermal conductivity of wood, Kyyeeq = 0.151 %

Thermal conductivity of styrofoam, Ktyrofoam = 0.033 %

R Lood Lstyrofoam
Total =
I<wood K styrofoam

~0.01 0.035 (5)

0.151  0.033
K
=113 W

Heat transfer through the wall of the box per unit area:

AT
Rtotal

4

9K
113

—796 =
m

Area of enclosure = 2( 0.52 x 0.50) + 2(0.55 x 0.50) + (0.55 x 0.50) + (0.57 x 0.52) m
=1.6414 m’

Therefore, heat transfer through the wall of the box,

Q =7.96 x 1.6414 m?
=131W

Figure 7.
Enclosure for test of thermoelectric air conditioning system.
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3.1.3 Resistor cooling load

A resistor/heating coil was placed in the testing enclosure to observe how long
the device takes to remove the heat and maintain a constant temperature. A
resistor of 20 W rating was used and the temperature of the enclosure was
monitored with time.

3.1.4 Total cooling load required
Total cooling load = cooling/dehumidification + cooling load of enclosure + resistor load
=264 W+13.1W +20W
=2971W
(6)

However, the device was sized at a total cooling load of 330 W to take into
considerations any additional heat loads that were not accounted for, also the
enclosure was not properly sealed.

3.2 Choosing the Peltier module

One of the TEC1-12730 module is capable of producing 250 W of cooling,
however in order for one module to produce 250 W of cooling, it needs a dc power
supply rated at 30 amps and 18 V. Therefore, by using three modules, a power
supply that is available at the lab can be used to supply each module rated at 12 V.

Using three Peltier TEC1-12730 modules:

0
Cooling capacity required for each module = %

=110 W

Temperature difference, AT = Tjpy — Tooia
= 50°C — 18°C

=32°C

The specification graphs for the TEC1-12730 module shown in Figures 8 and 9
were used in determining the appropriate amperage and voltage needed to supply
each thermoelectric module.

At QC =110 W and AT = 32°C, amperage, I = 21 amps

Using the second graph to determine the voltage to apply:

Using 21 amps and AT = 32°C, therefore V =12V

Power consumed by the three (3) Peltier device = 3 x (12 x 21) =756 W

3.3 Sizing the heat sink

Determining the thermal resistance of a required heat sink (Figure 10) for the
hot side of each thermoelectric module:
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Maximum operating temperature of the thermoelectric module: 138°C [7].
Thermal resistance of the heat sink needed,

Gefw]

SOG

j P4

AT A

! ///;‘;l/f,f 100
A
pape%t: )

860 70 B0 50 40 30 20 10 ©
Deita TG

Figure 8.
Specification graph 1 for the TEC1-12730 module.

Th=5¢C i)
e i 18.0
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Figure 9.
Specification graph 2 for the TEC1-12730 module.
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Figure 10.
Sizing the heat sink.

Thot — Tamp
QT, 1+ P ‘peltier

Rhs =

_138-31
362

K
= 0.296 W

Air flow of fan used for heat sink, & = 0.142 m3s~ (CFM of fan available at lab = 300)
Width of heat sink, W = 0.08 m

Width of the fin, L = 0.064 m

Thickness of fin, #7, = 0.0015 m

Number of fins, Ng;, = 20

Height of fin, Hy = 0.057 m

Height of heat sink, H = 0.069 m

Spacing between the fins [8],

W — (Njin X tfin)
Npy — 1

b:

~0.08— (20 x 0.0015)
o 20-—1

=0.003m

Velocity of air between the fins,

3

V:NﬁnXbXHf

_ 0.142
" 20 x 0.003 x 0.057

=41.52 ms!
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The properties of air at one (1) atmosphere and 31°C are as follows:
Density, p = 1.15 ;—g;
Specific heat capacity, Cp = 1.007 1<g.]1<

Dynamic viscosity, u = 18.718 x107° %
Heat conductance, K = 26.424 x10° ll;ﬂK
Prandtl number,

_#xGy
k
18.718 x 107° x 1.007
T 26424 x10°6
=0.713

Pr

Reynolds number,
xVxb b
- piﬂ X
1.15 x 41.52 x 0.003  0.003
T 18718x10°  0.064
— 358.72

Re

Nusselt number,

1 1
+
3 3
(R5H) (0.664\/RePr°'33 1+ 3—55)

i

1 1

+

3 3
(B872x0713) (0.664 358.720.713°% . /1 + 3'535.72)
=12.28

Heat transfer coefficient,

k
h=Nux —
uxy

26.424 x 1073

=12.28 x
0.003

=108.16

Efficiency of the fin,

tanh (m x Hf)
m X Hf
_ tanh(29.39 x 0.057)
a 29.39 x 0.057
= 0.556

ﬂﬁ'n -
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— 2h
N kfin X tfm
_ 2x 108.16
~ V167 x 0.0015
=29.39
Surface area of the exposed base,
Abuse = (me —1)b X L
= (20 —1)0.003 x 0.064
= 0.00365 m?
Area of the fin,
Afm =2x Hf X L
=2 x 0.057 x 0.064
= 0.0073 m?
Thermal resistance of the heat sink,
1
h. (Aba:e + (NfznnfmAfzn>>

1
" 108.16.(0.00365 + (20 x 0.556 x 0.0073))

Rhs =

K
=0.109 —
? Y

0.109 & < 0.296 &, since the calculated thermal resistance of the heat sink
available is less than the required thermal resistance of the heat sink then therefore,
this heat sink was used.

4. Experimentation of the thermoelectric air conditioning system
4.1 Apparatus

* Thermocouples

* 12 channel thermocouple data recorder

* Power supply

e Multi-meter

* Power strip
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{a) (b

Figure 11.
Testing enclosure showing points at which temperature were taken.

Figure 12.
Thermoelectric air conditioner placed inside of testing enclosure.

4.2 Method/procedure

i. The thermoelectric air conditioning system was connected to the power
supply and connected to the power trip.

ii. The thermocouples were connected to the 12-Channel Thermometer and the
location of the thermocouples was noted as shown in Figure 11.

iii. The power strip was turned on which simultaneously powered on the
thermocouple data recorder and the thermoelectric air-conditioner as shown
in Figure 12 and Table 1.

5. Results and discussion

From the graph of temperature (°C) versus time (min) as shown in Figure 13,
an exponential decay curve was obtained. The graph was linear in the first 3 min
and the thermoelectric air conditioner minimum temperature for that time was
22.3°C. For no heat load, the thermoelectric air conditioner was able to cool the
enclosure to the desired thermal comfort temperature of 22°C in 6 min. A typical air
conditioning system that operates on the refrigeration cycle takes approximately
30 min to cool a room to the thermal comfort temperature of 22°C [9, 10].
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Time (min)

Ambient temperate (°C)

Temperature inside enclosure (°C)

T1 T2 T3 T4 TS Té6 T7 T8
0 30.5 307 309 308 307 309 297 299 312
1 31.0 282 281 280 281 271 275 271 272
2 31.2 261 261 259 263 248 272 263 255
3 30.0 235 235 234 235 223 251 243 232
4 31.0 217 219 219 219 207 240 235 218
5 30.8 205 207 206 206 19.6 23.0 225 20.6
6 30.0 197 199 20.0 199 189 224 216 20.0
7 31.0 184 187 188 186 178 213 20.4 189
8 31.0 18.0 182 183 181 173 209 20.0 185
9 31.0 178 181 182 180 171 201 193 183
10 31.0 176 179 18.0 177 169 20.0 188 181
11 30.6 174 177 179 175 167 189 181 18.0
12 30.6 172 174 175 172 164 187 181 177
13 30.8 174 177 178 174 166 189 182 179
14 30.5 172 176 176 174 165 188 18.0 177
15 31.0 170 172 173 172 165 186 178 176
16 311 167 169 173 167 166 183 175 171
17 30.9 16.4 168 166 165 165 177 172 171
18 30.9 164 169 167 165 164 177 168 169
19 30.5 165 166 166 165 163 175 167 17.0
20 30.6 164 165 166 167 163 172 166 169
21 31.0 165 164 166 165 163 171 167 16.8
22 30.5 165 164 166 164 162 168 166 16.8
23 29.8 164 165 167 164 163 166 165 167
Table 1.
Temperature readings obtained from testing enclosure of thermoelectric air conditioner.
Graph of Temperature versus Time
35
30,0 ae=l
& 250 ——T2
F 20,0 —a—13
& 100 ——T5
] 5 10 15 20 35 — N
—a—TE
Time/min
Figure 13.

Graph of temperature/°C versus time/min.
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Therefore, the thermoelectric air conditioner has a much faster cooling rate as
compared to the conventional air conditioning system. The thermometric device
was able to cool the enclosure and maintain a minimum temperature of 26.5°C,
however it was expected that the device would cool the enclosure much less than
this temperature. This was limited to the high temperature on the hot side of the
module. The temperature on the hot side of the thermometric module was stable at
39.6°C when the minimum temperature of the enclosure was 26.5°C. From the
specification graph of the module, the temperature difference chosen was 30°C.
Therefore, if the hot side of the module was maintained at a much lower tempera-
ture then the cold side of module would result in a lower temperature reading
(Tables 2 and 3).

Specific volume at inlet, §; = 0.882r1“(—g3
15 CFM fan used = 0.00708 ™

Mass flow rate, m, = 0.00708 m{ X S 8;2"‘3
2%%kg

Mass flow rate, m, = 0.008027 k?g
Using a psychometric chart, the enthalpy was determined for both the inlet and
outlet of the thermoelectric air conditioning unit.

Enthalpy of the air at the inlet, &; = 71.2 2

kg
Enthalpy of the air at the outlet, %, = 35.6 ]1:—3;
Difference in enthalpy,
hg=h; —h,
=71.2-35.6
k
= 35.6 —J
kg
Thermoelectric module Voltage (V) Current (A) Power (W)
Module 1 11.85 18.11 214.60
Module 2 11.79 17.61 207.62
Module 3 11.96 17.32 207.15

Table 2.
Voltage and current readings obtained from the multi-meter.

No. Inlet air temperature (°C) Outlet air temperature (°C) Power (W)

Dry bulb  Relative humidity %  Dry bulb  Relative humidity %

1 30.7 60.6 171 521 614.25

2 28.1 60.9 18.8 54.2 617.10

3 315 59.7 16.9 54.8 613.98

Average 30.1 60.4 17.6 53.7 615.11
Table 3.

Experimental results of thermal properties of thermoelectric air-conditioner.
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Cooling capacity of the unit,

Qcc = mll (hl - ho)

= 0.008027 g x 35.6 k—J
s kg
= 0.286 kW
=286 W
Coefficient of performance,
QCC
.O.P. =
C.O P,

0286
~0.61511
= 0.465

In comparing the owning and operating costs of the thermoelectric air condi-
tioner to an air conditioner that operates using the refrigeration cycle, the thermo-
electric air conditioner was the better choice of approximately 47.5% cheaper in the
overall costs. Although the overall cost of the thermoelectric air conditioner was
cheaper, it consumes a considerable large amount of power of 695 W more. This
resulted in a higher cost of electricity per year of $156.12 more than the refrigeration
air conditioner.

However, the major factors which influenced the thermoelectric air condi-
tioner in being the overall cheaper choice are the; life span of the device and the
operating costs. The thermoelectric air conditioner has a greater estimated life
span of 7 years more than the refrigeration air conditioner. This is because the life
span of the air conditioner that operates on the refrigeration cycle uses a com-
pressor which is the “heart” of that air conditioning system, contains a lot of
moving parts and is therefore more prone to failure. On the other hand, the
thermoelectric air conditioner uses thermometric module which is the main
component of the system, contains no moving parts. Maintenance of the thermo-
metric air conditioner is also cheaper in which it does not need re-gassing or
regular inspection check for gas leaks as compared to the refrigeration air
conditioning system.

The coefficient of performance was calculated for the thermoelectric air
conditioning system, which was found to be 0.465. This value is small in
comparison with the average coefficient of performance for the vapor refrigeration
cycle of 3.0 [11, 12]. The main reason for this vast difference is the power con-
sumption of the thermoelectric air conditioner. The experimental cooling capacity
was found to be 286 W while the system was sized for 330 W. In comparison, this
value showed a 13.1% reduction of cooling capacity which may be due to the
power supply used to power the thermoelectric air conditioner, since the system
was only consuming 615.11 W while it was calculated that the system needed 756 W
in order to produce a cooling capacity of 330 W. Additional causes may be inaccu-
racies in the experiment or heat leaks between the cold and hot side of the
thermoelectric module.
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6. Conclusion

A prototype of a thermoelectric air conditioner was designed. Designed calcula-
tions were produced. The hot side of the module did not exceed the maximum
operating temperature of 138°C, which means that the design of the heat sink for
the hot side was sufficient. In additionally, CFM rating for the exhaust fans were
calculated which led to the proper selection of the fans to be used. The prototype of
the thermoelectric air conditioner was successfully built and tested. From the design
calculations, the appropriate materials for the device were selected which enabled
the device to cool and dehumidify to the thermal comfort zone. The performance of
the prototype was determined where:

i. A cost analysis was done in which the thermoelectric air conditioner was
compared to a conventional air conditioner that operates based on the
refrigeration cycle and the thermoelectric air conditioner was the better

choice with an overall 47.5% cheaper in overall cost.

ii. The coefficient of performance of the system was calculated and found to be
0.465.

iii. The device was able to cool and dehumidify the air within the thermal
comfort zone of 22°C and 53.7% relative humidity.
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Abstract

In Brazil, there has been a significant change in the types of refrigerants used in
air conditioning and refrigeration systems. This chapter seeks to compare, based on
legislation established by the European Parliament and of the Council, which has
been understood and obeyed all over the world, the use of F-gas and different types
of fluids intended for use in such systems and also discuss the use of natural fluids
such as hydrocarbons, ammonia, and carbon dioxide (CO,), in refrigeration or air
conditioning systems, considering the characteristics and properties of these types
of fluids, such as thermodynamic and psychometric parameters, the global warm-
ing potential (GWP), application limits, flammability factor, and performance as
refrigerant. Some specific examples of the use of fluids such as R-R290, R-410a,
and R-600a, instead of R-22 fluid, will also be discussed. For this purpose, a test
bench was developed with an equipment chiller in the Climatization and Thermal
Comfort Laboratory—ClimaTConT—of the Federal University of Pard, in order to
compare the types of refrigerant fluids, usually used in air conditioning systems,
considering the conditions, evaluating the possibilities of reuse of these fluids,
without performance losses, in significant values, always seeking the reduction of
the use of synthetic fluids, which are more aggressive to nature, generating pollu-
tion and degradation to local environments.

Keywords: F-gas, hydrocarbons, natural refrigerants, synthetic fluids, chiller bench

1. Introduction

When it comes to environmental pollution, the first idea is the one caused by the
operation of a motor vehicle, consuming a fossil fuel, nonrenewable, or the irregu-
lar disposal of garbage in areas near urban centers. However, refrigeration and air
conditioning systems are highly polluting the local environment, because these
systems use refrigerants with specific characteristics, and some of their components
can react with the ozone layer or be released into the atmosphere, which is equiva-
lent to a few hundred or thousands of times the emission of CO..

