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ABSTRACT

The air conditioning systems of low humidity applications
using desiccant wheel consume a huge amount of energy to
maintain the required low temperature and humidity needed by
the application. In the mathematical work of the present study,
proposed efficient systems that integrate the technologies of
desiccant dehumidification, evaporative cooling, and
freshwater production with the air conditioning system of low-
humidity applications are presented. Thermodynamics analysis
of the systems is conducted and the systems of governing
equations are analytically solved and analyzed using EES
software. Parametric studies are conducted to investigate the
effects of the different operating parameters on the
performance of the proposed systems. The power savings and
the fresh water productions of the different proposed systems
are evaluated and compared to select the optimum system
configuration.

The results of the analytical study showed that :

Q) The fresh water production rate and the cooling coil
capacity of the air conditioning system increase with
increasing the fresh air ratio and outdoor humidity
and decrease with increasing the ambient air
temperature,

(i)  The saving in power consumption due to using
energy recovery in system 2 and 3 remarkably
noticed with increasing the outdoor air ratio.

(iii)  The system with energy recovery located after the
desiccant wheel is operating more efficiently and
economically compared to the other systems.

An  experimental  investigation of the  Humidification
dehumidification (HDH) water desalination system using new
air humidification section (honeycomb packed bed) and new
dehumidification coils (un-finned and strips wired finned
helical coils) at different orientations were conducted. HDH
systems of different dehumidifying helical coils (finned and
un-finned) were tested at different orientations (vertical and



horizontal) for a wide range of air flow rate, air temperature,
air humidity, water flow rate and water temperature.
The results of the experimental study showed that:

(i)

(i)

(iii)

(iv)

(v)

(vi)

The productivity and performance of the proposed
HDH system increases with increasing the air flow
rate, air humidity, air temperature, water flow rate
and water temperature.

The proposed HDH system with the new
humidification and dehumidification sections has
better productivity and performance  compared to
other systems.

The dehumidifying finned helical coil always has
better performance compared to the un-finned coils
whatever the coil orientations, air flow rates, and air
properties.

Placing the coil (finned or un-finned coils) at
vertical orientation enhances the coil performance
and the system productivity.

The finned and un-finned coils at the vertical and
horizontal orientations, the system productivity and
the coil performance increases with increasing air
flow rate, air humidity and air temperature.

The effect of using strip fins on the coil surface is
more dominant in case of horizontal orientation of
the coil compared to the vertical orientation. Finally,
the results concluded the recommendation of using
finned helical coils at the vertical orientation for the
optimal performance of the HDH system.
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NOMENCLATURES
Cp Specific heat, kJ/kg. K
E° Total power consummation, KW
E pump  Auxiliary power “Ratio of the auxiliary electricity consumed by
blowers and pumps used for air and water circulation per unit
amount of water production =~ 0.029 kWh”

h Specific enthalpy, kJ/kg

hrg Heat of water evaporation, ki/kg

hs Sensible heat transfer coefficient, KW/ m?.K
ht Total heat transfer coefficient, KW/ m?.K
m° Mass flow rate, kg/sec

m'w1  Fresh water production rate across cooling coil in air cooled
chiller unit, kg/sec.

m ‘w2  Fresh water production rate across cooling coil in water cooled
unit, kg/sec.

Q%  Cooling coil capacity, kW

Q1L Latent heat transfer, kW

QR Conditioned space load, TR

Q5% Sensible heat transfer rate, kW

Q1 Total heat transfer rate, kW

T Temperature, °C

W+ Compressor power, kW

) Specific humidity, kgv/ kga

Abbreviations

AIC Air Conditioning

Ac Surface area of helical coil

CcC Cooling Coil

COP  Coefficient of Performance

DCS  Desiccant Cooling System

DW Desiccant Wheel

DX Direct Expansion

EES Engineering Equation Solver

FWST Feed Water Storage Tank

HC Humidification Compression

HDH  Humidification- Dehumidification

HR Heat Recovery

MVC  Mechanical Vapor Compression
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PS

Power Saving

RH Relative Humidity

RR Reactivation air Ratio “Reactivation air volume divided by
process air volume”

RSHF  Room Sensible Heat Factor “Sensible heat load divided by total
heat load in room”

TR Tone of Refrigeration “1TR=3.51 KW”

TSC  Total Saving in Cost ($/Kwh)

Subscript

0,3 Fresh air inlet to system

1 Process air inlet

1, air Air inlet to system

2,2’ Process air outlet (Dry air)

2, air Air inlet to helical coil

U OO —ao o0 ~No oA
&
w

Regeneration air inlet (Hot and dry air)
Regeneration air outlet (wat air)

Air exit from humidifier inlet to the cooling coil
Air exit from the cooling coil

Compressor

Exit

Inlet

Outlet/ Outdoor

Process air

Proposed system 2, 3

Reg Regeneration air
S Air supply to room
w Water
w, hum Water inlet to humidifier
Greek Symbols
o Inclination angle
€DW1 Thermal efficiency of Desiccant wheel
£DW2 Regeneration Efficiency of Desiccant wheel
Meff Coil effectiveness



Chapter 1: INTRODUCTION
1.1. Problem Definition

The air conditioning systems of low humidity applications such as
pharmaceutical factories consume a huge amount of energy in air
conditioning and desiccant wheel processes to maintain the required
low temperature and humidity needed by the application. At the same
time, a huge amount of water vapor is exhausted to the atmosphere
with the regenerated hot air of the desiccant wheel. Fig. 1.1 shows the
basic air conditioning system with a desiccant wheel to maintain the
space at the required temperature and low humidity. The system
consists of air-cooled chiller unit to serve the cooling coil with chilled
water required to cool the air supplied to the space required to be air-
conditioned, desiccant wheel (DW) to keep the low humidity in the
server space, and heating coil to produce the hot air required for the
regeneration process of the desiccant wheel.

Desiccant Heating
wheel coil
5 4 m Fresh air,3
— —= —————
m Reg
| we
) air cooled
l ‘chMerunK
Fresh air,O 1 2 | S
o o ] | me
. | i
| S m°w Conditioned
B space
O @ > g
) Cooling Coil
o
exhaust airR Return air, R

Fig. 1. 1 Basic air conditioning system with desiccant wheel

The system process on the air is described using the psychrometric
chart as shown in Fig. 1.2. The outdoor air at state O mixes with the
return air at state R to a mixed air at state (1). The outdoor air to the
return air ratio and accordingly the location of point 1 on the

3



Psychrometric chart vary according to the fresh air requirements in the
conditioned space. The mixed air is then passed on the desiccant wheel
where water vapor is extracted from it leading to the dehumidification
and heating of the air to state (2). The air outlet from the desiccant
wheel passes through the cooling coil of the air handling unit. Air
cooled chiller is used to supply the chilled water required by the
cooling coil of the air handling unit to cool and extra dehumidify the
air. The air exits the cooling coil at state (S) where it is supplied to the
conditioned space to remove its cooling and moisture load and
maintain it at the required design conditions. Part of the air returned
from the conditioned space is mixed with the outdoor fresh air, and the
other part is exhausted to outdoor. To remove the moisture captured in
the desiccant rotor, another amount of outdoor air called reactivation
air at outdoor ambient condition (O) is heated up in a heating coil
before entering the desiccant rotor at state (4). After removing the
moisture content from the desiccant wheel section, the humid hot air
exit from the de3|ccant Wheel (state 5) is exhausted to the atmosphere
R
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Fig. 1. 2 Psychrometric chart of process air of the AC system with DW
A large part of the energy of the air-conditioning system (AC) of

the low humidity applications is required for the removal of moisture.
A desiccant wheel (DW) is typically used in this system to remove
water (moisture) from processing air before it is mechanically
refrigerated. In the desiccant wheel, the process air to be dehumidified
passes through the adsorption section of the wheel where the water
vapor in the process air is directly removed from the air and holds in
the wheel while rotating.



As the desiccant section saturated with water vapor passes through
the regeneration sector of the wheel, the water vapor is transferred to a
heated regenerative airstream, which is exhausted to outside. The
process operates in a steady continuous manner, allowing for highly
effective and uninterrupted dehumidification. Fig. 1.3 shows the
principle of operation of the desiccant wheel.

Process air

Can i =

Wet air Regeneration air

Drive motor

Fig. 1. 3 Principle of desiccant wheel operation

Freshwater production by air humidification dehumidification
system is widely used for the sake of fresh water with minimum
driving energy. Extra energy in the air and water heating can be used
in this system to enhance the performance and productivity of this
system. Fig. 1.4 shows a schematic diagram of a water desalination
system using air humidification dehumidification system (HDH).

CoTTTTTTT TNy
Humidifier Dehumidifier
D M
. -
. Air  Freshv ! Feed
Brine

water water

Fig. 1. 4 Schematic diagram of water desalination system using air HDH
system.

Combining the purpose and advantages of the above two systems
make us thinking of proposing hybrid systems for air conditioning and
fresh water production to be used in air conditioning of low humidity
applications to remove moisture from the conditioned space and
utilizing the high humidity and temperature of the exhaust regenerated



air from the desiccant wheel of the air conditioning system in
freshwater production. Fig. 1.5 shows the schematic diagram of the
hybrid air conditioning and fresh water production system where the
hot and humid regeneration air exhausted from the desiccant wheel is
utilized as the process air of the humidification-dehumidification
system. Doing so, the energy and water used to drive the system to
produce fresh water are reduced. Fig. 1.6 shows the air process on the
Psychometric chart. The humid hot air exit from the desiccant wheel
at state (5) passes through humidifier operated by brackish water to
increase the moisture content in reactivation air. The air exits the
humidifier at state (6) is dehumidified on the water coil to produce
water and the air is then exhausted to the atmosphere at state 7. The
water rate given by the water coil is m"w2. The water produced from
the water-cooling coil is collected with the water condenses on the
cooling coil to produce the total amount of fresh water production. A
water chemical treatment unit is used to treat the total condensate water
to be fresh water.

water cooling
coil

m‘w * 4"1?w,nut - Desiccant Heat_ing
humidifier wheel coil
7 } d E 5 & | Fypp | Fresn aira
L e e
__________ ™ Feg
m g me |_ N R / —|
-+ l.-" \F W,
¢ chemical N
\_remmentune I\—/l air cooled
4 | | chiller unit
Fresh air,0 q 2 5
> »—} 11 | »-
r [t | m3g
i R =-=1
W
& -
3 Conditioned
t5 = Cooling Cod| space
=
exhaust air R Retum air, R

-

Fig. 1. 5 Schematic diagram of the hybrid AC and HDH water desalination
system (system-1)
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Fig. 1. 6 Psychometric chart of process air of the hybrid AC and HDH
water desalination system

1.2. Brief About Previous Work

The desiccant wheel (DW) has been used as an air dehumidifier
since the 1930s for industrial applications such as product dying and
corrosion prevention. It has also been used in hospitals, pharmaceutical
applications, clean rooms, museums and other areas requiring a low
humidity level. Nowadays, to save energy, the desiccant wheel is also
used in the air-conditioning system to reduce the latent cooling load.
The more moisture is removed from the air, the better the desiccant
wheel dehumidifier should perform. To achieve higher moisture
reduction, a higher temperature of the heater is required to heat the
regeneration air that flows pass the desiccant wheel. After removing
the water vapor from the desiccant wheel, the regeneration air is
exhausted at very high temperature and humidity. Utilizing this hot and
humid regeneration air in fresh water production by air HDH system,
the productivity of the system can be increased and the energy used to
drive the system can be reduced. Different hybrid systems of air
conditioning and fresh water production using HDH system can be
proposed for different alternatives of the system components locations.
The systems of the minimum power consumption and the maximum
freshwater production should be selected. The freshwater productivity
of the HDH water desalination system depends on the effectiveness of



the system components and the operating conditions. The effectiveness
of the dehumidifying coil is the most important parameters that affect
the productivity of this system. The effectiveness of the dehumidifying
coil depends on the geometric conditions of the coil as well as the
orientation of the coil. The operating conditions that affect the system
productivity are the air flow rate, air temperature, and air humidity as
well as the water flow rate and water temperature.

1.3. Thesis Overview

In the present work, innovated systems that integrate the
technologies of desiccant dehumidification, evaporative cooling,
traditional chillers system, and HDH water desalination system are
proposed for energy saving and fresh water production in the air
conditioning of low-humidity applications, as shown in Fig. 1.5.
Energy recovery and HDH units are integrated with the convention air
Conditioning-Desiccant wheel system of low humidity application for
energy saving and freshwater production. Different systems are
proposed for different arrangements of the energy recovery unit in the
system, as shown in Figs. 1.7, 1.8.