A great example is a cooling system that works with R-404A refrigerant,
which is a synthetic fluid. Under normal operating conditions, this system has
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no ozone-depleting chemical component. But, if an approximately 10 kg of this
refrigerant leaks into the atmosphere, the contribution to the greenhouse effect/
global warming will be equivalent to the emission of 40 tons of CO, [1, 2].

In Brazil, all refrigerants, currently available on the market, are the basis of
HCFC and HFC, but these fluids have their days counted for their discontinuation
given the contribution to environmental pollution and the action of the Montreal
and Kyoto Protocols that made societies aware of the harmful action of these
products when released into the local environment [1-3].

Due to these prohibitions imposed by world laws and protocols, the air condi-
tioning and refrigeration market in Brazil aims solutions for the use of refrigerants,
which vary between synthetic fluids that has a high value of global warming poten-
tial (GWP) and natural fluids, which has a lower value of global warming potential
(GWP) than the synthetic ones. However, natural fluids have some impasses that
are directly related to their composition, such as ammonia, which has excellent
thermodynamic qualities, but it is a highly toxic fluid. The CO, itself is another fluid
that can be used in refrigeration systems, but as a downside, it works under high
pressures, close to 100 bar. The hydrocarbon refrigerants, which are better known
as R-290 and R-600a, are also excellent thermodynamic fluids, but these fluids are
highly flammable and have their maximum amount to be applied to limited climate
systems for security reasons [4-10].

In order to encourage the use of natural fluids in air conditioning and refrigera-
tion systems, some laws and protocols have been created in the world to regulate,
standardize, and inform mainly about safety issues related to the use of these types
of refrigerants [4-6, 11]. From the point of view of use, there are scholarly works
in air conditioning and refrigeration systems produced by companies that already
work with some natural fluids and have great yields, both on the issue of capacity
and cooling efficiency, as the issue of energy consumption [12, 13].

The present work intends to develop a test bench so that reliable data on syn-
thetic and natural fluids can be obtained. In the experimental stage, the refrigerants
R-22 and R-290 were used. Nevertheless, in the simulation stage, some data were
taken of Danfoss software in order to evaluate the thermodynamic, psychomet-
ric, and electric parameters, the ozone depletion potential (ODP), the GWP, the
working pressure limits, and the local conditions. Hence, it has become possible to
indicate the ideal fluid that should operate in a safe condition and with less aggres-
sive potential to the environment.

2. Refrigerant legislation

With the discoveries of the harmful effects of synthetic refrigerants, various
organizations and institutions around the world have begun to work together to
develop methods for control and to standardize and also to develop some kind of
awareness about the use of these refrigerants as a working fluid in refrigeration and
air conditioning systems.

Protocols were created first to fight the fluids that negatively affect the ozone
layer [1] and later to fight against the use of synthetic fluids, which are mas-
sive contributors to the greenhouse effect. Since the 1970s, some scientists have
proven that there is a direct relationship between ozone depletion and the use of
CFC (fluorine and chlorine-based hydrocarbons) compounds by industry, not
only as refrigerants fluids but as aerosol propellants and foam blowing agents.
According to photochemical reaction models involving ultraviolet irradiation, the
depletion of the ozone layer is the result of a chain effect promoted by chlorine
(or bromine) atoms [2].
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2.1 Montreal Protocol

The Montreal Protocol is an international agreement developed by the United
Nations, focusing on the environment. This protocol aims at the gradual reduction
to the full transition of synthetic fluids with high ozone layer depletion potential
by other types of environmentally friendly refrigerants. Since its inception in
1987, data collection through 2014 indicates that, with the Montreal Protocol, it
has been possible to reduce the supply of ozone-depleting fluids by 98%, as most
of this amount was used in cooling and air conditioning systems [1]. In European
countries, in October 2016, HFC-lowering steps were agreed and became part of the
Montreal Protocol, which entered into force on January 2019, pending ratification
by 20 states, which appears to be a formality at the moment.

In the Montreal Protocol, in addition to the mechanisms for the gradual reduc-
tion and elimination of refrigerant use discussed above, many governments are
applying tax measures to reduce the consumption of high potential global warming
refrigerants, such as the creation of weighted taxes according to potential for the
use of these products.

The production and use of HFCs such as R-32, R-125, R-134a, and R-143A and
their mixtures (R-404, R-407C and R-410A) are not regulated by the Montreal
Protocol but must be country-specific regulations made individually, so countries
such as Spain, Denmark, Norway, and Sweden have imposed taxes on the use of HFCs
in their air conditioning and refrigeration systems to reduce their use and control.

2.2 Kyoto Protocol

Like the Montreal Protocol, the Kyoto Protocol is an international agreement,
managed by the United Nations, that seeks to reduce pollutant emissions into the
atmosphere. It is known that the last 150 years of industrial activities related to
developed countries generated an increase in emissions and strengthening the
greenhouse effect [2].

This protocol was prepared in Kyoto, Japan, in 1997 and, after adjustments,
began to be implemented in 2005 and had its first stage, known as the first period,
accounted for between 2001 and 2012. During that period 37 countries industrial-
ized, and the European community have if pledged to reduce pollutant emissions
by 5% compared to the 1990s. In the second period, in 2012 there was a meeting
between the leaders of the countries that signed the Kyoto Protocol and the United
Nations. At this meeting it was agreed that between 2013 and 2020 countries
would continue to work on reducing emissions by 18% of the values stipulated in

the 1990s [2].
2.3 F-gasregulation

The 517/2014 Law of the European Parliament and of the Council became
known as regulating the use of fluorine-containing gases, known as F-gas, with the
main objective of reducing emissions of gases with high potential for the destruc-
tion of the ozone layer, because they contribute to the greenhouse effect. Brazil is
a signatory to this Law, which defines the rules on storage, recovery of synthetic
fluids, as well as conditioning the trade of equipment and the refrigerants them-
selves in use in the Brazilian territory and also sets the practical limits on the use of
F-gas in Brazil [3-5].

The first highlight of 517/2014 Law is the prohibition of the intentional release
of any amount of F-gas into the atmosphere; however, it does not cite any criminal
implication on anyone caught doing the act of this way.
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Equipment Prohibition
date
Household freezers and refrigerators with HFC refrigerant and greater than 150 GWP January 1, 2015
Cold rooms for commercial use HFC with GWP 2500+ January 1, 2020
HFC with GWP 150+ January 1, 2022
Fixed refrigeration equipment with HFC refrigerant and with GWP greater than 2500 January 1, 2020
Commercial central cooling system with a capacity of 40 kW or higher that works with January 1, 2022
GWP 150+
Mobile residential air conditioning equipment using HFC refrigerant with GWP 150+ January 1, 2020
Fixed residential air conditioners with load less than 3 kg and GWP 750+ January 1, 2025

Source: Regulation (EU) N°. 517/2014 [5].

Table 1.
Equipment with dates for prohibiting the use of vefrigerants.

The Article 4 of this Law establishes that stationary refrigeration equipment,
air conditioners, and heat pumps must have an operator that checks for leakage
points on the equipment according to the equivalent amount of CO, in refrigerant
charge where 5 or more equivalent tons of CO, should be checked at least once a
year. For equipment with an equivalent load above 50 tons of CO,, this check should
be performed every 6 months. Systems with loads over 500 tons equivalent must be
checked every 3 months.

Article 13 cites restrictions on the use of F-gas and imposes that from January
2020, the use of F-gas with GWP equal or greater than 2500 shall be prohibited
in refrigeration systems with an equivalent load of 40 tons of CO, or more.
Nevertheless, if the fluid used in the system can be recovered, reprocessed, and
reused, it will have its utility extended until January 1, 2030.

Table 1 shows some air conditioning and refrigeration equipment with their
respective prohibition dates for their refrigerants.

The questions of the regulation of refrigerants is the application of control
mechanisms over the use and disposal of F-gas in each country in order to comply
with the dates set out in Table 1.

For the purpose of facilitating the understanding about this chapter and the
application in HVAC and refrigeration’s systems, some definitions used by law and
by some educational and research entities and institutions are presented below:

* Global warming potential (GWP): This is the direct mass comparison of CO,
that a fluid causes when released into nature over a 100-year period [5].

* Tons of CO2 equivalent: Quantity of mass with a global warming potential
multiplied by a global warming potential coefficient.

* Recovery or regeneration: Process of gathering and direct F-gas storage
equipment, i.e., the removal of a refrigerant from system to store it in an
external tank [14]. In this process some contaminants found in the systems are
removed, like oil, water, oleic acid, and hydrochloric acids. In this sequence,
the refrigerant is distilled and then filtered, condensed, and analyzed, and if it
complies with ARI 700 Standard (purity, humidity, acidity, non-condensable
gases, and maximum allowable residue levels), then it will be refilled.

* Recycling: Reuse of F-gas after a treatment process, that is, is the process
involving the cleaning of refrigerant by an oil separator and a filter drier for
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reuse. It is to remove some contaminants like oil, water, and oleic and hydro-
chloric acids that can be found in system. In this process, the cooling fluid is
distilled, filtered, then condensed, and finally, bottled [5, 14].

* Reuse: Reprocessing of the refrigerant, involving the manufacturing processes
of new products from the refrigerant recovered.

* Repair: Restoration of equipment, for some reason, has lost its tightness, and
this has resulted in the release of the working fluid to the atmosphere.

* Leak detection system: Mechanical or electronic equipment that allows to
identify possible leakage points in the system components [14].

* Destination: Currently in Brazil there are regeneration plants capable of
receiving refrigerants to be reused within the standards required by law.

In underdeveloped countries, such as Brazil, despite the knowledge of the
mechanism of ozone layer depletion and the creation of specific legislations to
address the issue, there is still no concern with the use and disposal of F-gases,
which makes it difficult to meet the dates stipulated by 517/2014 Law [5].

3. Refrigerants

Refrigerants can be defined as substances that serve as a means of transport and
heat transfer, absorbing heat at low temperatures and rejecting it at higher tempera-
tures [15]. From that definition, in principle, any substance that changes phase in
the refrigeration or air conditioning cycle, from liquid to vapor during heat absorp-
tion and from vapor to liquid during heat rejection, may function as a refrigerant.
Their commercial usefulness depends on the temperature ranges and pressure at
which the system will operate and, more recently, the environmental impacts that
eventually this refrigerant can cause when released into the environment.

Water and air can also be considered as fluid refrigerants, although they do
not show phase change during the process as well as other synthetic fluids or not
form aqueous solutions that are characterized by operating at temperatures below
273.16 K (0°C) without crystallizing.

Among the various properties that a refrigerant should include for use in air
conditioning and refrigeration systems, the most important are [15]:

i. Favorable thermodynamic properties.

ii. High chemical stability when operating within the system and low chemical
stability outside the system.

iii. Nontoxic.

iv. Non-flammable.

v. Having small specific volume (causing less compressor work).
vi. Having high latent heat of vaporization.

vii. Evaporate at pressures above atmospheric (in case leakage air will not enter
the system avoiding the risk of explosions).
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viii. Having compatibility with the lubricating oil of the compressor.
ix. Having adequate compatibility with the materials of the refrigeration system.
x.Be easy to detect.

xi. In case of leakage, it should not attack or spoil food, should not contribute to
global warming, and should not attack the ozone layer.

xii. Not posing a danger to the environment.
xiii. Be commercially available at a reasonable cost.
The refrigerant groups available in the Brazilian market are divided into [15, 16]:

* CFCs (chlorofluorocarbons): They are refrigerant fluids whose molecule is
formed by the element’s chlorine, fluorine, and carbon, for example, the fluids
R-11, R-12, R-113, R-114, R-115, and R-502, among others. The lifetime of
CFCs in the atmosphere ranges from 60 to 540 years, causing high depletion
of the ozone layer. Most CFCs have an ozone layer depletion potential (ODP)
index ranging from 0.6 to 1.

CFCs were no longer manufactured by industrialized countries in January
1996 and, with some exceptions, by developing countries. These fluids feature
high ODP and high GWP. According to the Montreal Protocol, in 1996 these
gases were banned from developed countries, and in 2010 they should be banned
from developing countries such as Brazil, but these gases are still found in old
refrigeration and air conditioning systems. These fluids are used in automotive air
conditioners, commercial refrigeration, and home refrigeration (refrigerators and
freezers).

* Hydrochlorofluorocarbons (HCFCs): In these refrigerants some chlorine
atoms are replaced by hydrogen, as an example of these fluids, have it R-22,
R-123, R-401A, and R-4012A. These fluids are used in climate control systems,
window air conditioners, split air conditioners, self-containers, cold rooms, etc.
These gases represent the second generation of fluorinated gases and were
the main alternative to CFCs. They have lower ODP, but the GWP still between
1000 and 5000, so they are a little less harmful to the environment than their CFC
predecessors, considering the ozone depletion. HCFCs are not fully halogenated like
CFCs. The atmospheric lifetime of HCFCs ranges from 2 to 22 years, and therefore
their ODP ranges from 0.02 to 0.1 [15, 17].

Currently, in Brazil, HCFC-22 or (R-22) has been the most commonly used
refrigerant in air conditioning systems since the early 1990s. HCFCs have been
used as transition fluids, and their restriction on use and manufacturing started in
2004. According to the Montreal Protocol, the elimination of HCFCs in developed
countries is expected by 2030 and in Brazil by 2040. Nevertheless, some countries
are already well advanced on their elimination. In the European Union the use of
HCFCs was terminated in January 2010 and may still be used until January 2015 in
some specific cases.

* Hydrofluorocarbons (HFCs): In these fluids all chlorine atoms are replaced
by hydrogen, for example, R-134a, R-404A, R-407C, R-410A, etc. These fluids
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are used in automotive air conditioning systems, commercial refrigeration and
domestic refrigeration (refrigerators and freezers), etc.

As there are no chlorine atoms in HFCs refrigerants, they do not cause ozone
layer depletion. HFCs are expected to become the most widely used in air condi-
tioning systems in the coming decades. These fluids can be said to represent the
third generation of fluorinated gases that have zero ODP and median and high GWP
values. Currently, HFCs are largely used in commercial refrigeration and residential
air conditioning.

* Hydrofluoroolefins (HFOs): The HFOs represent the fourth generation
of fluorinated gases, with zero ODP and very low GWP values. It is already
being used in automotive air conditioning systems in developed countries
(the United States and Europe). They are fluids used in place of R-134a as
they are suitable for high temperature applications and operate at similar
pressures.

* Natural refrigerants: These fluids are generated through natural biochemical
processes, so they pose no risk to the ozone layer and have very low or zero
GWP indices. The most common natural fluids are R717 (ammonia), R744
(COy), hydrocarbons, R718 (water), and R729 (air).

Although the application of natural fluids in refrigeration systems is a world-

wide trend, each fluid has its own characteristics and requires special care to be
implanted.

* Hydrocarbons: They consist of a group of nontoxic gases with zero ODP and
low GWP. They are environmentally friendly and have excellent thermody-
namic properties, allowing good efficiency in similar or even better cooling
systems than HCFC and HFC fluids.

Because these refrigerant fluids are considered as flammable gas, hydrocarbon
refrigeration systems must meet a number of safety guidelines. Typically, these
gases are applied in small systems such as refrigerators or indirect systems and
cooling secondary systems with other fluids (such as a CO2 cascade system). This
ensures a low risk of fire if a leak occurs.