Theoretical analysis and parametric study are conducted to (i)
investigate the effects of the operating parameters on the performance
of the system, and (ii) compare between the different systems
alternatives to select the optimal system that gives maximum fresh
water production rate with the minimum driving power. To avoid the
high cost of the desiccant wheel system, a prototype experimental set-
up was designed and constructed where the desiccant wheel system
was replaced by heating and humidification systems as shown in Fig.
1.9. The main objective of the experimental work is (i) study the effects
of the different operating parameters on the HDH units for fresh water
production, and (ii) study the effect of the dehumidifying coil
geometry, the presence of extended surfaces and orientation on the
system productivity. The experimental work also aims to test a new
helical coil with wired fins for the sake of maximizing the water
dehumidification rate. The coil was tested at different orientations and
compared with the un-finned coil.
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1.4. Organization of Thesis
The organization of this thesis is as follows:

Chapter 2 “Literature Review”: This chapter reviews the previous
research papers related to the present study.

Chapter 3 “Mathematical model of proposed systems”: This chapter
Includes proposed efficient systems that integrate the technologies of
desiccant dehumidification, evaporative cooling, and freshwater
production with the air conditioning system of low-humidity applications.

Chapter 4 “Experimental Facility and Measuring Instruments”’: This
chapter presents the experimental setup to study the performance of the
HDH water desalination system at different operating conditions and
geometric design parameters of the dehumidifying coil.

Chapter 5 “Results and Discussions”: This chapter concludes the results
of experimental work to investigate and compare the heat transfer
characteristics and the air dehumidification/water condensation rates
of the finned and the un-finned helical coils at the vertical and
horizontal orientations.

Chapter 6 “Conclusions and Future work™: This chapter concludes
the contributions made in this thesis and provides some visions for the
future research.
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Chapter 2: LITERATURE REVIEW

Different hybrid systems of air conditioning/refrigeration and fresh
water production using HDH system have been investigated in the
literature by many investigators. The aim of most of these researches
was the selection of the system and the operating conditions that give
minimum power consumption and maximum freshwater production.
The freshwater productivity of the HDH water desalination system
depends on the effectiveness of the system components and the
operating conditions. The effectiveness of the dehumidifying coil is the
most important parameters that affect the productivity of the system.
One of the aims of the present study is to propose a dehumidifying coil
geometry and orientation that maximize the coil dehumidification
capacity. Accordingly, the literature review of the present study was
conducted for the following two major areas to support the scope of
the present work:

= Hybrid Air Conditioning/refrigeration and HDH Systems.
= Performance of cooling and dehumidifying coils for
different geometries and orientations

The concentrated efforts that have been devoted in the literature of
these two areas will be reviewed in this chapter.
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2.1. Hybrid Air Conditioning/ Refrigeration and HDH
Systems

Water desalination can be considered as a solution to fresh water
sources depletion but it consumes a considerable amount of energy.
Moreover, air conditioning systems consume considerable electrical
energy specially in hot and humid areas. Different techniques were
proposed to enhance the performance of the water desalination and the
air conditioning systems and to reduce the energy consumption.
Hybrid air conditioning and HDH fresh water production systems were
proposed and discussed by many investigators to enhance the
performance and the productivity of the systems and reduce the energy
consumption.

Aly NH et al. [1] studied theoretically and experimentally the
performance of the mechanical vapor compression (MVC)
desalination system. The experimental and theoretical results indicated
that the production rate increases by increasing the operating
temperature from 70°C to about 98°C, “evaporator designed
temperature70°C”. Also, increasing the evaporator temperature has a
good effect on the heat transfer coefficient.

Ghalavand Y et al. [2] presented a new humidification-
dehumidification  process  desalination  technology = named
‘““Humidification Compression (HC)" which has some advantages
(such as high energy performance, high recovery flow rate, energy
recovery) in comparison with other similar methods.

Nada SA et al. [3] studied theoretically the performance of
integrated A/C and water desalination systems using HDH technique
suggested for hot and dry weather areas. Four systems with evaporative
cooler and heat recovery units were employed, analyzed and assessed
at various operating conditions (fresh air ratio, supply air temperature
and outside air wet bulb temperature). The results show that (i) the
fresh water production rates of the proposed systems increase with
increasing fresh air ratio, supply air temperature and outdoor wet bulb
temperature, (ii) powers saving of the proposed systems increase with
increasing fresh air ratio and supply air temperature and decreasing of
the outdoor air wet bulb temperature.
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Later, Nada SA et al. [4] achieved an experimental study to
investigate the performance of an integrated HDH water desalination
and A/C system using vapor compression refrigeration unit. The
performance was studied under different operating parameters (air
flow rate, air inlet temperature, specific humidity, and evaporator
saturation temperature). The results showed the enhancement of the
fresh water production rate, the refrigeration capacity and the
compressor work per kilogram of fresh water with increasing air
specific humidity and air mass flow rate. The supply air temperature
and relative humidity increased remarkably with increasing freshwater
rate.

Al-Enezi G et al. [5] measured and analyzed the performance
characteristics of the humidification-dehumidification desalination
system at low operating temperatures. The highest water production
rates were obtained at high hot water temperature, low cooling water
temperature, high air flow rate, and low hot water flow rate.

Mohamed and EI-Minshawy [6] carried out theoretical work to
evaluate the performance of seawater HDH desalination system
powered by solar energy. The theoretical simulation model was
developed and a comparison study had been presented to show the
effect of the different parameters on the system performance and its
productivity.

Ghazal et al. [7] carried out an experimental prototype to improve
the performance of solar HDH systems. The solar air heater, solar
water heater and the evaporator of the traditional HDH systems were
replaced with compact system designs.

Nafey et al. [8] presented a numerical investigation of
humidification-dehumidification desalination (HDH) process using
solar energy. A mathematical model was developed, simulating the
HDH system, to study the influence of the different system
configurations and operating conditions on the system productivity.
The results showed also that the productivity of the unit is strongly
influenced by the air flow rate, cooling water flow rate and total solar
energy incident through the day. Wind speed and ambient temperature
variations show a very small effect on the system productivity. In
addition, the obtained results indicate that the solar water collector area
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strongly affects the system productivity more than the solar air
collector area.

Nafey et al. [9] also presented an experimental investigation for
desalination system based on humidification— dehumidification
desalination (HDH) technique using solar energy at the weather
conditions of Suez City, Egypt. Different variables are examined
including the feed water flow rate, the air flow rate, the cooling water
flow rate in the dehumidifier and the weather conditions. The results
showed that the productivity of the system is strongly affected by the
saline water temperature at the inlet to the humidifier, dehumidifier
cooling water flow rate, air flow rate and solar intensity. The wind
speed and ambient temperature variation were found to have a very
small effect on the system productivity.

Fouda et al. [10] studied the performance of a proposed innovated
solar integrated system for air conditioning (A/C) and humidification-
dehumidification (HDH) water desalination in hot and humid regions.
The study was conducted under different operating and design
conditions. The system performance parameters (fresh water
production rate, cooling capacity, electrical power consumption, water
recovery and system coefficient of performance) were hourly
estimated and daily integrated for different operational and design
conditions.

Elattar et al. [11] presented a parametrical and economical study of
the performance of integrative A/C and HDH water desalination
system assisted by solar energy. The system performance was
investigated under steady-state operation utilizing solar thermal
storage and auxiliary heating units.

Dayem and Fatouh [12] conducted theoretical and experimental
investigations for various HDH solar assisted water desalination
systems to present the best efficient system. Three systems were
suggested and compared for climatological environments of Cairo
(30_N). In the first system, an auxiliary heater was used to switch the
temperature of the salt water where it was naturally switched in the
second system depending on the weather conditions. The third system
was an open system in which the salt water was used as a collector
fluid. It was found that the third system is the most efficient one and it
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has the lowest cost. Moreover, the first one has the greatest distilled
water with higher temperatures and flow rates.

Giwa et al. [13] presented a humidification-dehumidification
desalination system driven by photovoltaic thermal energy recovery
for small-scale sustainable water and power production. The technical
analysis of the desalination process was carried out through the
modeling of the physical and thermodynamic properties under the
environmental conditions of Abu Dhabi, UAE.

Kabeel and El-Said [14] investigated and compared various
configurations of hybrid desalination systems based on air HDH-
single stage flashing and powered by solar energy.

Yildirnm and Solmus [15] theoretically investigated the
performance of HDH water desalination system driven by solar energy
for Antalya, Turkey under different design and operational parameters.

Sharshir et al. [16] experimentally investigated the performance of
a continuous HDH designation system integrated with evacuated tube
solar collector and solar still.

Suyono et al. [17] show the theoretical and experimental analysis of
system integrated solar dryer with a desiccant wheel is designed to
produce dry air, and then study desiccant wheel performance at low
humidity climatic region, where discuss the main factors affected on
drying process (temperature, flow rate and humidity of processing air).

Yadav and Bajpai. [18] studied the effect of optimal rotational
speed on moisture removed by process area in the desiccant wheel.
Also, the effect of air flow rate on the reactivation air and process air
has been studied. When process inlet air velocity increases it causes a
reduction in process removed moisture. With an increase in
reactivation inlet air velocity, there is only a slight increase in process
removed moisture.

Dai et al. [19] conducted a comparison study between the cooling
vapor compression systems, vapor compression with complementary
desiccant and vapor compression evaporative cooler supplemented
with desiccant.

Mandegari and Pahlavanzadeh [20] studied the different types of
desiccant wheel efficiency. Two kinds of the efficiency of the
desiccant wheel dehumidifier were examined, namely thermal and
dehumidification efficiency. The study concluded that the efficiency
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changes due to the change of temperature and humidity of inlet and
outlet air streams.

Kamar et al. [21] studied the effect of varying the regeneration air
temperature on desiccant wheel performance. Results of the
experiments showed that increasing the regeneration air temperature
increases the dry bulb temperature of the process outlet air. However,
the moisture content of the process outlet air was reduced. The
dehumidification efficiency of the desiccant wheel decreased with
increasing regeneration air temperature.

Zendehboudi et al. [22] studied the performance evaluation of a
system consists of desiccant wheel coupled with AC system for
tropical climatic zone of IRAN. The study showed that the amount of
energy saving and efficiency increased comparing with those of
conventional cooling and dehumidification systems. Results indicated
that when the hybrid system was used, the efficiency was increased by
0.76 and energy consumption was reduced by 3.034kW.

Daou et al. [23] investigated the performance of the desiccant systems
in different climatic conditions to emphasize the benefits of energy savings.
Some commented examples were presented to show how the desiccant
cooling can be a perfective supplement to other cooling systems such as
traditional vapor compression air conditioning system, the evaporative
cooling, and the chilled-ceiling radiant cooling.

Al-Enezi et al. [24] examined and investigated the performance of
water desalination system using HDH technique at low operational
temperatures. The maximum freshwater rate was observed at elevated
hot water and low cooling water temperatures and at high air and low
hot water mass flow rates.

Yuan et al. [25] presented an integrative unit for air-conditioning and
desalination driven by vapor compression heat pump on basis of direct
humidification-dehumidification process. The performance of the system
was studied using the mathematical modeling. The flow, heat and mass
transfer inside the humidifier was analyzed by Gao et al. [26].

Mehrgoo and Amidpour [27] used the constructed theory for
conceptual design of humidification-dehumidification (HDH)
desalination unit and showed that the main design features of a direct
contact HDH desalination process can be determined based on the
method of the constructed design.
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2.2 Performance of cooling and dehumidifying coils for
different geometries and orientations

In the cooling and dehumidifying coil, condensation of water vapor
of the air on the surface of the cooling coil occurs. The characteristics
of the heat and mass transfer in the condensation process control the
performance of the cooling and dehumidifying coils. The helical coil
is an effective device for heat exchange because of its high heat transfer
area and heat transfer coefficient in small occupied space. The cooling
effect in helical coils tube is high compared to the straight tube due to
the tube curvature effect in helical coil. The fluid stream in the outer
layer of the helical tube flows faster than the flow of fluid in the inner
layer. Helical coils showed the best performance among the other types
of the coils due to its compact size and high heat transfer coefficients.
The purpose of most of the researches conducted on helical coils was
to determine the performance of the helical coils in different
application Heat transfer process in helical coil heat exchanger had
been extensively studied by man researchers. Most of the researches
were devoted to compare the heat transfer characteristics of helical
coils and straight tubes heat exchangers. Some of these researches were
conducted through analytical/numerical studies and other through
experimental studies [28-45].

Prabhanjan et al. [28] studied heat transfer in helically coiled heat
exchanger compared to straight tube heat exchanger with similar
dimensions. Results showed that, heat transfer coefficient increases in
helical coils compared to those of straight tubes.

Coronel and Sandeep [29] tested two helical coils having different
curvature ratios versus straight tube heat exchanger at different flow rates
to determine and compare heat transfer capability of the different coils with
turbulent flow regimes. Results showed that, in helical coil heat exchanger
the overall heat transfer coefficient is higher than that of the straight tube
heat exchanger and increases with increasing the curvature ratio.

Salimpour [30] carried out experimental work to study heat transfer
coefficient of shell and helical coil tube with different coil pitches. Results
showed that large coil pitches give higher heat transfer coefficient at
constant temperature boundary condition.
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Gupta et al. [31] conducted experiments to develop correlations to
be used in the design of finned-coil heat exchangers of air conditioning
and refrigeration applications. Experiments were conducted in
Reynolds number effective range 500-1900. Results showed that the
predicted correlations can be utilized in heat exchanger design with
reasonable accuracy.

Mohamed et al. [32] conducted experimental study to determine the
condensation heat transfer coefficient of the steam flowing into the
helical coil. The different operating factors are; diameter of the pipe,
diameter of the coil, pitch coil, and coil directions. The results showed
that, the heat transfer coefficient increases when the saturation
temperature decreases, the diameter of pipe decreases, the e helical-
coil diameter decreases, and the coil pitch increases.

Shirgire and Kumar [33] compared between helical coil and straight
tube heat exchangers through studying the effect of the heat exchanger
geometry on heat transfer and on the heat exchanger effectiveness. The
results revealed that the overall heat transfer coefficient increases and
the effeteness of the heat exchangers decreases with increasing the
flowing fluid velocity.

Jaber et al. [34] used three shells and helically coils heat exchangers
of different pitches to conduct experimental work to evaluate and
compare the heat transfer coefficients for parallel and counter flow.
The results showed that, heat transfer coefficient increases with
increasing the pitch of the helical coil.

Gurav [35] conducted comparative study of heat transfer in helical coil
and straight tube heat exchangers. From the results, it was reported that
increasing the curvature ratio causes the increase of the heat transfer
coefficient. The heat transfer coefficient for helical tube-in-tube arrangement
was approximately 10 to 20 times of the straight tube’s arrangement.

Ankanna and Reddy [36] performed parametric analysis for straight
tube and helical coil heat exchangers. Both the tubes were tested for
parallel and counter flow configurations. The effects of various
parameters on the effectiveness were observed. For helical counter
flow arrangement, the overall heat transfer obtained was less than
parallel flow arrangement. It was found that the effectiveness of helical
coil heat exchanger was always more than that of straight tube and
higher values were observed for counter flow configuration.
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Naphon [37] conducted experiments on helical coil heat exchanger
consisting of a shell and helical coil of 30 turns with and without fins
for calculating and comparing heat transfer and coils performances.

N. Ghorbani et al. [38-39] experimentally studied the convection heat
transfer in helical coil tube at different diameters, pitches of coil and mass
flow rates. The results showed that, when the mass flow rate increases the
effectiveness of the heat exchanger decreases.

Bandpy et al. [40] experimentally studied the effect of the coil pitch
on heat transfer from the coil to the shell in helical coil-shell heat
exchanger. The tests were conducted for laminar as well as turbulent
regime at different flow velocities and temperatures. The results
showed that with increasing the coil pitch for the same inside tube
diameter, the heat transfer coefficient was found to increase.

Nada and Alshaer [41, 42] developed correlations for Nusselt number
and pressure drop for double tubes and multi tubes in tube helical coils,
respectively. Different numerical investigations were recently conducted
for multi tubes in tube helical coil heat exchangers to study the effect of the
mass flow rates, number of tubes, heat-flux and temperatures on the flow
regime and heat transfer coefficient [43, 44].

Gore et al. [45] experimentally compared the performance of the straight
tube and helical coil heat exchangers. The results were compared with the
help of verified CFD model to infer that helical coil gives superior heat
transfer rates compared with the straight tube coil.

Shriyan [46] conducted a review on heat transfer characteristics of
fluids in curved and straight tubes for various parameters and under
different experimental conditions. It was reported that, surface
geometry modifications like bending of straight tubes into curved coils
are effective and efficient method for heat transfer enhancement.

Karmankar, [47] used helical coil tube to promote heat transfer
coefficient. It was reported that heat transfer in a coiled tube is higher
than that in a straight tube because of the contribution of the secondary
vortices formed by the centrifugal force.

Gavade et al. [48] conducted experimental comparative analysis
between a helical coil and a straight tube heat exchanger for parallel
and counter flow. Based on the results obtained, it was concluded that
the helical tube has a larger surface contact area that allows the fluid

20



to contact surface for a longer period and this improves the heat
transfer compared to the straight tube.

Sreejith et al. [49] also conducted comparative experimental
analysis between helical and straight heat exchanger for parallel flow
and counter flow arrangements. It was also reported that the overall
heat-transfer coefficient and the heat exchanger effectiveness are
relatively high compared to the straight tube heat exchanger.

Khairul et al. [50] conducted thermodynamic analysis of enhanced
fluid flow in helical coil heat exchanger using different nanofluids
(CuO, AlI203 and ZnO with water). Results of heat transfer and
entropy generation rates were found to depend on nanofluid
concentrations and flow rates.

Ehsan et al. [51] experimentally studied the effect of different
operating parameters of helical coils such as coil pitch, coil diameter,
number of turns, and mass flow rater on Nusselt number. The work
was done on seventeen helical coils to study the natural convection
heat transfer between the coils and the water tank in which the coils
were submerged. Nada et al. [52-53] experimentally investigated the
performance of the shell and finned and un-finned helical coils heat
exchanger to study shell diameter effect and the existence of external
fins on the heat transfer process. Four shells of different diameters
were tested in this work for finned and un-finned coils.

Heat and mass transfer characteristics of water vapor condensation
on/in helical coils were also extensively studied by many researchers.
Most of the researches were devoted to determine the condensation
heat transfer coefficient in helical coil at different operating parameter
by using analytical or experimental investigation [54-56].

Gupta et al. [54] carried out an experimental study of heat transfer and
pressure drop characteristics of R-134a condensing inside a helical coil tube
in horizontal position with the counter flow of the water in the shell. The
effects of the mass flux, amount of vapor, and the evaporative temperature
on Nusselt number and pressure losses were studied.

Ali and Gulhane [55] conducted experiments on condensation heat
transfer in a vertical helical coil of 175 mm coil diameter under
variable mass flux conditions. The results were used to evaluate
coefficient of heat transfer and compare it with the correlations
obtained in previous works in the literature.
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Yu et al. [56] studied the heat transfer during the condensation of
hydrocarbon propane refrigerants in a helical coil. The investigation
was carried out at different operating conditions as mass flux and
saturated temperature. The effects of flow parameters were analyzed.
The result revealed the increase of the heat transfer coefficient with the
increase of the mass flow rate and vapour quality. Several researches
have been conducted experimental and analytical investigations to
explore the effects of the tilt angle and the surface orientation on the
heat transfer coefficient by condensation [57-65].

Saffari et al. [57] theoretically and numerically studied stratified
condensation heat transfer mechanism in an inclined tube. The heat
transfer coefficient for 30° inclination angle was high in comparison
with 60° and 90° inclination angles.

Waiker et al. [58] implemented a study to determine the effect of
the pipe inclination angle on steam condensation rate in case of steam
flow in pipes. The investigation was done analytically and
experimentally for vertical and horizontal tubes.

Mozafari et al. [59] investigated the effects of refrigerant mass flux,
vapor quality and coil inclination angle of on the condensation and
pressure drop processes of R 600a flows in the helical coil oriented at
different angles: zero, 30°, 60° and 90°. The study was done at coil
diameter, coil pitch, and number of turns of 305 mm, 35 mm, 210 mm
and 6, respectively. The results showed that at any inclination angle,
when the mass flow rate and vapor quality increase the heat transfer
coefficient and pressure drop of condensation process increase.

Ewim et al. [60] experimentally studied condensation of R134a in tube at
different parameters such as mass flux, saturation temperature, wall tube
temperatures and tube inclination angle to find the effect of these parameters
on the condensation heat transfer coefficient.

Abadi et al, [61, 62] presented numerical investigations of the
effects of inclination angle on condensation heat transfer coefficients
and pressure drops of vapor condensing inside tube. The work was
done at different saturation temperatures and different inclination
angles in the range -60 to +60°. The results showed that when the
saturation temperature increases the pressure drop and heat transfer
coefficient decrease.
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William et al. [63] presented an experimental study for steam
condensation in inclined flatted tubes used in air-cooled condenser.
The inclination angle was varying from horizontal 0° to 75°. The
overall heat transfer coefficient was found to be increased by
increasing the inclination angle of the tube.

Nada and Hussein [64] conducted an experimental work to find a
correlation of heat transfer coefficient for steam condensation outside
inclined tubes tube in terms of the inclination angle. An experimental
and numerical investigation of the effect of the tube curvature on the
condensation heat transfer and flow regime for vapor condensing
inside horizontal helically coiled tubes was conducted by Naphon and
Suwgrai [65]. Three different curvature ratios were tested at constant
wall coil temperature. The results were compared between straight
tube and helical coil.

The above literature shows that although heat transfer process in
helical coil heat exchanger had been extensively studied by many
researchers; heat and mass transfer during humidification of moist air
on helical coils has not been extensively studies. Moreover, the
enhancement of the heat transfer and dehumidification process of
moist air on helical coils using extended fins on coil surfaces has not
been studied.
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2.3. Gap in Literature Review and aim of the present study

It is evident from literature review that there is no comprehensive
study for a hybrid air conditioning system using desiccant wheel and
HDH water desalination system. Moreover, enhancing the productivity
of HDH system using helical dehumidifying coils with ripped fins and
the characteristics of water condensation/dehumidification on helical
coils during the air dehumidification on the coil was not addressed in
the literature. The effects of coil orientations and the existence of fins
on the coil outer surface on the water dehumidification rate for
different inlet air flow rates, temperatures and humidity are not exist in
the literature. The aim of the present work is:

1. Conduct analytical study of proposed efficient hybrid systems that
integrate the technologies of desiccant dehumidification, evaporative
cooling, and freshwater production with the air conditioning system of low-
humidity applications. Thermodynamics analysis of the systems is
conducted and the systems of equations are analytically solved and
analyzed using EES software. Parametric studies are conducted to
investigate the effects of the different operating parameters on the
performance of the system. The power savings and the fresh water
productions of the different proposed systems are evaluated and compared
to select the optimum system configuration.

2. Conduct an experimental investigation of the performance and
characteristics of HDH system using honeycomb paced bed for air
humidification and helical coils of different surface geometries and
orientation for air dehumidification. Heat transfer and vapor
condensation/dehumidification characteristics on the helical coils used
for fresh air dehumidification in the HDH were investigated in details.
A parametric experimental study of the effects of helical coil
orientation and the air inlet conditions on the HDH system and the
dehumidifying coils performances and water condensation rate was
also conducted. The effects of adding rips/wire fins on the external
surface of the dehumidifying coil was also investigated by testing two
similar coils; one without fins and the second with fins. The study aims
to find the geometric, orientation and operating conditions which gives
the best performance of the HDH system and dehumidifying helical
coils.
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Chapter 3: MATHEMATICAL MODEL OF
PROPOSED SYSTEMS

3.1. Introduction

The air conditioning systems of low humidity applications consume
a huge amount of energy to maintain the required low temperature and
humidity needed by the application. A large part of the energy is
consumed for the removal of moisture and maintaining the required
low humidity and temperature. Desiccant dehumidification is using
desiccant wheel is typically used in this system to remove the moisture
from the processing air before it is mechanically refrigerated. In the
desiccant wheel, the process air to be dehumidified passes through the
adsorption section of the wheel where the water vapor in the process
air is directly removed from the air and holds in the wheel while
rotating. As the desiccant section saturated with water vapor passes
through the regeneration sector, the water vapor is transferred to a
heated regenerative airstream, which is exhausted to the outside. In the
present chapter, proposed efficient systems that integrate the
technologies of desiccant dehumidification, evaporative cooling, and
freshwater production with the air conditioning system of low-
humidity applications are presented. Thermodynamics analysis of the
systems is conducted and the systems of equations are analytically
solved and analyzed using EES software. Parametric studies are
conducted to investigate the effects of the different operating
parameters on the performance of the system. The power savings and
the fresh water productions of the different proposed systems are
evaluated and compared to select the optimum system configuration.
3.2. System Description