The most commonly used hydrocarbons in refrigeration are propane (R-290)
and isobutane (R-600a). In addition to the GWP, the ozone depletion potential
(ODP) is another parameter that compares the ozone layer depletion potential
regarding the R-11 refrigerant, which is assigned the value 1. This value is compared
to other types of fluids.

Refrigerants can be classified as simple, which are not mixed with other fluids
such as R-22, R-134a, and R-32 and natural or blend fluids, which are mixtures of
fluids, such as R-410A. The blend fluids may also be azeotropic or non-azeotropic.
And this is another classification of refrigerants, which divides them into two broad
categories, which are:

* Azeotropic mixtures: In these types of mixtures, the components cannot
be distilled off. The mixture evaporates and condenses as if it were a single sub-
stance. Its properties are totally different from those of its components. As an
example, we have CFC/HFC-500, HCFC/CFC-501, and HCFC/CFC-502. For
example, HCFC/CFC-501 is a mixture of 75% HCFC-22 with 25% CFC-12 ona
mass basis. Azeotropic mixtures causing ozone layer depletion were no longer
manufactured in 1996 in developed countries.
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* Zeotropic or non-azeotropic mixtures: In a zeotropic mixture, its compo-
nents are separated by distillation process. Thus, the mixture evaporates and
condenses at different temperatures. Examples of such fluid types are R-400
and R-401A/B/C. Currently, these are the most promising alternative refriger-
ants for retrofit in air conditioning and refrigeration systems.

The CFCs and HCFCs are used worldwide in a variety of applications. By the
middle of 1980, about 1/3 of CFC consumption occurred in the United States
(USA). In 1985, the consumption of these fluids was around 278 tons.

These fluids served industrial sectors of insulating foams, automotive air
conditioning, refrigeration and residential air conditioning, and commercial and
industrial and other products. The CFC-expanded insulating foams have been
widely used in industrial processes. Of this total, 19% was used in automotive air
conditioning and 5% in new refrigeration and air conditioning systems. According
to ABRAVA the percentage of halogenated refrigerant consumption is as follows:
77% HCFC-22, 10% CFC-11, and 10% CFC-12 [14].

Synthetic refrigerants (CFC, HCFC, HFC, and HFO) are considered safer, sim-
pler to handle, and cheaper; however, most of them present some types of environ-
mental risks. The presence of chlorine in the composition of most synthetic fluids
is what makes them harmful to the ozone layer. Fluids that do not have chlorine in
their composition are considered ecological but still favor the greenhouse effect, so
the group of HFOs represents the promising generation of synthetic fluids.

The natural fluids such as CO,, ammonia, and hydrocarbons are considered
more complex and have a higher cost. In addition, they are considered highly flam-
mable, and care should be taken to install the systems that will receive these fluids.
They are recommended for low load operations such as vending machines and have
good applicability at any temperature.

Ammonia, used in ammonia fluid R-717, is considered toxic and slightly flam-
mable, has good thermodynamic characteristics, and should be used in systems
combined with glycol (chiller system), or CO, (cascade system), for example [18].

The fluids with behavior of one substance, known as simple fluids, are easier to
work because they have well defined properties, can be carried gaseous or liquid loads
and in case of leaks, composition still the same in the installation, the only change
will be in the volume. Azeotropic blend fluids such as R-22, despite being mixtures,
have simple fluid characteristics. Non-azeotropic substances (such as R-404A, which
has R-125, 44%, R-143 to 52%, R134 to 4%) have fluids with different boiling points
and do not mix perfectly, so do not mix well. Thus, do not behave like simple fluid.

The use of these types of refrigerant implies extra care, as in the case of leaks,
the composition of the leaked fluid and the composition of the remaining fluid may
be unknown requiring a new charge. There is also the characteristic of glide tem-
perature, where the evaporation temperature is not constant.

All these substances used in air conditioning and refrigeration systems are
classified by safety groups as defined by AHSRAE. The classification considers
the flammability and toxicity of each substance, as shown in Table 2, which
presents the safety classification according to ASHAE [16]. Each refrigerant
group requires a set of safety procedures for their use, installation, and disposal.
The refrigerants found in the CFC, HCFC, and HFC categories are mostly classi-
fied in group A1l as non-flammable and of low toxicity. They are safe but environ-
mentally aggressive fluids.

HFO refrigerants are less environmentally friendly but are classified in group
A2L, i.e., there is a low risk of spreading flames in the event of a leak, and there-
fore require some caution and safety devices in equipment using these types of
refrigerants.
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High flammability A3 B3
Low flammability A2 B2
A2L B2L
Non-flammable Al Bl
Low toxicity High toxicity

Source: ASHRAE Fundamentals [16].

Table 2.
ASHAE safety classification.

Natural fluids, while an alternative more environmentally friendly, require a
lot of care, and their facilities must follow the safety guidelines defined for each
application. Propane and isobutane hydrocarbons are classified as highly flammable
(group A3) while ammonia as highly toxic and low flammability (group B2L).
Although carbon dioxide falls within group A1, it is a choking gas, so your systems
must follow a series of precautions to ensure the safety of the installation.

In a Refrigeration system, the refrigerant is contained within the equipment,
there is no direct contact between users and the refrigerant.

When a coolant leak in a refrigeration system and air conditioning, depend-
ing on the design and the refrigerant charge amount used in the system, choking
problems may occur in people or product contamination.

Most leaks in the air conditioning and refrigeration systems are related to
maintenance aspects, from the use of poorly maintained, deteriorated or even
inadequate components and equipment as well as precarious labor that only acts
when problems occur.

In the refrigeration, the word “retrofit” has been used to designate the adapta-
tions that are made to equipment that works with CFCs so that they can work with
alternative fluids (HCFCs, HFCs), making them efficient, modern, and economi-
cal. Another solution is the alternative fluid line, also called “blends,” which is a
good alternative for converting equipment that is operating in the field as it requires
minimal changes to the original system, and in most cases no compressor replace-
ment is required [19].

Table 3 shows a comparison of the ODP, GWP, and ASHRAE safety ratings of
some refrigerants.

In the Brazilian market, as shown in Table 3, it is observed that the replace-
ment of refrigerant fluid R-22 (HCFC) with R-410A (HFC) is occurring; however,
it is worth noting that this substitution does not alter the potential for global
warming.

In a direct comparison, R-134a refrigerant (tetrafluoroethane) has similar physi-
cal and thermodynamic properties to R-12, but it has lower ozone depletion poten-
tial (ODP) due to the absence of chlorine and the shorter lifetime in the atmosphere
(16 years versus 120 years for R012). This fluid has a 90% reduction in greenhouse
potential when compared to R-12. In addition, it is non-flammable and nontoxic,
has high thermal and chemical stability, has compatibility with the materials used,
and has adequate physical and thermodynamic properties. In addition, the R-134a
refrigerant is free of chlorine and therefore has good compatibility with elastomers.
One of the consequences of this change is that during the maintenance process
of the air conditioning and refrigeration equipment, the R-22 fluid is released to
nature, without any kind of control.

According to the Brazilian Ministry of Environment (MMA), the most com-
monly used refrigerant in cooling and air conditioning is HCFC-22, accounting for
82% of consumption [15, 19]. Considering the indicators shown in Table 3 and the
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Number/name Formula OoDP GWP ASHAE safety
classification

CFCs

R-11/trichlorofluoromethane CCLIF 1 4000 Al

R-12/dichlorodifluoromethane CCLF, 1 8500 Al

R-502/CFC blend R-115 (51%), R-22 0.23 5590 Al
(49%)

HCFCs

R-22/chlorodifluoromethane CHCIF, 0.055 1700 Al

R-123/dichlorotrifluoroethane C,HCLF3 0.02 93 Al

HFCs

R-32/difluoromethane CH,F, 0.0 650 Al

R-134a/tetrafluoroethane C,H,F, 0.0 1300 Al

R-410a/AZ-20 R-32 (50%), R-125 0.0 1730 Al
(50%)

R-507/AZ-50 R-125 (50%), R-143a 0.0 3300 Al
(50%)

HFOs

R-1234yf GCsH,F, 0.0 4 A2L

R-1234ze CH,F, 0.0 6 AL

R-218/perfluoropropane CsFg 0.0 7000 A2L

Natural refrigerants (NRs)

R-290/propane, Care 40 GC3Hg 0.0 ~5 A3

R-600a/isobutane, Care 10 C4Hyo 0.0 ~5 A3

R-717/ammonia NH; 0.0 <1 B2L

R-718/water H,0 0.0 <1 Al

Source: ASHRAE Fundamentals [16].

Table 3.
Comparison of available refrigerants for air conditioning and vefrigeration systems.

properties listed above, it is important to realize that most refrigerants do not meet
the requirements for commercial use in order to comply with Brazilian and world-
wide legislation.

The scenario of replacing the R-22 in the refrigeration and air conditioning
industry points to a number of alternative fluids. In this context, manufacturers in
the refrigeration and air conditioning industry are looking for solutions that meet
their goals without neglecting good performance.

According to ABRAVA [14], Table 4 presents the suggestions of alternative
fluids to the use of R-22 according to each application:

In a survey by the members of the UFPA Resfriar Project, in the metropolitan
region of Belém do Para, along with companies that work with the sale, installa-
tion, and maintenance of HVAC systems, more than 95% of people involved with
the services did not have either training courses or were qualified to develop the
services.

In Brazil, it is possible to observe that, in the practical activities, during the
maintenance processes, the people qualified for the development of installation,
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Equipment types Usual application Main refrigerant
substitutes

Window air conditioners (WAC) Residential R-410A

Air conditioners and heat pumps Residential/small commercial air R-410A

conditioning

Hot and cold air conditioners Commercial R-410A
(multi-split systems)

Multi-split systems Residential/commercial R-407C or R-410A
Large air conditioning systems Commercial R-134a or R-410A
Air condensing chillers Central systems R-134a or R-410A
Water condensing chillers Central systems R-134a
Commercial refrigeration Commercial R-134a, R-404A,

R-410A, or R-507A

Industrial and transport Industrial/transport R -134a or ammonia
refrigeration

Source: ABRAVA [14].

Table 4.
Alternative vefrigerants for R-22 vefrigevant according to your applications.

operation, and maintenance activities of air conditioning and refrigeration
systems, called in Brazil as “refrigeration professional,” are the people who, not
necessarily, are technicians of maintenance of air conditioning and refrigeration
systems and, in many cases, are called “curious”.

It was found that during the development of the analysis and maintenance
services, these people either lack adequate equipment, such as a vacuum pump
or a refrigerant recovery unit, or lack of knowledge, or because they could not
afford to purchase such basic equipment and instruments required to perform
the service and release the refrigerants from the equipment to the local environ-
ment. Besides that, they always have a recharge for normal system operation and,
in many cases, do not have a basic analysis or concern about the consequences of
these acts.

This common and uncontrolled practice releases thousands of kilograms of
refrigerant fluids per year, to the environment, contributing significantly to global
warming.

4. Test bench type chiller

In this topic, the theoretical foundations about vapor compression type cooling
systems, with synthetic and natural fluids, necessary for the understanding about
the experimental apparatus used are initially approached. After that, the experi-
mental apparatus developed in the ClimatCont laboratory to simulate a chiller
system has been described.

4.1 Theoretical fundamentals
Some scientific studies specifically dedicated to the comparison of natural fluids

with the most common synthetic ones, such as R-22 fluid, have been carried out and
published. The research conducted by Park and Jung’s [20] related the replacement
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of R-22 with R-290 with the need of electrical adaptations to ensure the safety of
the installation, which resulted in performance coefficients (COP) up to 11.5%
when compared to the R-22, i.e., the system with R-290 required 11.5% less electri-
cal power to generate the same refrigeration capacity. Another important point was
the reduction of compressor discharge temperatures, which were reduced from
358.16 K (85°C) to 338.16 K (65°C), indicating better use of the lubricant life [20].

Sharmas and Babu comparatively analyzed mixtures between HC and HFC in
relation to their characteristics as refrigerants, observing that mixtures containing HCs
provided the system with a COP up to 2% higher than a system with HFC, also reducing
the compressor discharge temperature, up to 295.16 K (22°C), and for the HCs mixture,
areduction of up to 1 kW per cooling tons in electric power consumption had been
achieved [21]. In a computational analysis, these authors assessed that the HC mixture
provided a COP of 5.35% over R-22, plus 286.16 K (13°C) lower discharge temperature
for the same fluid and with reduced electrical power consumption by 5% [22].

Agrawal et al. compared a mixture of HC (R-290 and R-600a) with HFC
(R-134a) and found that the optimum charge for the mixture was 60 g, less than
half of the original charge 140 g of HFC, and the nearly 40% improvement in
COP. With the optimum loads, HFC consumed 0.5 kW/h, and the HC mixture
consumed 0.4 kW/h, providing the cooling capacities of 70 W and 76 W,
respectively [23].

4.2 Chiller test bench

To carry out a practical analysis of the use of types of refrigerants, a test bench
with a chiller was developed at the Federal University of Pard (UFPA) in partner-
ship with the Refrigeration and Climatization and Thermal Comfort Laboratories
(ClimaTConT) along with the research group “Resfriar Project,” from the Energy,
Biomass and Environment Group (EBMA). The main purpose of the bench is to
create a demonstration of the operation of the refrigeration cycle, considering the
local psychometric conditions, with a variety of refrigeration fluids.

In this test bench, all parameters are controlled and components have been
assembled to facilitate understanding of fluid behavior and performance. After
doing a research in the technical literature and articles on refrigerants and their
properties and characteristics as environmental contaminants, the conclusion was
that the bench will be a good system for a comparison between the original working
fluid, HCFC R-22, and natural fluids, hydrocarbon base, which after investigation
of the negative points of natural fluids, were the best suited to the project condi-
tions [17, 24].

The test bench is composed of a condenser unit Elgin TUM-2053E 220 V, 60 Hz,
single phase, with 1.6 kW of cooling capacity and power consumption of 880 W,
with R-22 fluid and with a 1.51 capacity liquid tank. The expansion device is a
Thermostatic Expansion Valve from Danfoss, model TX2, for R-22, with number 01
orifice, with a maximum capacity of 2.5 kW and a single evaporator made of cooper
tube with 3/8" of diameter and 1/16" of thickness, contained in an insulated box
that can hold until 45L of water as shown in Figure 1.

Systems that use water as a refrigerant can both remove heat and add heat of an
ambient making the environment conditioned. Refrigerant circulates inside pipes
between the heater and the cooler. These systems can be classified according to
operating temperature, flow type, and degree of pressurization [25].

The chilled water system is a type of cooling system that operates with water
being a secondary fluid in the temperature range of 277.16 K (4°C) to 286.16 K
(13°C), usually between 279.16 K (6°C) and 280.16 K (7°C), with working
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Figure 1.
Bench tests with chiller mounted by ClimaTConT.
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Figure 2.
Schematic vepresentation of the chiller cooling cycle. Source: ASHRAE Fundamentals (adapted) [16].

pressure close to 800 kPa as presented in Figure 2, which shows a schematic
of the test bench stand with a chiller, which must be used for the cooling of
environments [26].