Air conditioning, desiccant, and HDH hybrid systems are proposed
for low humidity application for energy saving and freshwater
production. Three systems are proposed in the present study. The first
system (named as systeml) is a basic air conditioning system of low-
humidity applications that can also be utilized for fresh water
production. The other two systems, system 2 and system 3, are a
modification of basic system with the integration of heat recovery in
the system downstream (system 2) and upstream (system 3) the
desiccant wheel. The schematic diagrams of the three systems are
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shown in Fig. 3.1. For the sake of comparison, the three systems are
assumed to serve a space of a 100 TR cooling capacity a room sensible
heat factor (RSHF) of 0.7 and are required to be maintained at 22 °C
temperature and 30% relative humidity. The systems consist of air-
cooled chiller unit to serve the cooling coil to cool the air, desiccant
wheel to keep the low humidity in the served space, heating coil to
produce the hot air required to the regeneration process of the desiccant
wheel, and HDH unit consists of humidifier and water-cooling coil for
fresh water production from the humid hot air that exit the desiccant
wheel. In systems 2 and 3 a heat recover is used for energy recovery
by cooling the process air by the cold air exhausted from the air
condition space. The thermodynamic processes that occur on the air in
the three systems are on the Psychometric chart in Fig. 3.2. Air at
ambient condition (O) is mixed with return air (R) to obtain air at state
(1). The mixed air is then passed on the desiccant wheel where is
heated and dehumidified to obtain air at state (2). The air outlet from
desiccant wheel passes through air-cooled chiller unit where it is
cooled and water vapor condenses on the cooling coil surface
producing fresh water (m°w1) and obtain air at state (S). The air at state
(S) which known as air supplied to conditioned space. To remove the
moisture captured in the desiccant rotor, the smaller air volume called
reactivation air at ambient condition (3) is heated up in a heating coil
before entering the rotor (4). The outlet air from the desiccant wheel at
state (5) passes through humidifier at constant wet bulb temperature
for increasing the moisture content in reactivation air to obtain air at
state (6). The air inlet water cooling coil has a high amount of water
vapor then this moisture will be condensed on the coil surface
producing fresh water (m°w2) and obtain air at state (7). The condensate
water from air cooling coil mixing with condensate water from water
cooling coil before passes through a chemical water treatment unit
where it is treated to be fresh water (m°w). The proposed systems 2
using heat recovery locate after desiccant wheel where process air
outlet from desiccant wheel in state (2) inlet to heat recovery for
decrease the process air temperature to obtain air at state (2") before the
inlet to air cooling coil. The proposed systems 3 by using heat recovery
locate before mixing section where inlet ambient air passes into heat
recovery to obtain air at state (O") before mixed with return air.
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Fig. 3. 2 Psychrometric chart of systems 1, 2 and 3.
3.3. Thermodynamic analysis and mathematical modeling

The governing equations based on energy and mass balance are
derived for each of the system components and solved numerically by
developing a mathematical model to simulate the systems in equations
using EES (Engineering Equation Solver, commercial version 6.883-
3D) software see Appendix A for EES formatted equation. The model
proposed is based on the following assumptions:

= Thermal/regeneration efficiencies of DW are taken as 20 % [20].

= Heat recovery efficiency is taken 60 % as per typical values of
suppliers [66].

= Air and water leakages in the system are neglected.

= Reactivation air ratio is taken 0.33 which depend on the type of DW.

= The air leaves the humidifier at a wet-bulb temperature equal to the
leaving water temperature.

= The air humidification in the humidifier occurs until saturation of air

= The dehumidification process in the water coil occurs on the
saturation curve.

= Any auxiliary power in the system is negligible as compared to the
AC power [67].

= The indoor design conditioned of the production hall is taken to be
Tr = 22°C and RHr = 30% as per the practical pharmaceutical
applications.

= The supply cooling air to the production hall is at 12 °C.

29


file:///E:/Desiccant%20wheel/Paper%20File/Introduction%20of%20a%20new%20definition%20for%20effectiveness%20of%20desiccant%20wheels.pdf

= The cooling capacity and the room sensible heat factor (RSHF) are 100

TR and 0.7, respectively.

The amount of water condensate, cooling coil capacity, process and
reactivation air flow rates are obtained from the thermodynamic
analysis of mixing section, air- and water-cooling coil, conditioned
space, and desiccant wheel, as follows:

m°w1 =m’s (®2 — ©s) (3.2)
m'w = moReg ((06 - (07) (3.2)
m’w = m’wi+ m’w (3.3)
m’s = Q'r/ (hr—hs) (3.4)
RR=m’Reg/ m"s (3.5)
Q%cc =m’s (h2 —hs) (3.6)

The specific humilities and enthalpies in Eg. (3.1) to Eqg. (3.6) are
obtained from air properties and desiccant wheel relations as follows:
m, _Tr—Ty
m; T - T,
TL-T
€pw1 = T4 _ T1

m.(w; — w,)h
€pwy = so( 1 2) fg (39)
Mpeg(hy —hj3)

m; (Tour — Tinr)

(3.7)

(3.8)

EHR = — 3.10
iR rrlo(TRoom - Ti,HR) ( )
T,—T
Ts =Ty = (o) (3.11)
W — W
ws = W, + (1R—R2) (3.12)

The COP of the air conditioning system is calculated from:
COP=Q"«/ W’c (3.13)

It is well known that the COP (coefficient of performance) of the
air-cooled chillers is a function of the ambient air temperature. The
COP correlation in terms of the outdoor temperature was previously
expressed by [67]:

COP=11.1-0.4T+7.2x107 T4? -5.18x10° T ,® (3.14)
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The total power consumed in the system and the power saving in
system 2 and system 3 due to incorporating the energy recovery system
can be found from

E°= WOC +E° pump (315)
Power saving% = @ 100% (3.16)

1

The above systems of equations are solved using EES software to
find the water production rate, air condition cooling capacity, power
consumption and percentage of power and water saving as a function
of the operating and ambient conditions. The operating and ambient
conditions are assumed to vary in the following given ranges:

= Fresh air ratiomo/ m’s: 0-1

= Ambient air temperature To: 30-50 °C

= Ambient air specific humidity wo: 0.01-0.03 Kgv/ Kga.

= Basic Conditions: m'o/ m's= 0.25, To=40 C, wo= 0.015 Kgu/ Kga,
RSHF=0.7, and Ts=12 C

3.4. Results and Discussions

3.4.1 Effects of outdoor air ratio on the system performances

Fig. 3.3 shows the variation of m°w, E°, Q°cc and percentage of
power saving with the outdoor air ratio (m’ / m’s).

Fig. 3.3-a shows that for all the studied systems, the rate of the
obtained water from the systems m°w increases with the increase of the
outdoor air ratio for the entire ranges of the studied parameters. This
may be attributed to the following reasons, (a) increasing the fresh air
ratio makes state (1) on the Psychometric chart (see Fig. 3.2, system 1)
moves along the line O-R to be closer to state O. Accordingly, the
humidity of air at the inlet of the cooling coil rises as a result of moving
state (2) upwards on the Psychometric chart. This increases the
condensation rate on the cooling coil (m°w1) as per Eq. (3.1), and (b)
the increase of water vapor removed by the desiccant wheel (w, — wy)
which leads to the increase of the humidity of the reactivation at
desiccant wheels exit (state 5) and consequently rising the reactivation
air humidity at the water cooling coil inlet (state 6) leading to more
vapor condensation and water rate mewz (See Eq. 3.2).
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It can be noted from Fig. 3.3-a that the rate of water obtained for
system-1 and system-2 increase with the increase of the outdoor air
ratio by the same ratio and this makes the trends of the two lines
coincide with each other. However, for system-3, the rate of increase
in the water rate is smaller than those of systems-1 and 2, and this is
due to the decrease of (w, — ws) of system (3) as a result of the
decrease of (w,) due to the free cooling of the outdoor air in the energy
recovery.

Fig. 3.3-b shows that the cooling capacity of the air conditioning
system Q ¢ increases with increasing the outdoor air ratio for the three
systems. The reason of that is the increase of the temperature and
humidity of the air (i.e. the increase of the air enthalpy) at cooling coil
inlet with the increase of the outdoor air ratio
(refer to Eq. (3.6)). Fig. 3.3-b also shows that using the heat recovery in
the system reduces the coil cooling capacity where the coil capacity of
systems-2 and 3 are lower than that of system-1 at any outdoor air ratio.
This is attributed to the free cooling of the fresh air by cooling recovery
from the exhaust air. Fig. 3-b also reveals that the cooling capacity of
system-2 is lower than that of system-3 for any outdoor air ratio. This
proves that locating the heat recovery after the desiccant wheel as in
system-2 is more effective than locating it at the entrance of the fresh air
intake as in case of system-3.

Fig. 3.3-c shows that the variation of the total electrical power
consumption E with the fresh air has the same trend of the variation
of the cooling coil capacity. This is attributed to the linear relation
between the electric power consumption and the cooling coil capacity
as given by Eq. (3.13) to Eq. (3.15).

Fig. 3.3-d gives the dependence of the power saving due to using
heat recovery in system-2 and system-3 on the fresh air ratio. The
Fig.3.3-d shows the increase in the percentage of the power saving with
the increase of the outdoor air ratio. The reason for this is the decrease
of the hot stream air enthalpy at the inlet to the heat recovery and the
increase of the free cooling that can be recovered. Fig. 3.3-d also shows
that the power saving of system-2 is always higher than that of system-
3 for any outdoor air ratio indicating that locating the heat recovery
after the desiccant wheel increases its capacity for the cooling
recovery.
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3.4.2 Effects of ambient temperature on the system performances
Fig. 3.4 gives the variation of m’w, E°, Q’cc and power saving with
the ambient air temperature To.

Fig. 3.4-a illustrates the decrease of m°y with the increase of the
ambient air temperature for the three systems. The reason of that is the
decrease of the process air humidity at the entrance of the cooling coil
(m2) and the increase of the wet bulb temperature of the outdoor air
with increasing its dry blub temperature leading to the increase of 7.
Decreasing 2 and increasing o7 cause the decrease of the water
production rates as given by Eq. (3.1) to Eq. (3-3), respectively.

Fig. 3.4-b shows the increase of Q’cc with the increase of T, which may
be attributed to the increase of the enthalpy of the air at the inlet of the
cooling coil (hy) as indicated by the Psychometric charts that are shown in
Fig. 3.2. Increasing the cooling coil inlet air enthalpy causes the increase
of the cooling coil capacity as per Eq. 3.6. Fig. 3.4-b shows that the coil
cooling capacity of system 2 is lower than that of systems 1 and 3 and the
that of system 3 is lower than that of system-1.

Fig. 3.4-c shows the variation E* with the ambient air temperature
To. As shown in the Figure, E* dramatically increases with increasing
To. The reason of that is the increase of the cooling coil capacity Qcc,
and the decrease of the COP of the air-cooled chiller with increasing
the outdoor air temperature (see Eq. (3.13) to Eq. (3.15)).

Fig. 3.4-d shows the variation of power saving with ambient air
temperature. As shown in the Figure, the power saving in system-2
and 3 are approximately constants with T,. This indicates that the
energy consumptions of the three systems increase with the same rates
with increasing the outdoor air temperature. This is confirmed by the
same slope of the three lines in Fig. 3.4-c. Fig. 3.4-d, confirms that
system-2 has higher power saving compared with system-3 for all
outdoor air temperature and outdoor air ratio.
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3.4.3 Effects of ambient specific humidity ratio
Fig. 3.5 shows the variation of m‘w, E’, Q"cc and the percentage of
power saving against ambient specific humidity (o).

Fig. 3.5-a shows the increase of the water production rate with
increasing the specific humidity of the outdoor air for the three
systems. The reasons for that are the increase both of the humidity of
the process air at the entrance of the cooling coil (®2) and the air at the
inlet of the water-cooled dehumidifier w2. This leads to an increase in
the water production rate (see Eq. (3.1) to Eq. (3-3)).

Fig. 3.5-b shows the increase of Q°cc with increasing the ambient
humidity wo. The reason of that is the increase of the enthalpy of the
air (latent part) at the inlet of the cooling coil (h2) with increasing the
outdoor specific humidity as shown on the Psychometric charts given
in Fig. 3.2. Increasing the enthalpy of air that enters the cooling coil
leads to the increase of the cooling capacity as given by Eqg. 3.6.

Fig. 3.5-c shows the increase of E* with increasing wo. The reason for
that is the increase of the compressor power due to the increase of Qcc.

Fig. 3.5-d shows that the power saving in system-2 and 3 slightly
decrease with increasing the specific humidity of the ambient air wo.
The Fig. also shows that system-2 has higher power saving percentage
comparable with system-3.
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3.5. Systems comparison and cost analysis

The total saving in cost TSC ($/h) due to power saving and fresh-
water productions of systems-2 and 3 can be estimated from:

TSC=n,,(m>/hr)xwater unit rate($/m>)+PS xER($/kWh) Eq[3.17]

Typical values of potable water and electricity unit rate 2.5 $/m?
and 0.02 $/ kWh in Gulf cities [16] are considered in this study. The
TSC for systems -2 and 3 at different operating parameters are shown
in Fig. 3.6.

Fig. 3.6-a shows the increase of TSC of systems-2 with the increase
in the outdoor air ratio. The reason for that is clear from Fig. 3.3 where
both of the fresh water production rate and the power saving for
system-2 and 3 increases with the increase of fresh air ratio.