Preliminary data observed from the test bench with chiller shows that its work-
ing pressure is 310.26 kPa (45 psig), which indicates an evaporation temperature
of 267.16 K (—6°C); considering the AT of 283.16 K (10°C), the fluid is cooled
t0279.16 K (6°C). In this way, the bench tests consisted of evaluating the energy
consumption of the R-22 fluid operation, in addition to the working temperatures
at specific points, with the values of the refrigerant R-290, which is the fluid with
characteristics similar to HCFC.

To measure the temperature parameters, five-point thermometers were installed
that acquired the following temperatures: Ty, for room temperature; T, for the
temperature in the suction pipe; T5, for the temperature in the discharge pipe;

Ty, for condenser air outlet temperature; and Ts, for water temperature. For the
measurement of pressure values in the suction (ps,.) and discharge (ppes.) lines of
the compressor, a digital pressure gauge was installed in the respective test bench
pipes. The energy consumed (Ecoys) during the tests was acquired by a power meter
installed on the chiller test bench electrical system, as shown in Figure 1.
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4.3 Weather conditions

In Belém do Pard, which is a city located in the northern region of Brazil, the season
with precipitation is overcast, and the dry season is partly cloudy. The city is sur-
rounded by the Guama River, which is responsible for the high rainfall index of the city.

All year round, the climate of Belém is hot and with high thermal sensation.
Throughout the year, the average temperature generally ranges from 297.16 K (24°C)
t0 309.16 K (36°C), with a relative air unit that is approximately 90%. This city has a
thermal sensation ranging from 307.16 K (34°C) to 319.16 K (42°C).

The average altitude of Belém do Pard ranges from 0 to 20 m above sea level,
with average barometric pressure of 1010.28 kPa. In summary, Belém do Pard isa
city of tropical climate.

5. Results and discussions

By using the chiller test bench, the following results were obtained for R-22 and
R-290 refrigerants.

5.1 Evaluation of R-22 refrigerant in bench tests with chiller

To perform this test, the bench was initially charged with a load of 910 g of R-22
refrigerant. Table 5 shows the results obtained with R-22 refrigerant on the chiller
test bench.

When using the R-22 refrigerant, the test bench responded by reducing the
water temperature by approximately 286.16 K (13°C) within 30 min of operation,
where 0.5 kW of electricity was consumed to perform cooling.

For refrigerant R-22, which is known by high discharge temperatures that occur
during its use in operation, values around 340.16 K (70°C) were measured, as
shown in Figure 3 that presents the variation in discharge temperature. Usually,
these high values are disadvantageous given that they influence lubrication and
hence compressor life.

Figure 3 above shows a large variation in the discharge temperature of the chiller
test bench, as a function of operating time. In parallel to the measurement of the
discharge temperature variation, the values of the system discharge pressure during
operation were also measured, because the higher the temperature of the water to
be cooled, the higher the condensing pressure, as can be seen in Figure 4, which
shows the variation of discharge pressure.

The suction pressure determines at which temperature the refrigerant will
evaporate, i.e., the vaporization pressure of the fluid. At the test bench, pressures
ranged from 489.52 kPa (71 psig) to 335.08 kPa (48.7 psig), which correspond to the

Time T1(K) T2 (K) T3 (K) T4 (K) T5 (K) Psuc Ppesc (kPa)  Econs (kW)

(min) (kPa)

10 303.56 292.76 340.26 309.56 289.66 489.52 1613.37 —

15 304.16 280.36 340.26 309.66 280.76 380.59 1668.53 12,019

30 304.26 27596 341.96 307.96 27766 351.63 1560.97 12,019

45 304.36 27396 331.96 307.56 276.76 335.08 1548.56 12,019

60 304.66 273.96 32716 308.46 276.36 344.73 1489.95 12,020
Table 5.

Test vesults for R-22 refrigerant on the chiller test bench.
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Figure 3.

Variation in discharge temperature on test bench using R-22 refrigerant.
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Figure 4.
Variation of discharge pressure on test bench using R-22 vefrigerant.

evaporation temperatures of 278.46 K (5.4°C) and 269.16 K (—4.0°C), respectively.
During 1 h of operation, the system was able to reduce the temperature and keep the
water between 276.16 K (3°C) and 277.16 K (4°C).

5.2 Evaluation of R-290 refrigerant in bench tests with chiller

To perform this, the test bench with chiller was charged with a 370 g load of
refrigerant R-290 for 90 min. Table 6 shows the results obtained with R-290
refrigerant on the chiller test bench.

For the operation of the test bench, the load of R-22 refrigerant was removed
and recovered, and then leakage was verified in the components of the test
bench with nitrogen. Posteriorly, the bench was charged with 370 g of R-290
refrigerant.

During the tests, it was possible to keep the water temperature close to 274.56 K
(1.56°C) and consume 1.0 kW in 70 min of operation. The temperature differences
measured at discharge were significantly smaller than those for R-22 refrigerant, as
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Time Tl (I<) TZ (I<) T3 (K) T4 (I<) TS (I<) Psuc pDesc (kPa) Econs
(min) (kPa) (kW)
0 305.66 294.26 324.96 306.76 275.66 31715 1206.58 12,022
10 305.36 292.16 331.36 309.06 275.36 320.60 1292.76 12,022
20 306.56 28796 325.16 307.46 275.36 344.75 1268.63 12,023
30 306.26 275.96 325.26 307.56 274.86 343.35 1268.63 12,023
40 306.46 275.26 325.26 307.46 274.86 341.29 1268.63 12,023
50 306.16 274.96 324.46 307.06 274.36 334.39 124795 12,023
60 305.46 274.66 32346 306.16 274.66 32750 1206.58 12,023
70 305.36 274.16 323.16 306.16 274.66 32750 1206.53 12,023
80 304.66 273.76 322.76 305.76 274.76 32750 1206.53 12,023
90 305.26 273.76 322.66 305.86 274.66 324.05 121348 12,024
Table 6.
Test vesults with R-290 refrigerant on the chiller test bench.
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Variation in discharge temperature on test bench using R-290 fluid.

shown in Figure 5, which highlights the variation in bench discharge temperature
with R-290 refrigerant.

It is observed in Figure 5 that the maximum discharge temperature measured
on the chiller test bench, with R-290 refrigerant, was less than 331.36 K (59°C). The
discharge pressure compared to that of R-22 refrigerant showed values up to 29%
lower, with little fluctuation, as shown in Figure 6 that presents the pressure varia-
tion in the discharge plumbing.

It was observed that the suction pressure ranged from 31716 to 344.75 kPa (46
and 50 psig), corresponding to the respective evaporation temperatures of 269.16 K
(—4°C) and 27116 K (-2°C).

When comparing energy consumption, the chiller test bench with R-22 refriger-
ant consumed 1.0 kW of electricity to cool 40 I of water in 50 min of operation,
while with R-290 refrigerant consumed 1.0 kW in 70 min of operation, i.e., with
R-22 the bench consumed 1.2 kW/h, while with the R-290 the consumption was
0.857 kW/h.
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Figure 6.
Variation of discharge pressure on test bench using R-290 refrigevant.

The cooling capacity of system Q.. was 2326 W, so the performance coefficient
(COP) can be calculated as shown in Eq. (1) and Eq. (2):

Qry 2326 _

COPg_p, = 1)

ECon:

_ Qrs 2326 _ 5 794 )

COPg_290 = B 857

ons

As calculated above, the R-290 refrigerant COP was 40% higher than of the R-22

refrigerant.
5.3 Comparison between types of refrigerants

The graphs shown below are comparing pressure and temperature of the most
common synthetic and natural fluids taken from the Danfoss application [27] and

based on the National Institute of Standards and Technology (NIST) [28].

As presented in Tables 4 and 5, the R-22 substitute refrigerant is R-410A
refrigerant. The R-410A is an almost azeotropic mixture composed of R-125 and
R-32. It is a chemically stable product with low temperature glide and low toxicity.

According to ASHRAE this fluid is classified as Al in group L1.
Figure 7 shows a comparative graph between these two fluids for temperature

and discharge pressure.

When compared to other refrigerants, R-410A has the highest working pressure,
as shown in Figure 8, which evidences a comparative graph between dew temperature
and operating pressure. Both refrigerants have 0 (zero) ODP, but the GWP is virtually
unchanged around 1700, which implies in no advantage in this replacement. Besides
that, R-410A has its days counted for discontinuation given the action of laws and

protocols, in order to reduce the environmental pollution [1-3].
It can be seen from Figure 8 that R-410A refrigerant has higher cooling capacity

and works at higher pressures than R-22 refrigerant. Because this product is not
azeotropic, it should always be charged in air conditioning and liquid refrigeration
systems. This gas is also not miscible with mineral oils, and therefore polyol-esters

(POE) should be used.
Some comparative studies [20-23] have concluded that R-290 fluid is the natural
one with thermodynamic properties more similar to R-22, as shown in Figure 9.
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Comparative graph between R-22 and R-410A refrigerants. Source: Danfoss [27].
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Figure 8.
Comparative graph between the most commonly used refrigerants in Brazil. Source: Danfoss [27].

Furthermore, it would make it possible to simply replace one fluid to another with
less but rigorous modifications to the equipment’s electrical system in order to
prevent possible fire in case of leakage.

Notwithstanding the similarity with R-22, the R-290 fluid also works at temper-
atures and pressures close to those of the R-404A, indicating that it can be applied
smoothly in these systems, as shown in Figure 10.

Between the most commonly used synthetic fluids, it can be seen from Figure 11
that there is almost a pattern in temperature and pressure variation according to
fluid composition.

By observing Figure 12, there is remarkable divergence, especially in the case of
CO; due to it is low critical temperature, which does not allow its direct use in air/
water condensation systems such as synthetic fluids.

It is important to note that each type of refrigerant has its applications for each
type of air conditioning and refrigeration system and that they should not be
mixed, requiring specific procedures for replacing the refrigerant charge.
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Pressure—temperature relation between R-22 and R-290 refrigerants. Source: Danfoss [27].
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Parameters of synthetic and natural fluids. Source: Danfoss [27].
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Pressure-temperature relation between natural fluids. Source: Danfoss [27].

6. Conclusions

What is expected of this work is the development of discussions regarding the
use and disposal of F-gases, so that they can create more effective control mecha-
nisms, not only to the process of replacement of refrigerants CFCs by HFCs but also
to controlling the use and especially the disposal of these refrigerants in a controlled
manner, preventing the reuse and release of these types of refrigerants in nature.

The tests performed on ClimaTConT of the UFPA were extremely satisfactory, and
with the information obtained from the test bench with chiller, it is possible to realize
that the current replacement of R-22 with R-410A is not necessarily the best choice for
air conditioning systems, because the various indicators, such as ODP and GWP, do
not vary widely, which does not contribute to the reduction of ozone depletion.

In the face of all the information listed, some immediate actions should be taken:

* Refrigerant replacement or retrofit:

o The impact of CFCs on the ozone layer is a serious risk to human survival.
Therefore, some short-term actions should be taken, such as:

1. Effecting the transition phase where R-12 should be replaced by R-134a,
and R-11 by R-123. Other substitutes with ODP less than 0.05 should be
used to replace CFCs. It is important to note that HCFCs themselves will
begin to be restricted from the year 2004.

2.HFCs and their zeotropic mixtures can be used without restrictions: The
R-404A replacing R-502 and R-407C replacing R-22. There are refrig-
eration systems where these replacements can be made with very small
cooling capacity losses and efficiency.

3.Developing control mechanisms for the recovery of refrigerants used in
residential, commercial, and industrial air conditioning and refrigera-
tion equipment, such as recovery of fluids for recycling and/or disposal,
preventing these fluids from being released into the local environment.
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4.Development of studies, individualized, aimed at reducing the refriger-
ant charge used in air conditioning and refrigeration systems.

o Itis important to be careful with the safety equipment required when work-
ing with natural refrigerants such as R-290 and R-600a as they are flam-
mable and must have their concentrations controlled.

o Responsible companies must be required to use basic equipment such asa
vacuum pump, refrigerant recovery unit, and precision scale for the installa-
tion and maintenance of HVAC systems.

* Popular programs must be created with training and recycling courses for those
involved in the installation, maintenance, and operation of HVAC system:s.

* During the manufacture, installation, operation, and maintenance of air con-
ditioning and refrigeration systems using CFCs and HCFCs, deliberate leakage
of these products into the environment should be avoided.

* Avoid emissions of CFCs and HCFCs by recovery, recycling, and reprocessing
of refrigerants.

It is important that users are aware of the origin of the refrigerant to be used in
air conditioning and refrigeration systems or in industrial processes, obeying the
standards of purity and quality, within international standards. One must also pay
attention to the classification of flammability and toxicity and know the rules and
regulations governing this area (ASHRAE 34 and ARI 700).

According to the experience of the members of the UFPA “Resfriar Project,”
coupled with the knowledge of ABRAVA [14], Table 7 points out the alternatives
and trends for the replacement of the most commonly used refrigerant in cooling
and air conditioning systems according to their applications, in the transition or
retrofitting phase.

Considering the actual scenario in Brazil, the lack of reliable information about
leaks in air conditioning and refrigeration systems precludes further analysis. In
any case, informal data obtained from companies operating in the maintenance

Application Refrigerant used Alternative Trend

Domestic R-11to R-123 Recycling R-600a, HFO

refrigeration R-12toR-134a

Commercial HCFC-22 HFC-404A, CO,, ISCEON, HFC-404A, CO,, ISCEON,

refrigeration recycling, HFO, HC, recycling, HFO, HC,
R-134a, glycol R-134a, glycol

Industrial Ammonia, R-134a, ammonia, Ammonia, R-134a,

refrigeration HCFC-22, recycling recycling, HFO

HFC-134a

Automotive R-22toR-134a R-134a, recycling R—123yf, CO,

refrigeration

Climatization HCFC-22 HFCs (R-134a, R-290, R-290, R-410A, R-32,

systems R-407C, R-410A, and R-600a, recycling, HFO

R-600a)

Source: ABRAVA [14].

Table 7.
Alternatives and substitution trends of refrigerants according to their applications.
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segment indicate that annual leakage rates can be between 40 and 100%, depending
on the frequency of maintenance performed [15].

This work proved that even with the reduction in the refrigerant charge used on
the chiller test bench, it was possible to improve the system efficiency by replacing
an HCFC refrigerant with a natural refrigerant, following a worldwide trend of
reduction of the refrigerant charge used in air conditioning and cooling systems.
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Chapter 6

Effect of Nanoparticles on
Performance Characteristics of
Retfrigeration Cycle

Ravinder Kumar

Abstract

Since few years, researchers are introduced nanorefrigerant in the recent
development of refrigeration systems. This chapter briefly summarizes the
behavior of different nanoparticles in vapor compression refrigeration cycle. The
nanoparticles’ infusion in refrigeration cycle affects the viscous behavior of the
refrigerant. It is found that very limited studies have been done on viscosity char-
acteristics of nanolubricants, but few reports states that viscosity increases with
nanoparticles additive which improves the tribology of compressor. But inversely,
the increment of viscosity promotes to the possible pressure drop in the system
which eventually drops the cycle performance. The optimum contribution of
nanorefrigerant with high thermal conductivity and low viscosity is the success key
of system performance with nanoparticles. However, it is found that the contribu-
tion of nanoparticles on the basis of physical phenomena that are affecting the
vapor compression cycle is limited in the literature. This chapter aims to make
a review on the mechanism of improving vapor compression cycle by using
nanorefrigerants.

Keywords: nanorefrigerants, nanolubricants, compressor work,
coefficient of performance, heat transition

1. Introduction

Nanorefrigerant was defined to complete the objective of improving thermal
performance using little possible fraction of nanoparticles in the base refrigerant.
An improved term of refrigerant known as “nanorefrigerant” firstly introduced and
experimentally implemented by Wang et al. [1]. The addition of nanoparticles in
refrigerant improves the system performance in terms of improvement in flow and
pool boiling heat transfer characteristics as well as flowing pool condensation heat
transfer [2, 3]. Nowadays, nanorefrigerant and nanolubricant became a great alter-
nate to enhance the performance of cooling cycles in terms of tribology perfor-
mance, heat mass transfer properties and refrigerant/oil mixture relations [4-7].
Specifically, nanorefrigerant improves the heat transfer coefficient at evaporation
and condensation whereas a nanolubricant improves the tribology characteristics
which ultimately increase the compressor performance. The expected volume
concentration of nanoparticles is calculated using Eq. (1).
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N asmodabic ant . Refragerant Nanorefrigerant

Figure 1.
Formation of nanorefrigerant in VCR cycle.
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where, g is the volume fraction in percentage, p, and p, are the density of
nanoparticles and density of the lubricant respectively; and m, and m, are the
masses of nanoparticles and lubricants respectively. The formation of
nanorefrigerant is possible as shown in Figure 1.

The present chapter aims to define the mechanism that steers towards improve-
ment in overall VCR cycle performance using nanolubricants and nanorefrigerants.
The authors’ hope that this paper will be useful to define the research gaps and
understands the contribution of nanorefrigerants and nanolubricants in
refrigeration cycle.

2. Improvement in VCR system performance

The section consists of four sub-sections. First part concerns research findings
related to Al,O3 nanoparticles and the other parts deals with review studies related
to CuO, TiO, and CNT nanoparticles. The schematic diagram of refrigeration cycle
is shown in Figure 2.

2.1 Studies related to Al,O3
Till date, researchers developed various methods to improve heat transfer char-
acteristics of refrigerants inside the vertical and horizontal tubes. Adding

nanoparticles to base refrigerant is one of the most efficient methods to enhance the
thermal characteristics of refrigerant.

@)

? ¢
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.
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Capillary Tube

Figure 2.
Schematic diagram of vapor compression vefrigeration cycle.
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Jwo et al. [8] dispersed 0.1% mass fraction of Al,O; particles in polyester oil and
reported 2.4% reduction in compressor work. Mahbubul et al. [9, 10] reported
significant increment in thermal conductivity and viscosity with Al,O3
nanoparticles dispersed in R141b. Later, the author observed increment in heat
transfer coefficient and pressure drop up to 383 and 181%, respectively using
particle volume fraction between 1 and 5% with fixed mass flux of 100 kg/m”s.
Mahbubul et al. [11] reported large frictional pressure drop of R134a/Al,0;
nanorefrigerant as compared to R113/CuO nanorefrigerant flows inside horizontal
smooth tube due to higher vapor quality [12].

Sun and Yang [13] studied the effect of Alumina-R141b, Cu-R141b, Al-R141b
and CuO-R141b with mass fractions 0.1-0.3 wt% in a computer aided test rig on
flow boiling heat transfer in horizontal tube and reported that Cu-R141b
nanorefrigerant had the highest heat transfer coefficient as compared to other
mixtures. Kedzierski [14] dispersed 1.6% volume fraction of Al,O3 in R134a/POE
mixture flows on a horizontal and rough flat surface and found that higher volume
fraction of nanoparticles with low average diameter has greater positive effect on
heat transfer characteristics of base refrigerant. Further, Kedzierski [15] investi-
gated the effect of AlO; nanoparticles on the pool boiling characteristics of R134a/
POE mixture inside the rectangular finned surface and reported that 3.6% nano-
particle volume fraction enhanced the boiling heat transfer performance up to
113%. Tang et al. [16] reported that using 8-Al,03 with R141b significantly
improved pool boiling heat transfer coefficient in the system but adding surfactant
at higher concentration corrupted the heat transfer process.

Mahbubul et al. [17] dispersed Al,O3 in R141b refrigerant for thermal conduc-
tivity and viscosity investigation. The author reported that viscosity and thermal
conductivity of R141b/Al, 03 nanorefrigerant at 2% volume fraction are 179 and
1.626 times greater than pure refrigerant. Jwo et al. [8] used 0.05-2% weight
fraction of Al,O; particles with R134a and R12, respectively and reported that R134a
refrigerant replaces R12, as polyester oil replaces mineral oil. Further, 0.1 wt%
fraction of nanoparticles in R134a refrigerant reduced the energy consumption by
2.4% which significantly improved the COP of refrigerator. Kumar and Elansezhian
[18] experimentally investigated the effect of R134a/Al,03/PAG blend on the over-
all performance of VCR cycle and observed lower energy consumption by 10.32%.
Author stated that using nanoparticle in refrigeration system is a cost effective
method which improve its COP and length of capillary tube is reduced.

Subramani and Prakash [19] observed 25% less energy consumption and 33%
overall COP enhancement in VCR cycle using Al,O5; nanorefrigerant. The freezing
capacity of the cycle was also improved. Yusof et al. [20] dispersed 0.2% Al,O3
particles in polyester (POE) lubricant and reported 7% improvement in system COP
and 2.1% reduction at compressor energy consumption. Cremaschi et al. [21] stud-
ies that alumina nanoparticles did not improve the solubility between refrigerant
and lubricant, while addition of nanoparticles had slightly lowered the solubility of
R410a/POE.

2.2 Studies related to CuO

Kedzierski and Gong [22, 23] observed heat transfer improvement between 50
and 275% using 0.5% mass fraction of CuO particles with R134a/RL68H and R134a/
POE blend. Moreover, R134a/RL68H blend shows higher heat transfer enhance-
ment as compared to the R134a/POE blend. In Later study, the author used 2 Vol%
fraction of CuO particles in R134a refrigerant and reported nanorefrigerant has
higher heat flux. Bartelt et al. [24] dispersed 0.5-1% mass fraction of CuO
nanoparticles in R134a/polyester blend in horizontal flow boiling conditions and
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found 42-82% and 50-101% heat transfer enhancement for 1 and 2% mass fraction
respectively. Peng et al. [25] dispersed 0.1 and 0.5 wt% CuO nanoparticles in R113
refrigerant to study heat transfer performance inside a horizontal rough pipe and
reported 29.7% HTC using nanoparticles in base refrigerant. Henderson et al. [26]
reported lower heat transfer performance with 0.5 and 0.05 vol% of CuO and SiO,
nanoparticles dispersed in R134a and R134a/POE blend during boiling flow condi-
tions in horizontal tube. Further, the author used 0.02, 0.04 and 0.08 vol% of CuO
nanoparticles in R134a/POE blend and observed that nanoparticle with 0.04 and
0.08 vol% improved heat transfer performance up to 52 and 76%, respectively.
Kedzierski and Gong [27] dispersed 0.5% mass fraction of CuO nanoparticles

in polyester oil and observed 275% improvement in heat transfer with base
refrigerant R134a.

Later, Bartelt et al. [28] extended the experiment of Kedzierski and Gong [27]
and observed that 2% concentration of CuO nanoparticles gives the highest
improvement up to 101% (Tables 1 and 2) [29, 46].

Abdel-Hadi et al. [30] experimentally found that CuO nanoparticles with aver-
age size 25 nm and concentration 0.55% is an optimum value which significantly
enhanced the evaporative heat transfer coefficient. Kumar et al. [29] observed 7%
reduction in compressor energy consumption and 46% enhancement in COP with
dispersion of 0.2-1 wt% fraction of CuO nanoparticles in compressor lubricant.
Moreover, the author reported reduction in friction and wear in compressor using
nanoparticles in base lubricant. Peng et al. [31] used Cu nanoparticle in R113/VG68
(ester oil) mixture. It was observed that using Cu nanoparticles with average size
of 20 nm strongly improved the heat transfer performance up to 23.8% as compared
to other particles sizes of 50 and 80 nm. Akhavan-Behabadi et al. [32] found 83%
increment in heat transfer rate with 1.5% mass fraction of CuO nanoparticles
dispersed in R600a/polyester oil condensed inside the smooth horizontal tube
(Figures 3 and 4) [29, 41, 46].

2.3 Studies related to TiO,

Wang et al. [1] performed among the first experimental study using
nanorefrigerant which proves that cooling speed and COP of domestic refrigerator
significantly enhanced by utilizing TiO, nanoparticles in R134a based system. Further,
Jiang et al. [33] studied the thermal conductivity using new theory and compared with
the experimental data using different R22 nanorefrigerant fractions. The investigation
proved that particle aggregation theory and the resistance network is a useful method

Nanoparticles concentration 0% 0.2% 0.4% 0.6% 0.8% 1.0%

Energy consumption (kW) 0.113 0.112 0.10 0.107 0.105 0.105

Energy saving (%) — 0.79 3.37 5.55 7.31 7.31
Table 1.

Compressor energy consumption using distinct nanoparticle fractions [29].

Nanoparticles concentration 0% 0.2% 0.4% 0.6% 0.8% 1.0%

Energy consumption (kW) 0.1323 0.1278 0.1250 0.1236 0.1224 0.1224

Energy saving (%) — 3.40 5.51 6.57 7.48 7.48
Table 2.

Compressor energy consumption of LPG/MO mixture using distinct nanoparticle fractions [46].
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Figure 3.
Viscous behavior of mineral oil appended with CuO nanoparticles [29].
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COP comparison of the vefrigerant cycle appended with different refrigerants/nanoparticles.

to calculate the thermal conductivity properties of nanorefrigerant. Li et al. [34]
observed that significant improvement at heat transfer coefficient of R11 refrigerant
using TiO, particles. Trisaksri and Wongwises [35] experimentally observed that
nucleate pool boiling heat transfer coefficient (HTC) of using R141b refrigerant
decreases with increment of TiO, nanoparticle fractions at high heat fluxes.
Mahbubul et al. [36] found that pressure drop increases with the addition of
TiO, gradually in base refrigerant. Trisaksri and Wongwises [37] reported that
increasing the particle volume fraction decreased the boiling heat transition rate
and adding TiO, particles in base refrigerant R141b deteriorated the heat flow.
Bobbo et al. [38] experimentally investigated a study in order to define the effect of
TiO,/carbon nanohorns (SWCNH) dispersion on the tribology of compressor poly-
ester oil (SW32). The author reported better performance of TiO,/SW32 blend
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compared to pure SW32 and SW32/SWCNH mixtures. Bi et al. [39] dispersed TiO,
nanoparticles in R600a refrigerant through compressor lubricant and observed
significant increment in freezing capacity about 9.60% by reducing energy con-
sumption up to 5.94% using 0.1 and 0.5 g/L TiO, nanoparticle. Sabareesh et al. [40]
used 0.05-0.015 vol% TiO, nanoparticles in compressor lubricant and observed that
0.01 vol% is optimum fraction value for better tribological properties. The author
reported 17% improvement in COP and 11% reduction compressor energy con-
sumption using nanoparticles with R12. Adelekan et al. [41] observed better COP in
refrigerant cycle using TiO,/MO nanolubricant instead of R134a/MO.

2.4 Studies related to CNTs and other nanoparticles

Jiang et al. [42] reported 50-104% increment in thermal conductivity with
distinct particle fractions and diameters of CNTs dispersed in R113 refrigerant. The
author declared 1.0 vol% fraction of CNT as optimum value. Park and Jung [43]
performed nucleate boiling heat transfer analysis for CNTs with 1 vol% fraction
using R123 and R134a refrigerants. The results found that heat transfer rate was
improved (up to 36.6%) at low heat fluxes while it starts decreases at large heat
fluxes. Peng et al. [44] reported 61% improvement in heat transfer coefficient with
CNTs dispersed in R113/0il blend. Moreover, the author found that higher length
and smaller outer diameter increased the heat transfer coefficient. Jiang et al. [42]
conducted an experimental study on carbon nanotubes (CNTs) based nanofluids
and proposed a modified Yu-Choi model which defined a decent deviation about
5.5% from the experimental result. Henderson et al. [45] used SiO, particles in
polyester oil and reported 55% reduction in flow boiling performance due to the
difficulties in nanolubricant dispersion and stability. Whereas, using Al,O3/POE
nanolubricant results the great heat transfer improvement.

Kumar and Singh [46] reported 7.48% less energy consumption and 48% higher
COP with 1.0 wt% of ZnO nanoparticles dispersed in R290/R600a/MO blend. Peng
et al. [47] dispersed diamond nanoparticles in R113/VG68 blend to study nucleate
boiling heat transfer coefficient. The author reported 63.4% enhancement in HTC
using 0.05-0.5 wt% of nanoparticles fractions. Moreover, the study was compared
with CuO/oil blend and found that diamond nanoparticles have higher impact on
heat transfer characteristics. Kedzierski [48] reported 98% improvement in boiling
heat transfer with 0.5%, 1% and 2% mass fractions of diamond nanoparticles dis-
persed in R134a. Naphon et al. [49] concentrated on the effect of Ti nanoparticles
on the efficiency of copper heat pipe using R11 as base refrigerant. The study
reported 0.01% nanoparticle fraction give highest efficiency ratio. Wang et al. [50]
used a new category of nano oil which is created by mixing NiFe,O, nanoparticles
into naphthene-based oil B32 as an alternate to polyester VG32 and observed 6%
improvement in overall COP.

3. Conclusions and future work

In present chapter, the studies of the previous findings on the heat transition
characteristics, solubility and system performance of vapor compression refrigera-
tion cycle has been presented. The literature related to pool boiling heat transfer
enhancement of refrigerants and rheological behavior of lubricants using
nanoparticles critically reviewed. The use of nanorefrigerants were improved the
heat transfer performance of VCR system especially in nucleate and pool boiling
heat transfer. CNTs can be considered as a best candidate for heat transfer
enhancement of base refrigerants in comparison with the other nanoparticles.
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The heat transfer rate increases with decreases nanoparticle dimension while the
pressure drop decreases with decreases nanoparticles dimension.

The nanolubricants have great tribology characteristics in terms of wear rate and
friction reduction in comparison with base lubricants. TiO, and CuO are best
nanoparticles especially in improvement in tribology characteristics of compressor.
It is reported that COP and freezing speed in cooling cycles is increased through
application of nanoparticles in base refrigerants. It is found that improvement in
VCR system parameters strongly depends on nanoparticle concentration. Thus,
optimum value of particle fraction must be defined for better and stable results.

Furthermore, the below mentioned suggestions can be considering in future
works:

1. As the nanoparticles concentration has great effect on thermophysical and
tribology properties of refrigerants/lubricants, the study is needed to find the
optimum nanorefrigerants and nanolubricants from the perspective of particle
size, shapes and flow conditions.

2.The study on analytical models for the prediction of physical properties is so
limited. Future works are needed to viral this study.

3.The study on condensation and evaporation flow of nanorefrigerants is very
limited. It needs to elaborate.

4.There are no studies available related to effect of nanoparticles on new blend
refrigerants such as R1234f.

5.The studies on the use of nanoparticles with natural refrigerants such as NH;
and CO; not performed.

6.As per literature survey, several studies have been done on positive behavior of
nanoparticles on heat transfer enhancement of refrigerants. The studies related
to effect of nanoparticles on basic physical phenomena are somewhere
missing.