Fig. 3.6-b shows that for systems 2 and 3, the total saving in costs
slightly decreases with the increase of the outdoor temperature. The
results show that the trend is the same at all operating parameters.
Decreasing TSC with the outdoor air temperature reveals that the
decrease of the cost saving due to decrease of the fresh water
production rate with increasing of the outdoor temperature (see Fig.
3.4-a) overcomes on the increase of the cost saving due to the increase
of the power saving with the outdoor temperature (See Fig. 3.4-d).

Fig. 3.6-c shows the increase in the total cost saving with
increasing the outdoor air humidity. The reason for that is the increase
of the fresh water production rate and the power saving with the
increase of the humidity ratio as shown in Fig. 3.5.

Comparing the total cost saving of systems-2 and 3 that are shown
in Fig. 3.6 reports that for all the operating parameters the cost saving
of system 2 is higher than that of system 3. This can be attributed to
that system 2 always has higher water production rate and power
saving as compared to system-3 as shown in Fig. 3.3 to Fig. 3.5.
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Chapter 4: EXPERIMENTAL FACILITY AND
MEASURING INSTRUMENTS

The experimental setup was designed and constructed to study the
performance of the humidification dehumidification water desalination
system at different operating conditions and geometric design
parameters of the dehumidifying coil. The studied operating conditions
parameters include air flow rate, air temperature, air humidity, water
flow rate to the humidifier and water inlet temperature to the
humidifier.

Two geometric design parameters of the dehumidifying coil were
tested at different orientations. Two helical coils; one without fins and
the other with wire striped fins radially attached to the outer surface of
the coil are tested at vertical and horizontal orientations. The setup was
constructed to enable carrying out the experiments at different air inlet
temperatures, air mass flow rates, water inlet temperatures, and water
mass flow rates to the systems. The experiments were conducted at the
different operating conditions on the two different helical coils (finned
and un-finned coils) at different orientations (vertical and horizontal).
The study aims to find the operating conditions, coil type and coil
orientation that give maximum performance and water productivity of
the system.

4.1. Experimental Setup

The test loop was constructed to (i) study the performance of the
humidification dehumidification water desalination system at different
operating conditions and geometric design parameters of the
dehumidifying coil, and (ii) investigate the heat transfer and vapor
condensation characteristics during air dehumidification on the outer
surfaces of finned and un-finned helical coils. The apparatus was
constructed to enable conducting such investigations at different
orientations of the coils and different operating conditions for the air
and water.

The test rig is shown schematically in Fig. 4.1. The setup consists
of four sections: air duct system, water system for air humidification,
condensing unit, and helical coils (test section).
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4.1.1 Air Duct System

The air duct section is an open loop section of 3 m length and having
a cross section dimension of 390 mm (width) x335 mm (height). Air
flows through the duct using air blower with variable speed. The
blower is connected to the duct system through a diverging section as
shown in Fig. 4.2. The diverging section is connected in the discharge
area of air blower with diverging section had one end of 120x120 mm
connected to air blower discharge area and outer end of conical
diverging section was 390x 335 mm cross section connected to
uniform cross-section part of the air duct, the overall length of this
section 620 mm with 11° slope. The air blower (1 Hp, 220-Volt and 50
HZ) is a variable speed fan which connected to varic to control the
speed of the fan to required value which needed in experimental work
(1 m/sec at 40-Volt and 50 Hz), from experimental work, the amount
of air variable by opening and closing air intake area.

The walls of the air duct were thermally insulated using glass wool
thermal insulation of thickness 1-inch. The air duct system contains the
following sections: electrical heater section, an air mixing section,
water humidifier section, and helical coil section.

The air enters to the duct system is firstly passed on the electric
heating section where it can be heated to the required temperature. The
electrical heater section consists of 3 electric heaters as shown in
Fig. 4.3; each one has a power of 3 kW. The heater was made of 3 m
of steel bar of a diameter 8.5 mm and formed in the form of serpentine
shape that occupies all the cross section of the air duct. The three
electrical heaters were placed in the duct in a staggered arrangement to
cover the cross-sectional area of the entire duct to assure uniform
heating of the air. The electric heaters were connected to a Variac to
smoothly control the power input to the heater and accordingly control
the temperature of air to the required one.

A mixing section as shown in Fig. 4.4 was placed after the heating
section to mix the air and ensure uniform temperature of the air which
manufactured from 1 mm thick galvanized sheet steel. It is installed
after the electrical heaters section and before water humidifier section.
The air is then passing in the humidification section to raise the
humidity of the air.
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b- Photograph of the experimental test rig

Fig. 4. 1 Experimental setup
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4.1.2 Air Humidification and Water System

The water humidifier consists of two parts as shown in Fig. 4.5;
a honeycomb section and a water distribution section. The honeycomb
humidifier pad section consists of two layers of vertical honeycomb
pad of thickness 70 mm for increasing the humidity of the air. The
cooling pads consists of corrugated sheets of cellulose gathered in an
opposite sequence with a beehive “Honeycomb” structure which generates
air flow inside the cell.

The specific and geometric dimensions of the honeycomb Pad section are
given in Table 4.1 and Fig. 4.7, respectively where appendix B show that the
pressure drop across honeycomb cooling pad section at different air flow rate
and different water flow rate. The water distribution section is a
horizontal stainless-steel distribution water pipe of 1-inch diameter and
has 13-holes of 4 mm diameter uniformly distributed across the air duct
section to assure uniform feeding of the pad section with water. The
honeycomb structure material is uniformly wetted by continuous
dripping of water onto the upper edge of the cooling pad and the water
flows from top to bottom of the pad.

The humidifier was designed to cover the entire cross-sectional area
of the air duct to ensure uniform moisture distribution for air flowing
inside the duct. The water system used to supply water to the
humidifier section consists of water pump (360-volt, 50 Hz, 10 Lit/
min), water mass flow rate flowing through the humidifier was variable
by using valve 0.5 inches installed after exiting from the pump to
control the quantity of water, water tank (galvanized steel tank of 0.8
mm thickness, 400 mm height x 335 mm widthx 390 mm length),
electric heater of 1500 Watt connected to a Variac as shown in Fig. 4.6
to heat and control the water to the required temperature and
connecting pipes and hose with valves to control the water flow. The
air then passes on the helical coil to dehumidify the air by condensing
the water vapor on the surface of the coil.
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Table 4.1 Cooling pads specification

Company

Cooling Pads material

Available cooling pads dimensions/Models

Specification of section used in the current
experimental work

*a, b angle with respect to the air flow direction

Wadi Group Company in the Arab World, manufacturing cooling pads in Egypt

Corrugated sheets of cellulose.
Models and Parameter

Length Width Thickness + wx Flutesize
“H” “W” 2 D” a b “h” MOdEIS
90cm=+3 60cm 35cm+3mm | 45 45 35,57 5090 &
mm +5mm mm 7090
47 cm 41 cm 7emTWO 45 45 7mm 7090
layers

Fig. 4. 7 Honeycomb cooling pads geometric dimensions
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4.1.3 Helical Coils Section (Test Section)

DX helical coil with refrigerant R-12 passes inside the helical tube
of the coil is used as the test section of the present study. The moist air
exits from the humidifier passes on the helical coil to be dehumidified
and cooled. The coils are made from thin-aluminum tubes with inner
diameter of 8mm and thickness 0.5 mm. The dimensions of the coils
as shown in Fig. 4.8-a are: d =8 mm, Rc = 80 mm, b = 20 mm, and the
number of turns = 24. Finned and un-finned coils were tested. The
finned coil contains radial ripped fins on the external surface. The fins
are in the form of flat aluminum wire strips fins. The wire strips
dimensions are 30 mm X2 mm X 0.5mm (length X width X thickness)
with spacing distance between wires of 0.7 mm. Fig. 4.8-b shows the
geometric dimensions of the helical coils without fins and with ripped
wired fins. The test section was designed to enable placing the helical
coil at horizontal or vertical orientations to conduct separate tests were
conducted at coil horizontal and vertical orientations.

© & ATA

lJ‘”H. || ’ “"\'\' o ‘\' |

Un-finned helical coil
e | — | —
I’-”'/_ 4 \ {/—",__\\\\1

Finned-helical coil
a-Photos of tested helical coils

- b -

Wﬁ
!

b- Dimensions of helical coil
Fig. 4.8 Helical coil
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4.1.4 Condensing Unit Section

A condensing unit as shown in Fig. 4.9 was used to supply
refrigerant R-12 to the helical coil to remove the coil cooling load and
maintain the outside surface temperature of the coils at the required
low temperature. The model of the unit is Optyma™ Danfoss
condensing unit. The main components of the condensing unit are
compressor (model SC15G- 104G8525), air cooled condenser (Model
BG- 4/5-118U0031) and filter drier. The helical coil (test section) was
connected to the condensing unit and worked as DX coil. Refrigerant
R-12 passes inside the condensing unit circuit and the test coil, while
the moist air passes over the surface of the helical coil. A basin was
placing underneath the helical coil to collect the water condensed on
the coil surface. The basin was connected to a beaker to collect and
measure the rate of water condensation.

Fig. 4.9 Condensing unit (Optyma™ Danfoss)
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4.2. Measuring Instruments

Measuring instruments are used to measure the physical quantities
necessary to study the performance of the humidification-dehumidification
water desalination system as well as the performance of the dehumidifying
coil. The measuring instruments used in this study to measure these
physical quantities are hygro-thermometer, PT-100, digital thermometer,
Beakers 100, 250 ml, Stop watch, and Pitot Tube Anemometer.

4.2.1 Hygro- thermometer

Three hygro-thermometers are used to measure the relative
humidity at different locations in the circuit. A photograph of the
hygro-thermometer is shown in Fig. 4.10. The hygro-thermometer is
an instrument that combines a hygrometer and a thermometer. The
hygrometer portion of the instrument is used to measure the moisture
content and then calculate the relative humidity of the air. The warmer
the air is the more humidity it can absorb until it is saturated. Relative
humidity is the measurement of the saturation level relative to the
current air temperature.

Hygro-thermometer uses the thermometer portion of the
instrument to make the air temperature measurement to determine the
relative humidity of the air. The handheld hygro thermometer's large
LCD shows both the relative humidity and temperature readings at the
same time. Two Digital hygro-thermometers are used to indicate the
relative humidity of the air across the cooling coil.

The two hygro-thermometer are of model HTC-1 of measuring
range (temperature -10 °C ~ +50°C, accuracy = 1°C, temperature
resolution £ 0.1 °C, and humidity range 10% ~ 99% RH, with accuracy
+5 %RH, humidity resolution 1%.). The third digital hygro-
thermometer is used to indicate the relative humidity of the air at
ambient condition in the laboratory.
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The third one is of model SH-109 and has measuring range
(temperature indoor -10 °C ~ +50°C, temperature outdoor -50 °C ~
+70°C, accuracy + 1°C, temperature resolution + 0.1 °C, and humidity
range 20% ~ 99% RH, with accuracy 5 %RH, humidity resolution
1%).

Fig. 4. 10 Hygro-thermometer

4.2.2 PT-100 Temperature sensor

Pt-100 sensors (platinum resistance thermometers) are used to
measure the air temperature after the heating section. Pt refers to that
the sensor is made from Platinum (Pt), 100 refers to that at 0°C sensor
has a resistance of 100 ohms (). PT100 is connected to a digital
thermometer (model TC4Y; see Fig. 4.11) to record the measured
temperature.

Fig. 4. 11 PT-100 Dimension

4.2.3 Digital thermometer

Three 3 thermocouples (type K) are used for measuring the surface
temperature for the helical coil. The thermocouples wires are connected to
a digital thermometer of a measuring range -200: + 1370 °C, accuracy
+0.1% +0.7 C (see Fig. 4.12) for recording the thermocouples readings.

Fig. 4. 12 Digital thermometer
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4.2.4 Pitot Tube Anemometer

As shown in Fig. 4.13, Pitot tube anemometer is used to measures
the air velocity and airflow rate in the air duct. The model of the
Anemometer is Extech HD350 and has a velocity measuring range of
1-80 m/sec with a basic accuracy + 1% and a max resolution 0.01.

—

Fig. 4. 13 Pitot tube anemometer
4.2.5 Water Flow rate measuring

Finally, a graduated beaker is used to measure the water and
condensate flow rate by collecting a certain amount of water in a
certain period of time. The graduated cylinder is of volume 2 liter with
a graduated scale division of 10 ml. The used stop watch is of error 0.1
second. Fig. 4.14 shows the picture of the graduated beaker and the
stop watch.

’\)
&

«}1‘.—

S
a3 o
23 o
2
L .
& Py
LA S A
& ¢ -

Fig. 4. 14 Beaker and stop watch to measure rate of water condensation
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4.3. Experimental work Procedure

The procedure of the experimental used in this study can be
described in three sections: preparation of the experiment, achievement
of steady-state conditions, and conducting collected measurements.
4.3.1 Preparation for Experiments

Before starting any experiments, the following steps should be
conducted to ensure the accuracy of the data collected.

1. The electric wire connections for the air blower, Pt-100, water
pump, air heaters, condensing unit, and control panel are
checked.