7.There are no studies available on the flow of nanorefrigerants inside the
microchannels and corrugated tubes.
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Chapter 7

Modeling of the Energy for Bound
Water Freezing in Logs Subjected
to Refrigeration

Nencho Deliiski and Natalia Tumbarkova

Abstract

This study suggests an approach for modeling of the total thermal energy
needed for freezing the bound water in logs subjected to refrigeration. The
approach maximally considers the physics of the freezing process of the bound
water in wood. It considers the nonstationary change in the icing degree of logs
formed by the crystallization of the bound water in them, as well as the influence of
the fiber saturation point of each wood species on its current amount of nonfrozen
bound water depending on temperatures below —1°C. Mathematical descriptions
of the thermal energy of the phase transition of bound water in logs and also of the
latent thermal energy of the bound water released in logs during their freezing have
been executed. These descriptions were introduced in our own 2D nonlinear
mathematical model of the freezing process of logs. The model was transformed in
a form suitable for programming with the help of explicit schemes of the finite
difference method. For the solution of the model and energy simulations with it,

a software program was prepared, which was input into the calculation
environment of Visual Fortran Professional.

Keywords: logs, refrigeration, bound water, freezing, latent heat, thermal energy

1. Introduction

It is known that the duration and the energy consumption of the thermal
treatment of frozen logs in winter, aimed at their plasticizing for the production of
veneer, depend on the degree of the logs’ icing [1-10].

In the accessible specialized literature, there are limited reports about the
temperature distribution in frozen logs subjected to defrosting [8, 11-21], and there
is very little information about the research of the temperature distribution in logs
during their freezing given by the authors only [22-24]. That is why the modeling
and the multiparameter study of the freezing process of logs are of considerable
scientific and practical interest.

For different engineering, technological, and energy calculations, it is necessary
to be able to determine the nonstationary temperature field in logs depending on
the temperature of the gaseous or liquid medium influencing them and on the
duration of their staying in this medium. Such calculations are carried out using
mathematical models, which describe adequately the complex processes of freezing
both the free and bound water in the wood. In the specialized literature,
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information about 2D temperature distribution in logs subjected to freezing was
given by the authors [22-24]. In the available literature for hydrothermal treatment
of frozen wood materials, there is no information at all about the quantitative
determination of the energy characteristics of both the free and bound water during
their freezing in the wood or in other capillary porous materials.

The aim of the present work is to suggest a methodology for mathematical
modeling and research of two mutually connected problems: 2D nonstationary
temperature distribution in logs subjected to refrigeration and change in two
important energy characteristics of the bound water in logs during its freezing—
thermal energy of the gradual phase transition of bound water from liquid into
solid state and latent thermal energy of the bound water released in the logs
at temperatures below —1°C.

2. Mathematical model of the 2D temperature distribution in logs
subjected to refrigeration

2.1 Mechanism of the temperature distribution in logs during their
refrigeration

The mechanism of the temperature distribution in logs during their refrigeration
can be described by the equation heat conduction [2, 5, 8-10].
When the length of the logs is less than their diameter by at least 3-4 times,
for the calculation of the change in the temperature in the longitudinal sections
of the logs (i.e., along the coordinates » and 2 of these sections) during
their refrigeration in the air medium, the following 2D mathematical model
can be used [23]:

. oT (r,2,7) _ 0*T(r,z,7) 1 T(r,z,7)] | Odwr [0T(r,2,7) 2
welw T e T T g T or oT | o W
i T(r,z,7) Odwp [T (r,2,7) 2+
WP o2 oT oz v
with an initial condition
T(r,2,0) = Two (2)

and boundary conditions for convective heat transfer:

* along the radial coordinate » on the logs’ frontal surface during the cooling
process

aT(V, O, T) _ awp—fr(r7 07 T)
or - Awp (r,0,7)

[T(r,0,7) — Trnte(7))], (3)

* along the longitudinal coordinate z on the logs’ cylindrical surface during the
cooling
0T(0,2,7)  we(0,2,7)
dz o Awr(0,2,7)

[T(0,2,7) — Trm.ee(7)]. 4)

Equations (1)-(4) represent a common form of a mathematical model of the
logs’ freezing process.

114



Modeling of the Energy for Bound Water Freezing in Logs Subjected to Refrigeration
DOI: http://dx.doi.org/10.5772/intechopen.83772

2.2 Mathematical description of the heat sources in logs during their freezing

The volume internal heat source in the logs, g, reflects in Eq. (1) the
influence of the latent heat of water in the wood on the logs’ freezing process. In
the available literature for hydrothermal treatment of frozen wood materials,
no information can be found on the approaches for quantitative determination
of the heat source ¢,.

That is why as a methodology for the determination of ¢, during the freezing
of logs, in [23], a perspective is used, which is already applied for determination of
the volume heat source, g, during the process of solidification of melted metal
[25-28]. According to this methodology, the following equations for determination
of the volume internal sources of latent heat separately of the free and the bound
water in wood during the logs’ freezing process have been obtained [23]:

Wice.
9yt = I(W—prchr-ice ldC; fw’ (5)
Wice-
Qvbw = I<v/7bw/)chr—ice %bw’ (6)
where Lo ice = 3.34-10° J')kg ™' [2, 5, 22-24] and
Pw — (1 - lI"ice—fw) " PwUfsp
K, v = ) 7)
v ‘Pice—fw *Pw
w -(1- qli - " PwUnfw
I<V/7bw :,0 Ufsp ( ce bW) PwUnf . (8)

‘Pice—bw *Pw

A numerical approach and an algorithm for the computation of Wice fy
and Wice bw are given in [23]. The difference p, — pyugsp in the right-hand part of
Eq. (7) reflects the entire mass of free water (in kg), which is contained in 1 m?>
of the logs. The wood densities p,, and pyyg,, which participate in Egs. (7) and

(8), are determined above the hygroscopic range according to the equations
below [1-19, 29]:

Pw=pp- (1+u), )
Pwufsp = Pb - (1 + ufsp)- (10)

The density of the wood py,uypns. in Eq. (8) is determined according to the
following equation in relation to the present entirely liquid quantity of nonfrozen

water in the wood, #ns,, corresponding to the current wood temperature 7
< 27215K [2, 10]:

1+ tUprw
PwUnfw = Pb * S, (, 27 I115 ’ )
1-35 (ufsp‘ - unfw)
where
W2 = w23 40,021, (12)

toge = 0.12 + (ug;»ls _ 0.12) - exp [0.0567(T — 272.15)]@213.15K<T<272.15K.
(13)
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2.3 Introducing the mathematical description of heat sources into the
mathematical model

After substituting ¢, in Eq. (1) by the expression for g, from Eq. (5) and of
Wieesw i this expression by ¥kt . 9T it is obtained that

oT(r,z,7) PT(r,z,7) 1 0T(r,z,7)] 0dw [0T(r,2,7)]?
: = Juy =
Pw * Cwe-fr-fw or r|: 2 , o + oT +
PT(r,2,7)  0hwe [0T(r,z,7)]* Wicefw OT(r,2,7)
j'wz azz + oT oz +I<\ufﬁprLcr—ice or . T .
(14)

For the freezing of the free water in the wood, Eq. (14) is transformed in the
following form:

OWice. ol (r,z,7 ?T(r,z,7) 1 oT(r,z, 7
Pw |:Cwe—fr-fw - I<u/7wacr—ice W(;C;;fw] . ( ) = lwr|: ( ) ( ) +

or or? r or
Odwr [0T(r,2,7)]° L T (r,z,7) N Ohz [0T(r,2,7)]”
oT or v og? oT 0z '
(15)
Equation (15) can be represented, as follows:
oT(r,z,7 ?T(r,z,7) 1 dT(r,z,7
Pw * Cwe-fr-fw* ~ ¥ = dwr ( 2 ) +-. ( ) +
Jt or r or
) 5 (16)
0wy [0T (r,2,7) P azT(V,z, 7)  Ohwe [0T(r,2,7)
oT or e og? oT 0z '
The effective specific heat capacity ¢, e.g.f0t in Eq. (16) is equal to
Cwe-fr-fw* = Cwe-fr-fw — I<y/7wacr—ice W(;C,Te-fw = Cwe—fr—fw — CLat—fw> (17)

where cye_ffw 1S the effective specific heat capacity of the wood during freez-
ing only of the free water in it, J-kg” K, and cp,;_y is the specific heat capacity,
which is formed by the release of the latent heat of the free water during its
crystallization in the wood, J-kg “K ™.

After substituting g, in Eq. (1) by the expression for g, from Eq. (6) and of

‘}"’“e b in this expression by ‘)""“’ bw . 9L it is obtained that

oT(rz7) _ [aZT(r,z,z)+1 aT(V,Z,T)] Fy. |:0T(V,Z,T):|2
- Ywr

PwCwe-fr-bw Jr o2 . o oT =

T(r,2,7)  Ohwp [0T(r,2,7)]" Wicerw 1(7,2,7)

/1 [l P (i) I( bw L g ice-bw [ ad) )
W e oT oz X ybwPwherice 5 oT

(18)

For the case of freezing the bound water in the wood, Eq. (18) is transformed in
the following form:
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oT or or2 r or
Ohwr [0T (1,2, 7) 2+ ; T (r,z, T)+(uwp 0T (r,2,7)]*
oT or WP g2 oT oz ’

o ice-bw aT r,Z,T azT r,Z,T 1 0T 7.2, T
Pw |:Cwe—fr-bw - I<l//—bchr—ice Wice-b :| . ( ) = j’wr|: ( ) 4 ( )

(19)

Equation (19) can be represented, as follows:

Pw " Cwefrbw* o = o2 ’ or
OAwy [0T (r,2,7) 2 ' *T(r,z,7) +a/1wp T (r,2,7) 2
oT or VP g2 oT oz ’

T (r,z,7) o [azT(V,z, 7) N 1 . T (r,z, 1)] N

(20)

The effective specific heat capacity cy..g.pw* in Eq. (20) is equal to

al//ice—bw
Cwe-fr-bw* = Cwe-fr-bw — I<y/7bchr—ice T = Cwe—fr—bw — CLat—bwm> (21)

where cye_f—bw iS the effective specific heat capacity of the wood during
freezing only of the bound water in it, ]~kg71'K71, and crat—bwm 1S the specific
heat capacity, which is formed by the release of the latent heat of the
maximum possible amount of bound water during its crystallization in the
wood, J-kg K.

2.4 Mathematical description of the relative icing degree of logs caused from
the freezing of the bound water

The relative icing degree of the logs, which is caused from the freezing of only
the bound water in them, Wjce_pw, can be determined as a relationship of the mass of
the ice formed by the bound water in 1 kg wood, #ice pw, to the sum of the mass of
this ice and of the mass of the nonfrozen water in 1 kg wood at # = #,¢, and at T'
< 27215 K, Miyfy, according to the following equation:

¥, b = Mice—bw o Ufsp — Unfw —1_ Unfw (22)
ice—bw — = = .
Mice—bw T Mnfw Ufsp — Unfw + Unfw Utsp

Using experimental data of Stamm [30, 31], in [10] the following equation was
suggested for the calculation of the fiber saturation point of the wood species,
depending on T:

g = w2315 — 0.001(T — 293.15), (23)

where u%f[f‘ls is the standardized fiber saturation point at T = 293.15 K, i.e., at
t =20°C.

After substituting s, and ug;, in Eq. (22) by the expressions for #¢, from
Eq. (13) and for ug, from Eq. (23), it is obtained that

012+ (uf2® — 0.12) - exp|[0.0567(T — 272.15)]
u%f};’"ls —0.001(T —293.15)

Wice bw =1 — (24)
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and

e {o 0567( 27215 0.12) - exp [0.0567(T — 272. 15)]}- [ 2315 _ 0.001(T — 293.15)

T (122215~ 0.00(T — 293.15) ]

0.001- {o 2+ ( 27215 0.12) - exp[0.0567(T — 272. 15)]}

+
[ 2315 _0.001(T — 293. 15)}

(25)

The sign “minus” in the right parts of Eq. (25) reflects mathematically
the circumstances that the icing degree Wic._pw decreases with an increasing
temperature 7.

2.5 Mathematical description of the thermophysical characteristics of logs

In Figure 1, the temperature ranges are presented, at which the refrigeration
process of logs is carried out when u > ug,. The thermophysical characteristics of
the logs and of both the frozen free and bound water in them have also been shown.
The information on these characteristics is very important for solving the
mathematical model given above.

During the first range from Two to T_gy, only a cooling of the logs with full
liquid water in them occurs. During the second range from T_fy t0 T—bywm> @
further cooling of the logs occurs until reaching the state needed for starting the
crystallization of the free water. During this range also, the phase transition of this
water into ice is carried out. The second range is absent when the wood moisture
content is less than ug,.

During the third range from Tt _pwm t0 T'w—fre—avg> a further cooling of the logs is
carried out until reaching the state needed for starting the crystallization of the
bound water. During this range also, the phase transition of the bound water into
ice is gradually performed.

The generalized effective specific heat capacities of the logs, cye.fr—gens during
the above pointed three ranges of the freezing process above the hygroscopic range,
are equal to the following:

I~Range : Cwe—frfgenl = Cw—nfr> (26)
ILRange * Cwe-fr-gen2 = Cw—nfr + Cfw — CLat—fw> (27)
HI'Range : Cwe-fr-gen?) = Cw—fr T Cbwm — CLat—bwm- (28)
i 111, Fanee 1L Range I Hange
: Coeling of e v oo unlil Caoliog, of 1w weood wndll
| slarting or “he freering nl atarling, nf The freering al
| thwe bound weber it thwe Froe 1#':113;':1' in it Conligs of e o wilky
: Coptty Pn Fove Curmizz P fonpeniz hally Ilquld waker in il
| Freezing, ol hea bl Troveing of the froe Coeonlis Pler ol
| wder in the wowd Aaler i e venod
: e Elai-mma Py }'--"-L' Crus Coat-dwa [Py Foen i
—
4T e e, Tir taen — 27215 K Tirie — 273153 | Tos

Figure 1.
Temperature ranges of the logs’ refrigeration process above the hygroscopic range and thermophysical
characteristics of the wood and the frozen water in it.
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Mathematical descriptions of the specific heat capacities ¢y —_nfr> Cw—fr> Cw> and
Cbwm and also of the thermal conductivity of nonfrozen and frozen wood, 4, have
been suggested by the first co-author earlier [9, 10] using the experimentally
determined data in the dissertations by Kanter [32] and Chudinov [2] for their
change as a function of ¢ and u.

These relations are used in both the European [5-10] and the American
specialized literature [11-16] when calculating various processes of the wood
thermal treatment.

Using Egs. (26)-(28), Egs. (16) and (20) can be united in the following
equation, with the help of which, together with the initial condition (2) and the
boundary conditions (3), and (4) the 2D change of the temperature in subjected
to freezing logs can be calculated:

T (r,z,7 ?T(r,z,7) 1 T(r,z,t
Pw Cwe—fr»genl, 2,3 % = /lwr |: ( ) ; ( )] —+

or? or
T z 29)
O0lwr M Z °T(r,2,7)  Ohyp [0T(r,2,7)
oT or wp 02?2 oT oz '

For the convective boundary conditions (3) and (4) of the logs’ freezing process,
the following relations for the heat transfer coefficients are most suitable [33]:

* at cylindrical surface of the horizontally situated logs

Agrge = 2.56[T(0,2,7) — T (7)), (30)

* at frontal surface of the logs
Owpfe = 1.123[T(r, 0,7) — Trne(7)], (31)

where Ej; is determined during the validation of the nonlinear mathematical
model of the freezing process through minimization of the root square mean error
(RSME) between the computed by the model and experimentally obtained transient
temperature fields in logs subjected to freezing.