2. The water level in the water tank which supplies water to
humidification section was maintained.

3. Adjust control valve before water pump.

4. Turn on the main switch for water pump.

5. Main input switch for both of air blower and air heater was
turned on.

6. Finally, the main switch for the condensing section was turned
on.

4.3.2 Achievement of steady state condition

After running the air blower, air heater, and water pump, the
readings of temperature and relative humidity have been monitored
and recorded to assure that steady state condition was maintained. To
be sure of steady state condition, the following precautions are taken
into account.

1. Air blower flow rate is maintained at a constant value which is

the specific required value.

2. Air heater temperature was maintained at a constant value which
is the specific required value.

3. Water pump flow rate was maintained at a constant value which
is the specific required value.

4. The water temperature is constant at the specific required value.

5. All the temperatures measurements were maintained constants.

6. All relative humidity measurements were maintained constants.

The above precautions are carefully considered through a period of
time not less than 30-40 minutes, after which measurements have been
recorded.
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4.3.3 Measurements
After the achievement of steady state condition, the following
measurements were recorded in each experiment:

1.

Hygro-thermometer (model SH-109) measuring the ambient
condition (temperature, relative humidity).

. The Pt-100 reading measuring the air-dry bulb temperature after

the air heaters.

. Two Digital hygro-thermometers (model HTC-1) for measuring

the relative humidity of the air at the inlet and exit of the
dehumidifying coil.

. Digital thermometer (dual input model AZ8852) for the

measurements of the thermocouple’s readings.

. Water thermometer for the measurements of the temperature of

water in the water tank.

. Stopwatch and graduated cylinder to measure water

condensation rate across the dehumidifying coils.

. Pitot tube anemometer used to measure air velocity and airflow

rate in air duct.

4.4. Experimental Conditions

The experiments were conducted at different operating parameters
to study the effects of these parameters on the freshwater production
rate of the system and on the performance of the helical fined and un-
finned dehumidifying coils at different orientations. The studied
parameters and ranges are given below:

= Airflow rate m” air 0.0424, 0.085, 0.127, 0.169 Kg/sec.

= Water flow rate m'w,num  0.0465, 0.0952, 0.1176, 0.1667 Kg/sec.
= Air temperature Ty, air 55, 60, 65, 70, 75 °C

= Water temperature Tw, hum 31, 33, 35,37 °C

= Coil surface geometry Finned / Un-finned

= Orientation of the coil Vertical / Horizontal
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4.5. Experimental Procedure

The experimental procedure was as follow:

1.

9.

Set the orientation of the dehumidifying coil (finned or un-
finned coil) at the required orientation (Horizontal or vertical).
Measure the ambient air relative humidity and temperature.

. The water level in the tank which supplies water to humidifying

section was maintained.
The main input switch for both of air blower, water pump, and
air heater was turned on.

. Adjusting the air frontal velocity to achieve the required mass

flow rate m” air.

. Adjusting the air exit temperature from the heating section to

the required value Tz, air, heater.

. Adjust control valve before water pump to required value m'y,

hum.

Adjust water temperature in a tank of humidifier section to
required value Tw, hum.

Finally, the main switch for the condensing unit turned on.

10. Waiting until a steady state was achieved. It was found that

this takes about to 40 min depending on the air velocity.

11.Collect water condensation across helical coil in graduated cylinder.
12. The readings have been recorded after a steady state condition

was maintained (i.e. at constant values).

13. Repeating the above steps once when using finned coil at a

horizontal orientation, and again using un-finned coil at a
horizontal orientation, with different operating conditions
according to the following ranges:

Frontal air velocity 1 m/sec which m’ 4 change by closing air inlet

areato value m” air = 0.0424, 0.085, 0.127, 0.169 Kg/sec

The temperature of air exit from the heating section to value

T8 =55, 60, 65, 70, 75 °C.

The temperature of water exits from the pump to value

Tw, num =31, 33, 35, 37 °C.

Water mass flow rate supply to humidifier to value

mM’w, hum = 0.0465, 0.0952, 0.1176, 0.1667 Kg/sec.

14. Repeating step 13 at Vertical orientation of the coil
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4.6. Data Reduction

The rate of vapor condensation on the coil surface, sensible and
latent heat transfer between the air and the coil, heat transfer coefficient
between the air and the coil and coil efficiency were calculated for each
experiment from the measurements of each experiment. Equations
(4.1) to (4.7) are used to calculate these quantities for each experiment.
The performance of the coil and the heat transfer characteristics of the
helical coil were investigated by studying and solving these equations
(Eg. (4.1) to Eq. (4.7)) using EES (Engineering Equation Solver,
commercial version 6.883-3D) software. The rate of vapor
condensation from the air on the surface of the coil was calculated by
measuring the amount of water condensed on the coil surface during a
period of time. The water condensation rate can be also calculated for

check from
the different measurements using Eq. 4.1.
M’ water =M’ air X (® i, coil - e, coil) 4.0

The sensible, latent and total heat transfer rate between the air and the
coil surface were calculated from eq. 4.2, 4.3 and 4.4, respectively

Qs=m’ airX Cp air (T i, coit - Te, coil) 4.2
QI= M’ water, condensation X hrg 4.3)
Q=Qs+Qu (4.4)
The condensation heat transfer coefficient was calculated from Egs. 4.5, 4.6.
hs = Qs/ [AC x (T iy coil— T surface coil)] (4,5)
hr=Qr/ [AC x (Ti, coil = T surface coil)] (4,6)

where Ac is the surface area of the helical coil (m d L) where d is
the diameter of helical coil, and L is the tube length.
The helical coil effectiveness (nefr) is calculated from Eq.4.7
1, eff, coil = (T iy coil = Te, coil) / (T iy coil = T surface coil) (4-7)
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4.7. Uncertainty Analysis

The measurement errors of these parameters are +0.2 for any
temperature measurements, £0.5% for any humidity measurements,
+0.01 liter for measurements of volume of condensate water, +0.1
seconds for time measurements and + 0.0005 kg/s for measurements
of air mass flow rate. The uncertainty in the calculation of y due to the
different errors in the measurements of the different physical quantities
(X1,X5, X3, ..... Xy ) Can be calculated from Eq. 4.8. [69]

[y g (28 4y (f’_yﬂﬁ)z]ﬂ i 48)

y 0x1 y 0X; y 0Xn1 Y
Where :—y was calculated by analytical differentiation at the

X
measurement’s values. The minimum and maximum uncertainty in
calculating the condensate mass flow rate, the heat transfer rate, the
heat transfer coefficient and the coil effectiveness were calculated to
be (1.9 and 2.3%), (3.05, 4.34%), (3.45% and 5.03%) and (2.7 and
3.65%), respectively.
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Chapter 5: RESULTS AND DESCUSSIONS

The results of the experimental work were presented to investigate
the performance and characteristics of the HDH system with
honeycomb humidifier pad section and finned and un-finned helical
dehumidification coils at different operating conditions. The results
also investigate and compare the heat transfer characteristics and the
air dehumidification/water condensation rates of the finned and the un-
finned helical coils at the vertical and horizontal orientations. The coil
performance was measured in terms of the heat transfer rate, heat
transfer coefficient, the water condensation rate and the coil
effectiveness.

The investigation and comparisons are conducted for different
operating conditions: air flow rates, air temperatures, air humidity,
water temperatures and water flow rates. For the sake of the
investigation and comparison studies, the effects of the different
parameters such as air temperature, air humidity, air flow rate, the
helical coil orientations and the existence of the fins on the entire
system performance as well as on the helical coils performance were
presented in details.
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5.1. Effect of operating parameters on the system productivity

5.1.1 Effect of air flow rate

Fig. 5.1 shows the effect of the air flow rate on the fresh water
productivity of the system for different coil geometries and
orientations and at different air inlet temperatures. The figure shows
that for the finned and un-finned coils at the horizontal and vertical
orientations, the water condensation rate increases with the increase of
the air flow rate. The trend of the variation was noticed to be the same
for any air temperature. The increase of the water production rate with
the increase of the air flow rate can be attributed to (i) the increase of
the vapor content in the air with increasing the air flow due to the
increase of the humidification rate in the humidifier, (ii) the increase
of the heat and mass transfer rates between the air and the coil surface
with increasing the air flow rate, (iii) the increase of the process of
renew of air that in contact with the coil surface with increasing the air
flow rate, and (iv) increasing the air flow rate increases the water
condensation rate on the coil surface as per Eq. 4.1. This trend of
variation is the same trend obtained by Huzayyin et al. [70] for air
cooling and dehumidification on a wavy-finned straight tubes coil.
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Fig. 5. 1 Effect of air flow rate on the dehumidification capacity of the finned and un-finned coils at the horizontal and vertical
orientations at T+, .ir= (a) 55, (b) 60, (c) 65, (d) 70, (€) 75°C
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5.1.2 Effect of air Temperature

Fig. 5.2 shows the effect of the air temperature at the exit of the
heating coil on the fresh water productivity of the system for different
coil geometries and orientations and at different air flow rates (m air =
0.0424, 0.085, 0.127, 0.169 Kg/sec).

The figure shows that for the finned and un-finned coils at the
horizontal and vertical orientations, the fresh water production rate
increases with the increase of the air temperature. The trend of the
variation was noticed to be the same for any air flow rate.

Fig. 5.2 shows the increase of the fresh water production rate with
the increase of the temperature of air at exit of heating coil. This can
be attributed to that:

(i) increasing the air temperature at the inlet of the humidifier
section decreases the vapor pressure of the air and this
increases the ability of the air to carry more vapor in the
humidifier; i.e. increasing the humidification capacity, which
leads to more vapor to be condensed on the dehumidification
coil.

(i) increasing the air temperature at the exit of the heating coil
leads to the increase of the air temperature at the inlet of the
dehumidifying coil which causes the increase of the heat
transfer rate from the coil to the air with increasing the
temperature difference between the coil surface and the air.
Increasing the heat transfer rate leads to the increase of water
condensation rate on the coil surface, and (iii) increasing the air
temperature means the increase of water vapor content in the
air for the same relative humidity which leads to higher
dehumidification rate on the cooling coil.
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Fig. 5. 2 Effect air temperature on the fresh water production at m’ 5= (a) 0.0424, (b) 0.085, (c) 0.127, (d) 0.169 Kg/s



5.1.3 Effect of water flow rate to humidifier

Fig. 5.3 shows the effect of the water flow in the humidifier on the
fresh water production rate for the finned and un-finned coils at the
vertical and horizontal orientation of the coil for different air
temperatures. The air flow rate and water inlet temperature are
maintained constants during the experiments.

As shown in the figure at any air temperature Ty, air the rate of fresh
water production rate (M water, condensate) iNCreases with increasing the
water mass flow rate (M’ w, num,) to the humidifier. The trend was the
same for all the air temperatures, air flow rate and water temperatures
at the humidifier inlet.

The increase of the fresh water production rate with the increase of
the water flow rate can be attributed to that increasing the rate of water
increases the capacity of the humidifier to moisturize the largest area
of honeycomb cooling pads which leads to the increase of the
humidification capacity of the hot dry air passes through honeycomb
cooling pads.
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5.1.4 Effect of water temperature to the humidifier

Fig. 5.4 shows the effect of the water temperature to the humidifier
on the fresh water production rate for the finned and un-finned coils at
the vertical and horizontal orientation of the coil for different air
temperatures. The air flow rate and water flow rate are maintained
constants during the experiments.

As shown in the figure at any air temperature Tz, air, the rate of fresh
water production rate (M water, condensate) iNCreases with increasing the
water temperature at the inlet of the humidifier. The trend is the same
for all air temperatures, air flow rates, and water flow rates.

The increase of the fresh water production rate with the increase of
the water temperature can be attributed to the increase of the
humidification capacity of the air with increasing the water
temperature due to the increase of the water evaporation rate with the
water temperature.

Increasing the water evaporation rate mean that the air can carry
the largest amount of water vapor from the cooling pad which leads to
the decrease of its temperature and the increase of its relative humidity
of air RH 2, air and both leads to the increase of the dehumidification
capacity of the air on the cooling and dehumidifying coil.
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5.2. Performance of the dehumidifying helical coils

Experimental work was also conducted to study the performance of
the dehumidifying helical coils for different geometric conditions and
orientations. The experiments were also conducted to study the effects
of the air flow rates and the air temperatures and humidity at the inlet
of the coils on the coils performance. The results of this work are
presented to investigate and compare the heat transfer and the air
dehumidification/water condensation characteristics for the finned and
the un-finned helical coils placed at different (vertical and horizontal)
orientations. The investigation and comparisons are conducted for
different operating conditions: air flow rates, air inlet temperature and
air inlet humidity. The coil performance was measured in terms of the
heat  transfer  rate, heat transfer  coefficient,  water
dehumidification/condensation rate and coil effectiveness.