2.6 An approach for modeling of the energy needed for freezing the bound
water in logs

The total energy consumption, which is needed for freezing the bound water
in 1 m? of logs, Q. bw-toral> €an be calculated according to the following equation:

er—bw—total = er—bw - QLat—bw’ (32)

where Qg 1, is the energy needed for the phase transition of the bound water
from liquid to solid state in 1 m> of logs subjected to freezing, kWh-m >, and Q| 4 p
is the latent thermal energy of the bound water in 1 m® of logs released in them
during its crystallization, kWh-m>.

It is known that the energy consumption for heating 1 m® of wood materials, Q.,,
with an initial mass temperature Ty, to a given average mass temperature Tw_avg is
determined using the following equation [2, 5, 10]:

Cw " Pw

Qy = 3.6.10° : (waavg - Tw0)~ (33)

119



Low-temperature Technologies

The multiplier 3.6-10° in the denominator of Eq. (37) ensures that the values of
Q,, are obtained in kWh-m 2, instead of in J-m 3.
Based on Eq. (33), it is possible to calculate the energy Qg,,, according to the

equation

_ Cbw-avg " Pw

er»bw - 3.6 10° : (27215 - wafrfavg)’ (34)

where according to [8, 9]

exp [0.0567 (Tw—fr—avg — 272.15)]

Chw_avg =1.8938 - 10* <u§s7§'15 - 0.12) :

1+u (35)
QT fre—avg<T<272.15K,
1
Twfr-avg = < ” T(r,z,7)dSwQTy_fre—avg<T(r,2,7)<272.15K, (36)
w 5

and the area of % of the longitudinal section of the log subjected to freezing, S,
is equal to

D-L
Sw = > (37)
Based on Eq. (33), it is possible to calculate also the energy Q, .., according to
the equation

CLat-bw * Pw
= atbw Pw (515 — Tt ave)s 38
QLat—bw 36. 106 ( fi g) ( )

where the specific heat capacity, which is formed by the release of the latent
heat of the bound water, ¢y bw, is calculated according to Eq. (21) and the density
Py is calculated according to Eq. (9).

3. Experimental research of 2D temperature distribution in logs
subjected to freezing

For the validation of the suggested above mathematical model, it is necessary to
have experimentally obtained data about the temperature distribution in logs dur-
ing their freezing. The logs subjected to freezing in our experimental research were
with a diameter of 240 mm, length of 480 mm, and # > u,. This means that the
logs contained the maximum possible amount of bound water for the separate wood
species. They were produced from the sapwood of a freshly felled pine (Pinus
sylvestris L.) and spruce (Picea abies L.) trunks. Before the experiments, four holes
with diameters of 6 mm and different lengths were drilled in each log parallel to its
axis until reaching the characteristic points of the log [22].

The coordinates of the characteristic points of the logs are given in Figure 2.
These coordinates of the points allow the determination of the 2D temperature
distribution in logs during their freezing. For refrigeration of the logs according to
the suggested methodology by the authors [22], a horizontal freezer was used with
adjustable temperature range from —1 to —30°C.

Sensors Pt100 with long metal casings were positioned in the four drilled holes
of the logs. The automatic measurement and record of ¢,,, ¢, and ¢ in the

120



Modeling of the Energy for Bound Water Freezing in Logs Subjected to Refrigeration
DOI: http://dx.doi.org/10.5772 /intechopen.83772

Point | f—i
[ [ |
Point 2, hh:{l:lt __.lﬁ_: 3
LY st Bl |
Mm 3\ sEI= =% -i:---‘:*‘::::"aji:! . E é
Point 4\ ey 1= | |8 f
ERdEErEEEERE -l 'FI -t ' E —
. Pulnt 2 N TRITICI =1 e
lol | g
= |
™~ Paint 3 |
™ Paint 4 wm |
- ) "
A= 40 =

Figure 2.
Radial (left) and longitudinal (vight) coordinates of four characteristic points for measurement of the
temperature in logs subjected to refrigeration.
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Figure 3.
Experimentally determined change in t,,, ¢,n, and t in four points of the studied logs P1 (above) and S1 (below)
with D = 0.24 m and L = 0.48 m during their 30 h refrigeration.
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characteristic points of the logs during the experiments were realized by data
logger-type HygroLog NT3 produced by ROTRONIC AG (http:/www.rotronic.
com). The data logger has software HW4 for graphical presentation of the data.

In Figure 3, the change in the temperature of the processing air medium, ¢;,, and
in its humidity, ¢,,, and also in the temperature in 4 characteristic points of pine
log named below as P1 with # = 0.33 kg-kg " and p;, = 470 kg-m > and spruce log
named as S1 with u = 0.36 kg-kg " and p;, = 479 kg-m > during their separate 30 h
refrigeration is presented. The record of all data was made automatically by the
data logger with intervals of 5 min.

4. Numerical solution of the mathematical model of the logs’
freezing process

For numerical solution of the mathematical model, a software package was
prepared in Visual Fortran Professional developed by Microsoft. Using the
package, computations were carried out for the calculation of the 2D nonstationary
change of ¢ in the characteristic points of % of the longitudinal sections of the
studied logs, whose experimentally determined temperature fields are presented
in Figure 3.

The model has been solved with the help of explicit schemes of the finite
difference method in a way analogous to the one used and described in [9, 10, 33].
For the computation of the temperature distribution in % of the longitudinal section
of the logs, which is symmetrical towards the remaining % of the same section, the
model was solved with step Ar = Az = 0.006 m along the coordinates » and z and
with the same initial and boundary conditions, as they were during the
experimental research.

The interval between the time levels, At (i.e., the step along the time
coordinate), has been determined by the software package according to the
condition of stability for explicit schemes of the finite difference method [10],
and in our case it was equal to 6 s.

During the solving of the model, the mathematical descriptions of the
thermophysical characteristics of pine wood with 2> = 0.30 kg-kg ! and volume

shrinkage S, = 11.8% and also of spruce sapwood with ”%59133'15 =0.32kgkg 'and
Sy = 11.4% were used [8, 10].

4.1 Mathematical description of T in the freezer during logs’ refrigeration

The curvilinear change in the freezing air medium temperature, T,_g, which is
shown in Figure 1, with high accuracy (correlation 0.98 for the both studied logs
and root square mean error (RSME) o = 1.28°C for P1 and o = 1.22°C for S1) has
been approximated with the help of the software package TableCurve 2D [34] by
the following equation:

ag + Cfr‘"-o'5

- 1+ b5 + dfrT’ (39)

Tt

whose coefficients are ag = 309.7863391, bg. = 0.007125039, ¢f = 1.321533597,
and df, = —2.769-10~° for log P1 and to af = 305.6335660, by = 0.005833651,
¢ = 1.061216339, and df, = —2.275-10° for log S1. Equation. (39) and its coeffi-
cients were introduced in the software for solving Egs. (3) and (4) of the model.
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4.2 Computation of 2D temperature distribution in logs during their
refrigeration

The mathematical model of the logs’ freezing process has been solved with
different values of the exponent Ef in Eqs. (30) and (31). The calculated by the
model change of the temperature in four characteristic points of the longitudinal
logs’ sections with each of the used values of Ef during the freezing has been
compared mathematically with the corresponding experimentally determined
change of ¢ in the same points with an interval of 5 min. The aim of this comparison
was to find the value of Eg, which ensures the best qualitative and quantitative
compliance between the calculated and experimentally determined temperature
fields in the logs’ longitudinal sections.

As a criterion of the best compliance between the compared values of the
temperature total for the four characteristic points, the minimum value of RSME,
Oavg> has been used. For the determination of RSME, a software program in the
calculation environment of MS Excel has been prepared. With the help of the
program, RSME simultaneously for a total of 1440 temperature-time points during
a separate 30 h refrigeration of the logs has been calculated. During the simulations
the same initial and boundary conditions have been used as during the experiments.
It was determined that the minimum values of RSME overall for the studied four
characteristic points are 6,vg = 1.67°C for P1 and 6,y = 1.54°C for S1. The minimum
values of o,,; were obtained with the values of Eg. = 0.52 for P1and Eg, = 0.48 for S1
in Egs. (30) and (31).

Figure 4 presents, as an example, the calculated change in ¢, ¢, log’s surface
temperature t;, and ¢ of four characteristic points of the studied pine log P1.

The comparison to each other of the analogical curves in Figure 3—above and
Figure 4 shows good conformity between the calculated and experimentally
determined changes in the very complicated temperature field of the pine log
during its refrigeration.
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Figure 4.
Experimentally determined and calculated change in t,, t,, and t in four points of the studied pine log P1
during its 30 h refrigeration.
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During our wide simulations with the mathematical model, we observed good
compliance between computed and experimentally established temperature fields
during refrigeration of logs from different wood species with different moisture
content. The overall RSME for the studied four characteristic points in the logs does
not exceed 5% of the temperature ranging between the initial and the end
temperatures of the logs subjected to refrigeration.

4.3 Change of the relative icing degree of logs Wjcc.bw-avg and its derivative

The calculation of the average mass icing degree of the logs caused from the
freezing the bound water, Wice_bw-avgs is carried out according to the following
equation, which was obtained in [23] using Eq. (24):

1 0.12 + (uggﬁ - 0.12) - exp {0.0567[T (r,z,7) — 272.15]}
JJ 1- s,

< u35 — 0.001[T(r,z,7) — 293.15)]

‘Picefbwfavg = .
Sw >

Sw

QT fre_avg<T(r,2,7)<272.15K.
(40)

Figure 5 presents the calculated change of the logs’ icing degree Wice bw-avg and
the derivative Wjce_pw/dT according to Egs. (40) and (25), respectively, during the
30 h freezing process of the studied pine and spruce logs. The graphs show that the
change of these variables is happening according to complex dependences on the
freezing time.

It can be seen that the values of Wice_pw-avg increase gradually from 0 to 0.487
for P1 and to 0.498 for S1 at the end of the 30 h freezing (Figure 5—left). These
values of Wice_pw-avg mean that 1-0.487 = 0.513 relative parts (i.e., 51.3%) of the
bound water in P1 and 1-0.498 = 0.502 relative parts (i.e., 50.2%) of the bound
water in S1 remains in a liquid state in the cell walls of the wood at the end of the
30th h of the logs’ freezing process when the calculated average logs’ mass temper-
atures are equal to —27.59°C for P1 and —26.82°C for S1.

It can be pointed that during the first 2.42 h for P1 and 2.75 h for S1 of the
freezing process the whole amount of the bound water in the logs is in a liquid state
and because of that the icing degree Wice_bw-avg= 0 and also ¥ice_pw/dT= 0 K1

From 2.42th h for P1 and from 2.75th h for S1 the crystallization of the bound
water in the peripheral layers of the logs starts. This causes a jump in the change of
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Figure 5.

Change in the relative icing degrees Vice_puw—avg (left) and their derivatives Wi,y /dT (vight) during the
refrigeration of the studied logs.
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Wice—bw/dT from O to maximal values, equal to 0.0056 K for P1 and 0.0057 K !
for S1.

These maximal values remain practically unchanged until reaching 10.00th h for
P1and 10.75th h for S1, when the crystallization of the whole amount of the free
water in the logs ends and the freezing of the bound water even in the logs’ center
starts.

The further decrease of the temperature in the freezer (refer to Figures 3 and 4)
causes a gradual crystallization of the bound water in the logs. Because of that the
derivatives Wice_pw/dT decrease slowly, and at the end of the 30 h freezing, they
reach the value of 0.0013 K" for P1 and 0.0014 K * for S1.

4.4 Change of the thermal energies Q ¢ pw and Q rat bw

Figure 6 presents according to Eqgs. (34) and (38) the calculated change of
the thermal energies Qg,.,, and Qy .., during the 30 h refrigeration of the
studied logs.

It can be seen that the change of the energies Qg ,, and Qy.p,, is happening
according to complex curvilinear dependences on the freezing time. The change of
Qg-pw»> depending on the freezing time, is similar to that of the icing degree
Wice_bw-avg> and the change of Q1 is similar to that of the derivative Wice_pw/dT.

At the beginning of the logs’ refrigeration process, when Wice bw-avg = 0, both
energies Qg.p,, and Qy .1, are also equal to 0. After that Qgy,, increases gradually
from 0 to 6.224 kWh-m > for P1 and 6.925 kWh-m > for S1 at the end of the 30 h
freezing (see Figure 6, left). The larger value of Qg 4, for S1 is caused from the
larger amount of the frozen bound water in S1 in comparison with P1 at the end of
the freezing process.

As it was mentioned above, the fiber saturation point of the pine wood is equal
to 0.30 kg~kg71, and of the spruce wood, it is 0.32 kg-kg71 [8, 10]. According to
Figure 5, left, the relative icing degree, Wice bw—avg = 0.487 for P1 and Wice bw-—avg =
0.498 for S1 at the end of the 30 h freezing. This means that the amount of the
crystallized bound water is equal to 0.487 x 0.30 = 0.146 kg-kg " in P1 and it is
equal to 0.498 x 0.32 = 0.159 kg-kg " in S1. Because of this not only the value of
Qf.pw for S1is larger than that of P1, but also the maximal value of Q. ,, = 0.431
kWh-m > for S1 is larger than the maximal value of Q ;.= 0.405 kWh-m > for P1.
After reaching the maximal values, the energy Q, ., decreases gradually and at
the end of the 30 h freezing obtains a value of 0.232 kWh-m > for P1 and of 0.268
kWh-m 2 for S1.
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Figure 6.

Change in Qg p (left) and Q.1 (vight) during refrigeration of the studied logs.
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Figure 7.
Change in Q g py-toral dUring the refrigeration of the studied logs.

Figure 7 presents the change of the thermal energy Qg py-toral during the 30 h
refrigeration of the studied logs, which is calculated according to Eq. (32). The
change of this energy is similar to that of the energy Qg (see Figure 6, left). At
the end of the 30 h freezing, the energy Qg 1u.1oral Feaches the following values:
5.992 kWh-m > for P1 and 6.657 kWh-m > for S1.

5. Discussions

This paper presents a methodology for mathematical modeling and research of
two mutually connected problems: 2D nonstationary temperature distribution in
logs subjected to refrigeration and change in two important energy characteristics
of the bound water in logs during its freezing—thermal energy of the phase transi-
tion of the bound water in 1 m> wood from liquid into solid state, Q> and latent
thermal energy of the bound water, Q| . p.» Which is released in 1 m> of the logs
during water crystallization.

Mathematical descriptions and an approach for computing of the energies Qg 1.,
and Q. during the freezing of the bound water at temperatures below —1°C
have been carried out. These descriptions are introduced in our own 2D nonlinear
mathematical model of the 2D heat distribution in logs during their refrigeration at
convective boundary conditions. The model was transformed in a form suitable for
programming with the help of explicit schemes of the finite difference method,
which excludes the necessity of any simplifications of the model.

A software program for numerical solution of the mathematical model and
computation of 2D nonstationary change of the temperature in logs subjected to
refrigeration and of the thermal energies Qg,},, and Q1. has been prepared in
Fortran, which has been input in the calculation environment of Visual Fortran
Professional developed by Microsoft.

With the help of the program, computations for the determination of the ener-
gies Qg py and Qpaeby and their difference, Qg by-totat = Qer-bw — QLatbw> have been
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completed as an example for the case of a pine log P1 and a spruce log S1 with a
diameter of 0.24 m and length of 0.48 m subjected to 30 h refrigeration in a
freezer at approximately —30°C. Practically, Qg 1y.coral Fepresents the energy
needed for crystallization of that part of the bound water, which amount
depends on s, tm g, and 7.

The logs subjected to refrigeration were with the following combinations of
their initial temperature ¢, basic density py, and moisture content u: t,, = 25.2°C,
pp = 470 kg:'m >, and u = 0.33 kg-kg " for log P1 and ¢,,0 = 23.5°C, pp, = 479 kg-m >,
and u = 0.36 kg-kg ' for log S1.

It has been determined that the values of the energies Qg py>Qatbw> and
Qr-bw-total Of the studied logs change according to complex relationships depending
on the freezing time and after 30 h freezing of the logs reach the following values:
Qfepw = 6.224 kWh-m 2, Q. pw = 0.232 kWh-m >, and Q4 py-rorar = 5.992 kWh-m >
for P1and Qg 4, = 6.925 kWh-m ™3, Q.1 = 0.268 kWh-m >, and
Qfebw-toral = 6.657 kWh-m 2 for S1.

6. Conclusions

Good adequacy and precision of the model toward the results from wide own
experimental studies allow the carrying out of various calculations with the model,
which are connected to the nonstationary temperature distribution and energy
characteristics of logs from different wood species during their refrigeration. The
mathematical model, after its connection with other our model of the logs’
defrosting process [9, 10], could be input into the software of programmable con-
trollers for optimized model-based automatic control [8, 20, 21, 35] of thermal
treatment of frozen logs in the production of veneer.

The approach for the computation of the thermal energies of the bound water in
logs during their refrigeration could be used for the creation of analogous models
for the computation of the temperature distribution and the energy required for the
refrigeration of different capillary porous materials (fruits, vegetables, meet, meet
products, etc.).

Nomenclature

specific heat capacity, J-kg K"

diameter, m

exponent, —

latent heat, J-kgfl, or length, m

internal heat source, W-m™

thermal energy, kWh-m >

radius, m

radial coordinate: 0 < r< R, m

shrinkage, %, or aria of % of log’s longitudinal section, m?
temperature, K

temperature, °C

moisture content, kg-kg " = %/100

longitudinal coordinate: 0 < 2 < L/2, m

heat transfer coefficients between log’s surfaces and the surrounding air
medium, W-m 2K !

thermal conductivity, W-m LK

QN&“"%O}Y x(o& ht.qb‘\

>
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p density, kg-m >

c root square mean error (RSME), °C

T time, s

Ar step along the coordinates  and 2 for solving of the model, m

At step along the time coordinate for solving of the model, s

¥ relative icing degree of logs or relative degree of solidification of
the metal, —

@ at

Subscripts

avg average (for relative icing degree or for root square mean error)

b basic (for wood density, based on dry mass divided to green volume)

bw bound water

cr crystallization

fr freezing

fre end of freezing

fsp fiber saturation point

fw free water

gen generalized (for specific heat capacity)

ice ice (for logs’ icing degrees)

Lat latent heat

m medium (for cooling substance)

vM volume of the metal

nfw nonfrozen water

0 initial

p parallel to the wood fibers

r radial direction

total total (for specific energy needed for freezing of the bound water)

\4 volume

w wood

we wood effective (for specific heat capacity)

wL wood with liquid water in it

wS wood with solid state of water (ice) in it

wUfsp wood at u = ugg,

wUnfw wood at # = Upgy

Superscripts

272.15 at T =27215K, ie,att = —1°C

293.15 at T =293.15K, i.e., att =20°C
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Chapter 8

Technique and Technology of
Whole-Body Cryotherapy (WBC)

Alexander Baranov, Oleg Pakhomov, Alexander Fedorov,
Viadimir Ivanov, Andrew Zaitsev and Ruslan Polyakov

Abstract

Whole-body cryotherapy (WBC) is a highly effective treatment method of a
number of serious diseases. The therapeutic effect of WBC is achieved by stimulat-
ing cold receptors of the patient’s skin, which provide supercooling of the skin
surface to the level of —2°C. To achieve such a temperature of the skin surface, it is
necessary to ensure heat removal with intensity not less than 3500 W/m? Such a
heat flux can remove gas with the temperature not higher than —130°C. Procedures
lasting less than 2 minutes do not form therapeutic effect. Procedures lasting more
than 3 minutes are dangerous for the patient’s health. WBC procedures are carried
out in single- and multi-seat devices. Due to the compact placement of the patient in
the WBC area, the share of useful heat load on the cryostatting system is up to 70%.
In multi-seat installations, the useful heat load share is not more than 50%. During
the WBC procedure, consumption of liquid nitrogen per patient is 3.77 kg. For the
effective use of WBC technology, it is necessary to determine the general require-
ments for the power of cooling systems and the temperature of cryostatting of the
WBC area.

Keywords: whole-body cryotherapy, WBC, supercooling of the skin surface, heat
removal, useful heat load, WBC minimum procedure, cooling gas temperature

1. Introduction

Equipment for whole-body cryotherapy (WBC) has been used in clinics around
the world for over 40 years [1, 2]. Despite this, until today there is no universally
accepted concept describing the mechanism for achieving the healthcare effect of
this physiotherapeutic procedure, and the physical conditions of safety and effec-
tiveness of cryogenic cooling of the patient’s skin surface have not been determined
[3-6]. Temperature of the cooling gas and the duration of its contact with the
patient’s skin, being the most important technological parameters of WBC, vary
over a wide range. The requirements for the power supply capacity of equipment
for the implementation of WBC technology are not defined. In such conditions,
manufacturers of devices for WBC procedures gradually increase the value of the
minimum gas temperature in the WBC cab. Over 40 years of cryotherapeutic
system production, the gas temperature declared by manufacturers of devices for
WBC has doubled from 98 K in 1978 [1, 2] to 192 K [4-7]. By increasing the
operating temperature of the equipment, manufacturers significantly reduce the
cost of its production. For 40 years, the cost of devices for group WBC has
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decreased by 30 times. Low prices for equipment provide a high level of sales, so the
trend of increasing operating temperature of WBC devices persists. An increase in
the temperature level is accompanied by a decrease in the power of systems for
cryostatting the WBC zone. The newest installations are equipped with refrigera-
tors with a specific power of the electric driver of not more than 1 kW/m>. At a
temperature level of 170 K, a refrigerator with such a power has a heat-removing
capacity of not more than 400 W/m?, which is comparable with the physiological
heat release of a patient under thermal comfort conditions (150 W) [7].

Unreasonable changes in WBC technology affect the effectiveness of the pro-
cedures. Recently, more and more articles appear, the authors of which express
doubt that cryotherapy can provide the healthcare effects described in papers
published before 1990 [7, 8]. The reason that many modern WBC systems are not
able to provide the conditions for obtaining the healthcare effects described in the
last century [1, 2] is the increase in gas temperature in the working zone of new
installations. This can be seen even from the titles of the articles [1, 8]. The tem-
perature increase from —170°C (102 K) to —110°C (163 K) changes the absolute
value of the temperature by 1.6 times, which cannot but affect the intensity of heat
removal, the degree of supercooling of the patient’s body surface, etc. From a
thermophysical point of view, it is obvious that from 1978 to 2018 the technology,
which is commonly referred to as WBC, has qualitatively changed. And, judging by
contemporary publications, this qualitative change had a negative impact on the
healthcare effectiveness of the procedures, which until recently were successfully
used to treat a number of severe diseases: rheumatoid arthritis, bronchial asthma,
psoriasis, etc. [9, 10].

In such conditions, the determination of cause-effect relationships between the
WBC technological parameters and the magnitude of the healthcare effect acquires
high scientific and social significance. Formation of the thermophysical theory of
WBC creates a scientific basis for restoring the production of effective
cryotherapeutic installations at the modern technical level.

2. Historic reference

The WBC method is based on providing the total contact of the patient’s skin
surface with a cryogenic gas. With a contact duration of up to 3 minutes and a gas
temperature of less than 140 K, the WBC procedure provides a number of positive
effects that are used in treatment practice [11, 12]. The most demonstrative and
controlled sign of the WBC effectiveness is the duration of analgesic action, which
can last 6-8 hours [7]. The analgesic effect of WBC was first described and used in
treatment practice by a Japanese doctor Yamauchi. For the WBC procedures, a
special installation was made, called “Cryotium” by the author of the method [2].
The “Cryotium” design was analogously a refrigeration chamber for long-term
storage of perishable products. The chamber was separated from the environment
by the lock chamber (Figure 1), which was supposed to reduce the loss of cold air
from the main chamber.

Given the relatively large size of the chamber, several patients were undergoing the
WBC procedures simultaneously (from 5 to 12). To obtain cryogenic temperatures,
liquid nitrogen was fed to the “Cryotium” heat exchangers instead of freon. The
“Cryotium” design appeared by chance. Yamauchi believed that in order to obtain the
maximum treatment outcome, the maximum decrease in temperature should be used.
This condition became the basis of the design. To reduce the cost of manufacturing
“Cryotium,” Japanese engineers used the insulating structure and heat exchangers of
the serial refrigeration chamber. The temperature regime in the chamber volume was
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Figure 1.
Multi-seat cab for WBC.

determined by the requirement of the inadmissibility of air condensation on the
surface of a heat exchanger. The temperature of the outer surface of the heat
exchanger Ty must be higher than the condensation temperature T}:

Tuc>T, =81 K. (1)

The removal of heat from air to the surface of the heat exchanger was carried out
by natural convection.

With natural convection, the calculated temperature gradient between the gas
and the heat-removing surface is 20 K:

TAfHC = TA — Tchzo K. (2)

Minimum possible air temperature in the cab:
Ta =Ty +ATs_nc~101 K(-172°C). (3)

The value of the air temperature during the WBC sessions specified by the
method’s author [1] is the lowest possible temperature that could be achieved in this
cab design. It is important to note that in “Cryotium” the temperature was
maintained by choosing the pressure of liquid nitrogen (LN) vapor in the heat
exchanger tubes (Figure 2). The boiling point of LN depends on pressure; by
increasing the vapor pressure to a level of P > 0.2 MPa, it is possible to ensure the
fulfillment of condition (1) without using the temperature control systems. The lack
of a temperature control system has provided “Cryotium” with unique operational
advantages over modern WBC devices. Heat exchangers filled with liquid nitrogen
successfully dealt with an increase in heat load when patients entered, and the
correct choice of operating pressure prevented air condensation.

Thus, the “Cryotium” design determined the WBC technology. Perhaps, that is
why the author of the method did not give any reason for the WBC temperature
regime in his works. The ratios of the boiling points of nitrogen and air, as well as
the design features of the device in which the procedures were performed, have
randomly created the conditions for a safe and highly efficient procedure.
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Figure 2.
The scheme of supplying liquid nitrogen to the heat exchangers of the installations for the WBC: (a) “Cryotium”;
(b) “KR-2005.”

Yamauchi used the WBC method for the treatment of rheumatoid arthritis [1];
the technique was so effective that it quickly spread to the countries of Western
Europe. In Poland and Germany, devices similar to “Cryotium” were put in pro-
duction. European manufacturers have tried to reproduce the Japanese installation
on the base of available information but, for unknown reasons, have changed the
basic operating principle of “Cryotium.” This is translated into an increase in the
minimum operating temperature from —170 to —160°C [13]. A slight increase in
temperature led to a whole chain of changes in cooling technology, which caused a
gradual decrease in the efficiency of European (Polish and German) installations for
WBC. As already shown above, the temperature level of —170°C was maintained in
“Cryotium” without using a temperature control system, only through relief of
excess pressure in the LN vapor line (Figure 2a).

The liquid level controller (YC) in the heat exchangers of the “Cryotium”
installation according to the sensor signals of the Y level controls the operation of
the solenoid valve (SV), through which LN enters the system. The cryogenic liquid
enters the heat exchanger (HE) tubes, where it partially evaporates due to the
supply of heat from the procedural room air. Vaporization reduces the flow density
in the tubes; the vapor-liquid mixture is pushed out from the top of the heat
exchanger to the liquid separator (LS). In this apparatus, liquid and vapor are
separated. The liquid flows into the lower section of the heat exchanger (HE) and
again participates in the removal of heat. LN vapors accumulate at the top of the
liquid separator (LS). The vapor pressure is controlled by a safety valve (V), which
opens at a pressure of 0.22 MPa. The vapor pressure determines the LN boiling
point and the temperature of the tubes of the heat exchanger (HE), which must
meet condition (1). The air temperature in the main “Cryotium” cab at the presence
of patients rises to —170°C. In the pauses between the procedures, when the heat
load on the cooling system is reduced by 10 times [7], the air temperature in the
main cab approaches the temperature of the heat exchanger tubes:

ATa_pc —5 K Ta— Ty +ATa_pc~86 K(-187°C). (4)

The air temperature in the cab remains at the minimum possible level. In Euro-
pean installations, the air temperature in the cab is controlled by the temperature
controller (TC), which, by signals from the temperature sensor (S), opens the liquid
nitrogen supply valve (SV). In order to maintain the temperature at —160°C, the TC
limits the supply of LN to the heat exchanger (HE) in the period when there are no
patients in the cab. The LN level decreases until the sensor (S) registers the set
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temperature. The upper sections of the heat exchanger (HE), through which the
nitrogen passes in the vapor state, are heated to a temperature close to the air
temperature in the chamber. The temperature of the inner tube surfaces exceeds the
LN boiling point by more than 20 K:

Thc — Tax110 K Tye>T), +20 K. (5)

When patients enter the main cab, relatively warm air enters from the lock
chamber (T; = 210 K). Because of this, the air temperature in the cab increases by
50 K or more. The temperature controller opens the SV and resumes the supply of
LN to the heat exchanger (HE). However, it takes some time to fill the tubes of the
heat exchanger; moreover, the temperature of the upper sections of the heat
exchanger (HE) exceeds the boiling point of nitrogen by more than 20 K. Because of
this, the LN film boiling occurs at which the intensity of heat removal to the liquid is
much lower; therefore, the vapor-liquid mixture passes the heat exchanger (HE)
and is discharged through valve (V) into the environment. Under such conditions,
the heat exchanger does not cope with heat generation from the surface of the
patient’s bodies and cannot restore the specified temperature mode of the chamber
until the patients enter the lock chamber. The WBC procedure takes place at a
temperature significantly higher than the nominal —160°C [7]. After the patients
leave, the thermal load on the cryostatting system is reduced 10 times, the air
temperature drops to the nominal level, and the temperature controller stops the
supply of LN to the heat exchanger (HE).

The increase in the air nominal temperature in the cab for WBC from —170°C to
—160°C fundamentally changed the temperature algorithm of the procedure