5.2.1 Effect of air flow rate

Figs. 5.5 to 5.8 show the effect of the air flow rate on the coils
performance: water condensation rate, heat transfer rate, heat transfer
coefficient and coil effectiveness, respectively for the finned and un-
finned coils at the vertical and horizontal orientations of the coil at
different air temperatures 55, 60, 65, 70, 75 °C.

Fig. 5.5 shows that for the finned and un-finned coils at the
horizontal and vertical orientations, the water condensation rate
increases with the increase of the air flow rate. The trend of the
variation was noticed to be the same for any inlet air temperature and
inlet air humidity. The trend of this variation is attributed to:

(i) The increase of the heat and mass transfer rates between the air
and the coil surface with increasing the air flow rate.

(i) The increase of the process of renew of air that in contact with
the coil surface with increasing the air flow rate.

(iii) Increasing the air flow rate increases the water condensation
rate on the coil surface as per Eq. 4.1.

trend of variation is the same trend obtained by Huzayyin et al. [41]
for air cooling and dehumidification on a wavy-finned straight tubes
coil.
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Figs. 5.6 and 5.7 show the increase of the heat transfer rates and
the heat transfer coefficient with increasing the air flow rate.

The trend is the same for the finned and un-finned coils and at any coil
orientation and air inlet temperature.

The increase of the heat transfer with the air flow rate is attributed
to:

(i) the increase of the air velocity and air Reynolds number that

leads to the increase of the air turbulence level around the coil.

(ii) The increase of the water condensation rate with the air flow

rate as shown in Fig. 5.5. which leads to the increase of the heat
transfer rate as illustrated in Eq. 4.6.

Fig. 5.8 shows the increase of the coil effectiveness with the flow
rate of air. This can be attributed to the increase of the heat transfer
coefficient which leads to the increase of the heat transfer rate which
causes more reduction of the air outlet temperature and consequently
the increase of the coil effectiveness as given by Eq. 4.7.
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Fig. 5.9 compares the rates of the sensible and latent heat transfers
for the un-finned as an example at air inlet temperature of 55° C and
different air flow rate and coil orientations. The comparison result is the
same for the finned and un-finned coils at the vertical and horizontal
orientations and at any air. The figure shows that the sensible heat
transfer is relatively low compared to the latent heat. This may be
attributed to the wet condition of the coil surface and the high
condensation rate on the coil surface which leads to covering the coil
surface with thick condensate film which make as a resistance of
sensible heat transfer. Fig. 5.9 also shows that the sensible heat is
approximately constant with the air flow rate. This can be attributed to
the bypass and contact factor of the coil. The amount of air that in
contact with the coil surface is approximately constant whatever the air
flow rate and the extra air is bypassed across the coil.
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Fig. 5. 9 Comparison between sensible and latent heat transfers at the
horizontal and vertical coil orientations
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5.2.2 Effect of air temperature at coil entrance

The effect of the air temperature at the coil entrance on the coil
performance: Water condensation rate, heat transfer rate, heat transfer
coefficient and the coil effectiveness are shown in Fig. 5.10 to 5.12 for
the finned and un-finned coils at different coil orientations and
different rates of air flow.

Fig. 5.10 shows that the water condensation rate increases with
increasing the air temperature at coil entrance. This increase may be
attributed to:

(1) the rise of the water vapor pressure in the air with the increase
of air temperature which cause the increase of the potential
difference of the mass transfer leading to the increase of the
vapor mass transfer from the air to the cooling coil surface.

(ii) The increase of the air humidity at the saturation condition of
the air with increasing the air temperature which leads to high
vapor transfer from the air to the coil surface.

(iii) The increase of the heat transfer rate from the coil to the air
with increasing the temperature difference between the coil
surface and the air; increasing the heat transfer rate leads to the
increase of water condensation rate on the coil surface.

Figs. 5.11 and 5.12 show that the heat transfer rate and the heat
transfer coefficient increase with the increase of the air temperature.
This may be attributed to:

(i) increasing the temperature difference between the air and the
coil surface with increasing the air inlet temperature which
leads to the increase of the heat transfer rate and consequently
the heat transfer coefficient.

(ii) The increase of the water condensation rate with increasing the
air inlet temperature as shown in Fig. 5.10 and this leads to the
increase of the latent heat transfer.

Fig. 5.13 shows that the coil effectiveness increases with increasing
the air temperature and this can be attributed to the increase of the heat
transfer rate and heat transfer coefficient which leads to lower air
temperature reduction across the cooling coil which means the increase
of the coil effectiveness.
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Fig. 5. 13 Effect of air temperature on the effectiveness of the finned and un-finned coils at the horizontal and vertical orientations at
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5.2.3 Effect of air humidity at coil entrance

Figs. 5.14 to 5.18 demonstrate the effect of humidity of air on the
coil performance; namely the dehumidification capacity, heat transfer
rate, heat transfer coefficient, and the coil effectiveness.

As shown in Fig. 5.14, increasing the air humidity of the air
increases the dehumidification capacity of the finned and un-finned
coil. The trend of the effect is the same whatever the coils orientation,
the air flow rate and air temperature. The increase of the
dehumidification capacity with increasing humidity of air is attributed
to the vapor pressure that increases with the increase of the humidity
which leads to the tendency of the vapor to transfer from the air to the
coil surface leading to more water condensation rate.

Figs. 5.15 to 5.17 show the increase of the heat transfer rate, heat
transfer coefficient and the coil effectiveness with the increase of the
air humidity. The trend is the same for all coils at the vertical and
horizontal orientations and at all air flow rates and air temperatures.
This trend of variation can be attributed to the high-water condensation
rate with the high air humidity which leads to the increase of the latent
and total heat transfer and the heat transfer rate and the coil
effectiveness.
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5.3. Comparison between the finned and un-finned helical coils

Figs. 5.1 - 5.17 compare between the performance of the finned and
un-finned helical coils for different coil orientations and at different air
flow rates, air temperatures, temperatures and flow rate of water inlet
to the humidifier and air humidity and temperatures at coil entrance.

Figs. 5.1 - 5.5, 5.10 and 5.14 show that the finned helical coil gives
higher water dehumidification /condensation rate than the un-finned
helical coil. The trend is the same whatever the coil was vertically or
horizontally oriented and whatever the air inlet temperatures and air
flow rates. For example, the existence of the fins increases the water
condensate rate from 70 ml/ min to 111 ml/min in case of the vertical
coil at the air flow rate and the air temperature of 0.169 kg/sec and
75°C, respectively.

The higher dehumidification capacity of the finned helical coil
compared to the un-finned coil can be returned to:

(i) The existence of fins on the coil surface increases the heat and
mass transfer surface areas which leads to higher heat transfer
rates and water condensation rates.

(if) The existence of the wire strips fins on the coil surface increase
the drainage rate of water droplets from the coil surface and
this decreases the condensate film thickness on the coil surface
which leads to the increase of the heat transfer rate and
consequently the water condensate rate.

Figs. 5.6, 5.11, 5.15, 5.7, 5.12, and 5.16 show that the existence of
fins on the coil surface increases that rate of the heat transfer and the
heat transfer coefficient where the figures show that the finned coil has
higher heat transfer rates and heat transfer coefficient compared to the
un-finned coil. For example, the total heat transfer rate increased by
20.4 % and the heat transfer coefficient increased by 22.13 % due to
the existence of fins in case of vertical orientation and at air flow rate
and air temperature of 0.169 Kg/sec and 75°C. The trend is the same
for the different coil orientation and air flow rates and air temperatures.
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The increase of the heat transfer rates and the heat transfer
coefficient due to the existence of the fins can be attributed to:

(i) the increase of the heat transfer and water condensation surface

area with the existence of fins.

(if) The decrease of the resistance of heat transfer as the fins leads
to higher water drainage rate from the coil surface which leads
to lower thickness of the condensate film on the coil surface.

(iii) The existence of fins increases the turbulence level around the
coil surface which leads to higher heat transfer rates.

Figs. 5.7,5.12 and 5.16 compare the coil effectiveness for the finned
and un-finned coils for the different coil orientations and different air
flow rates and air temperature. The Figures show that for the vertical
and horizontal coil orientations and at any air flow rates and air
temperatures, the effectiveness of the finned coil is always higher than
that of the un-finned coil. For example, in the case of the vertical
orientation and at the air flow rate and the air temperature of 0.169 kg/s
and 75°C respectively, the coil effectiveness increases by 21.5 % the
increase of the coil effectiveness with the existence of fins can be
attributed to the increase of the dehumidification rate, heat transfer rate
and the heat transfer coefficients which lead to higher air temperature
drop across the coil.

The percentage of increase of the water condensation rate, heat
transfer rate, heat transfer coefficient and coil effectiveness due to the
presence of fins on the coil surface is shown on Figs. 5.18 - 5.20,
respectively for vertical and horizontal orientations of the coil at
different air flow rates and air temperatures. As shown in the Figures,
the percentage of the water condensation rate, heat transfer rate, heat
transfer coefficient and coil effectiveness increase with increasing the
air flow rate and air temperature. This can be attributed to that the high
air flow rate and air temperature need high surface areas of the coil to
condense more water and transfer more heat.
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Figs. 5.18 - 5.20 also shows that the existence of fins on the coil
surface is more effective in vertical orientation than that of horizontal
orientation where the percentage of increase of the water condensation
rate, heat transfer rate, heat transfer coefficient and coil effectiveness
due to using fins in case of vertical orientation is higher than those of
the horizontal orientation. This can be attributed to that in vertical
orientation the presence of fins makes the water droplets to fall down
directly without sliding on the coil tube and this reduces the condensate
film thickness on the coil surface which reduces heat and mass transfer
resistance and increases the heat transfer and the water condensation
rate.
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5.4. Effect of Coil Orientation.

Figs. 5.1-5.17 shows the effect of the coil orientation on the
performance of the finned and un-finned helical coils for the different
air flow rates and temperatures.

Figs. 5.1-5.5, 5.10 and 5.14 show that the vertical orientation of the
coil always gives higher water condensation rate compared to the
horizontal orientation. The trend is the same whatever the coil was
fined or un-finned and at all air inlet temperatures and flow rates. For
example, the water condensation rate increased 14.3% and 5.5 % when
the orientation of the un-finned and finned coils changed from the
horizontal and vertical orientation respectively at air flow rate and air
temperature of 0.169 kg/sec and 75°C.

The higher dehumidification capacity of the vertical orientation of
the helical coil can be attributed to the length of the path of the
condensate film/droplets until it separates the coil surface. In the vertical
position the droplet moves vertically downward without slides along the
longitudinal direction of the coil tube; so, the longest path of the
condensate droplet is zD/2. In the horizontal orientation of the coil, the
condensate droplets can slide along the longitudinal direction of the coil
tube during its vertical movement; so, the longest path of the condensate
droplet, in this case, is zD/2.

This means that the vertical orientation of the coil has the shortest
condensate droplet path until its separation from the coil surface. This
makes the rate of condensate removal from the coil surface in case of
the vertical coil is higher than the horizontal coil. Moreover, the shorter
of the condensate path of the vertical orientation means thinner
condensate film thickness on the coil surface which leads to higher heat
transfer rate and higher condensation rate.
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Figs. 5.6, 5.7, 5.11, 5.12, 5.15 and 5.16 show that the vertical
orientation of the coil has a higher heat transfer rate and heat transfer
coefficient comparing the horizontal orientation of the coil. The trend
is the same for the finned and un-finned coil and for the different the
air flow rates and air temperatures. For example, the total heat transfer
rate and the heat transfer coefficient for the finned coil increases by
11 % and 12.2 % due to changing the coil orientation from horizontal
to vertical orientation at an air flow rate and an air temperature of 0.169
kg/s and 75°C.

The increase of the heat transfer rate and the heat transfer
coefficient with changing the coil orientation from the horizontal to the
vertical can be attributed to the shorter condensate film path and the
thinner condensate film on the coil surface in case of vertical
orientation of the coil which reduces the heat transfer resistance and
increases the heat transfer rate and the heat transfer coefficient.

Figs. 5.8, 5.13 and .517 compare the coil effectiveness for the
vertical and horizontal orientations of the finned and un-finned coils
for the different air flow rates and air temperatures. The Figures show
that the vertical orientation has higher efficiency than the horizontal
orientations for the finned and un-finned coil and at any air flow rates
and air temperatures. For example, at an air flow rate and an air
temperature of 0.169 kg/s and 75 °C, the coil effectiveness of the
finned and un-finned coils increases by 13.5 % and 10 %, respectively
when the orientation of the coil changed from horizontal to vertical
orientation. The increase of the coil effectiveness in case of vertical
orientation can be attributed to the increase of the heat transfer rates
and the heat transfer coefficients which lead to higher air temperature
drop across the coil.
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Chapter 6: SUMMARY AND CONCLUSIONS

6.1. Conclusions

Proposed mathematical models for integrative air conditioning
(air-cooled chiller unit) and desiccant cooling systems (DCS) for
freshwater production at low humidity applications are presented,
investigated, evaluated and compared. The effects of the fresh air ratio,
outdoor air temperature and humidity on the performance of the
proposed systems are investigated.
The results revealed from the theoretical analysis show that:

1. The fresh water production rate and the cooling coil capacity
of the air conditioning system increase with increasing the fresh
air ratio and outdoor humidity and decrease with increasing the
ambient air temperature

2. The saving in power consumption due to using energy recovery
in enhanced systems remarkably noticed with increasing the
outdoor air ratio,

3. The system with energy recovery located after the desiccant
wheel is operating more efficiently and economically
compared to the other systems.

An experimental investigation for the HDH system using
honeycomb humidifier pad section and finned and un-finned helical
dehumidification coils is conducted at different operating conditions.
The investigation aimed also to test the un-finned and strips wired
finned cooling and dehumidifying helical coils placed at vertical and
horizontal orientations. The investigations were conducted at a wide
range of air flow rates, air temperatures, water temperature, water flow
rate and air humidity. The HDH system productivity and coil
performance were tested, measured and evaluated in terms of the fresh
water productivity, coil dehumidification capacity, coil heat transfer
rate and heat transfer coefficient and the coil effectiveness. The results
of the experimental work show that:

1. The HDH system productivity, coil dehumidification capacity
and the coil performances increase with the increase of the air
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flow rate, air temperature, and air humidity. The trend is the
same for finned and un-finned coils at the wvertical and
horizontal orientations.

. The performance (dehumidifying capacity, heat transfer rate,

heat transfer coefficient, and coil effectiveness) of the helical
coil with strips wire fins is higher than that of the un-finned
coils at all coil orientations, air flow rates, and air properties.

. The vertical orientation of the helical coils (finned or un-finned

coils) enhances the coil performance and the system
productivity compared with the horizontal orientation for the
entire range of the air flow rate and air properties.

The percentage of increase in the coil performance due to using
fins increases with increasing the air flow rate and the air
temperature

. The effect of using strip fins on the coil surface is more

dominant in the case of the horizontal orientation of the coil
compared to the vertical orientation.

6.2. Future Work

1.

Study the possibility of using solar thermal energy in the
heating section for energy saving.

Studying the effect of the geometric and characteristics
parameters of the honeycomb cooling pads section on the fresh
water productivity and the system characteristics.

Cost analysis of the presented experimental HDH system.
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Appendix (A) Governing Equation for three proposed systems in
mathematical model [formatted form equation form EES]

Known Data
P1 = 101.35 [kpa)

Q, = 352 [Kw]

Eom = 02
Epwe = 02
Ewe = 06

Change Data

m = 025

T, = 40 [C)

w, = 0015 [kg/kg]

Constant properties

T, = 22 [C]

RH, = 0.3

h, = h['AirH20' , T=T,,P=P1, w=w, ]

W, = o ['AItH20' , T=T,,P=P1,R=RH, ]

..........

-
:
n
N
(s

hy = h['AirH20' , T=T, , P=P1,w=w, |

Wy = o ['AirH20' , T=T,,P=P1,R=RH, ]

----------

Ty = T,

w3 = W, Sensible Heating
hs = h,

RH; = RH,

hy = h['AIH20' ,T=T, P=P1, w=w, |

RH, = RH['AitH20' ,T=T,,P=P1,w=w, ]
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T, = 120 [C]
W, = Wj

hs

h ['AIrtH20' , T=T,,P=P1,w=w, ]

RHs = RH['AIrH20' , T=T,,P=P1,w=w, ]

Tz = Touwet

RH; = 1 Dehumidification process occurs on the saturation curve
w; = o ['AitH20' , T=T;,P=P1,R=RH; ]

h; = h['AIrH20' , T=T;,P=P1,w=w; ]

RHs = 1

Towet = WB ['AirHZO' ,T=T,,P=P1 ,R=RH°:|

Fekdekk ek kkek

COP = 111 - 04 - T, +72 - 10" % - T,%2 - 518 - 10~

Fekdk Rk ek k

RR = 0.33

m
RR = —&8_
ms

Fekdekk Rk Rk k

Quc = Mreg - 1.005 - [Ty — T3]

IR R R R R R R R IR R R R R R R R R IR R PR R R RRRRRRRTREERRET]

Basic system Sys1

TR E TR R R TR RELRELINS P ETIIITER

Mixing Section

me, = m
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my - Tr - T1.sys1
S
me T1.sys1 = To
Mo - hr i h1,sys1
e ——
me h1.sys1 - ho
Mo _ Wr — Wigyst
e —
m, Wigyst — Wy
Where

RHigps1 = RH['AIrH20' , T=Tqgs , P=P1, W=Wyg1 ]

R I R T I  R R R I L L L L L IR L L AR R R R AR A AN AN RO LN
DW Efficiency
- T2.sys1 = T1,sys1
EDw1 -
T4 - T1.sys1

Ms - [Wigyst — Wagyer | - 24415 [kJ/kg]
MReg * [h4 = h3:|

Epwe =
Where
h2’5y51 = h ['AII'HZO' N T =T2,sys1 N P=P1 , W =W2,sys1 ]
RH2I5y51 = RH ['AITHZO‘ s 1D =T2,sys1 ,P=P1,w =W2 syst ]
Cooling coil Capacity

QC(.‘,,sys1 = r:ns : [hz‘sys1 = hs]

IEEEEEEY] IR TR R L L e r R IR R R TR R R LI ERERRRRRIRERERLN}

Outlet reactivation temp and humidity from DW

T =T T2,sys1 - T1.sys1
5,sys1 = 4 = RR
w - W
W5.sys1 = w, + 1,sys1 == 2,sys1

Where

hssys1 = h['AItH20' , T=Tsg , P=P1, W=Wsg |
RHssys1 = RH['AIrH20' , T=Tsgs , P=P1, W=Wsgy1 |
Twbsgysr = WB ['AitH20' , T=Tgeys1 , P=P1, R=RHsgys1 |

IR R R R R R R R R R R R R RN LR R R R R R ERRIERRRLT)

Outlet humidifer
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Wesyst = o ['AITH20', T =Twbseyei , P=P1, R=RHs ]
Tosyst = T['AIH20', W=Wegeye1 , P=P1, R=RHs ]

h5'5y51 = h ['AII’HZO' LT =T6.sys1 ,P=P1,w =Wpg syst ]

IERERELE) 13999393939393933393133393330393097 FERERERTERFERRELE) ’

fresh water production

.
My sys1 = ms [Wz,sys1 - Ws]

. .
My sys1 = Mpgeg ° [Ws,sys1 = W7]
D . .

mw.sys1 = mw1,sys1 + mw2.sys1

T R T R LR R E R I IR R LR R R RER IR AR ERLRRCRLIRIRL]

Power used

COP = Q.CC,sys1

c,sys1

.
Egst = Wegyst

TIIIII310939093099913999993199919301913903 [EXRREREEREERREEET}

Modified system Sys 2

Mixing Section

Mo,

m=1-m

m, - Tr = T1.sysz

—_-_— = ——
my T1,sy52 = Tn

Mo - hr = h1,sysZ

—_-— F
m; h1.sy52 - ho

Moy - W, — W1.sysz

vl
m, Wisys2 — Wo
Where

RH1_sy52 = RH ['AerZO' , T =T1.sy52 ,P=P1,w =W sys2 ]

R R TR TR R R R R R R LR PR R IR R R R RERTER R SRR RERRREL]

DW Efficiency
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TZ,sysZ =T 1,5ys2

E =
ot TA - T1.sysz
o Me - [Wispsz — Wosyez | - 24415 [kJikg]
Dw2 = v
mReg E [h4 = h3:|
Where

hosyse = h ['AIrH20' , T=Togs2 ,P=P1, W=Wyogs |

RHagez = RH['AIH20', T=Toge  P=P1,W=Wose ]

1131730999990900939919993999999193939999391919991399323190)

Heat recovery

TZ,HR,sysZ = T2,sy52
m - [Tr o= TZ,sysZ ]

Enr=(N2 1R sys2-N2,sys2)/(M* (M- 6y62))

Where

W2HRsys2 = Wasys2

hohrsys2 = h ['AirHZO' ,T=Tonrsys2 » P=P1, W=WsRreys2 ]
RHzhrsys2 = RH ['AirHZO‘ ,T=Tonrsys2 » P=P1, W=WsHreys2 ]
T2,HR,sys2=TEMPERATURE(AirH20vh=h2,HR,sysZ,P=P11W=W2,HR,sy52)
Cooling coil Capacity

. _ .
QCC,sysZ = mg - [hZ,HR,sysz = hs]

Outlet reactivation temp and humidity from DW

T -T
Tseys2 = T4 — [%

£ W1,sysZ - WZ.sysZ
RR

Wssys2 = Wy
Where

h5.sy52 = h [‘AirHZO' T =T5,sy52 ,P=P1,w =Ws sys2 ]
RHsss2 = RH ['AirHZO' ,T=Tseys2 , P=P1, W=Wsg ]

Twbssys, = WB ['AIrH20' , T=Tsgs2 ,P=P1, R=RHs4s |
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Outlet humidifer

Wesys2 = o ['AIrH20', T=Twbsgys, , P =P1, R=RHg ]
Tesysz = T ['AIrH20' , W =wWggys2 , P =P1,R=RHs |
hesysz = h ['AIrH20" , T=Tggysr , P=P1, W =Wggysr ]

R LR LR R E R R R R R R PR R R R IR LR T IR RERERRLRRSRFERELS

fresh water production

Myrsys2 = Mg - [WZ,HR,sysz - Ws]
. .

Mu2sys2 = MReg [Ws,sysz = W7:|
. . .

mw.sysz = mwtsysz + me.sysZ

R LT R R TR R E R R R R RN R LR TR IR R R ERRRILRLL]

Power used and power saving
COP = é.CC.sysz

c,sys2

o
E sys2 = Wc,sysz

Powersaving,sysz =

Heat recovery

E = To,HR,sy53 - To
T [T - To]

EHR=(No HR sysa-oy/((M)*(hr-hoy)

Where

WoHRsys3 = Wo

horrsyss = h ['AIrH20' , T=Toursyss , P=P1, w=w, |
RHoprsyss = RH ['AIrH20' , T=Topureyss » P =P1, w=w, ]

To HR sys3=TEMPERATURE(AIH20, h=h, R sys3 p=P1,Ww=Wo,

108



Mixing Section

mg=m

.o
m=1-m
.
mg _ Tr - T1.sy53
- = =
m, T1.sy53 - To,HR,sysS
.
my o hr - h1.sys3
- EHPE. VNN .
me h1,sy53 = ho,HR,sy53
.
mo s W, — W1,sy53
- -
m, W1.sysS - W,
Where

RHigss = RH['AIH20', T=Tigs ,P=P1,W=W1ge3 |

TITIIIIIIIINIININNININNNIIIINININNININNININIININIIIINIIIINIYY

DW Efficiency
E — T2,sy53 — T1.sy53
Dw1 = T =

T4 - T1.sys3
e oMy - [Wiss — Wosyes | - 24415 [kJ/kg]
w2 = +

Mreg * [ha = h3]

Where

hasgyss = h ['AirHZO' ,T=Toeyss , P=P1, W=Wjg3 ]

RHzsp3 = RH['AIrH20' , T=Tyg , P=P1, W=Wogs3 |

TITITEIIIIIINNNNINIINININIIINNNIINNININIININIINIIIIIINIIIIYIYY

Cooling coil Capacity

é(:C.sys:i = rhs ° [hz.sysa - hs]

SIYIIIIIIIININIINIIIIIINIIINIIINNIIINNINIINIIININNIIIIIIYIYY

Outlet reactivation temp and humidity from DW

Togss = T
T5.sys3 = T4 _ 2,sys3 = 1,5ys3
— W1,sy53 - Wz,sysa
W, = Wy t—— =
5,5ys3 4 RR
Where
hssyss = h ['AiIrH20" , T =Tsey3 » P=P1, W=Wgg3 1
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RHs‘sysa = RH ['AITHZO' LT =T5_sy53 P=P1,w =Ws sys3 ]

TWbsgss = WB ['AirH20" , T=Tsgys , P=P1, R=RHsgy3 ]
Outlet humidifer
Wesyss = o ['AIrH20', T=Twbsgys; , P=P1, R=RHs ]

T ['AirtH20' , W =Wg 3 , P =P1, R =RHjg ]

T6,sys3

hG.sysS h ['AII’HZO’ y T =T6,sys$ s P=P1 , W =W6'sys3 ]

1IIIIIIIIII00IININITII000099099099399909933999903399390)

fresh water production

Myt sys3 - r.ns ) [W2.5y53 - Ws]

My2sys3 = MReg [We,sySS = W7]
.

. .
mw‘sys3 = mw1.sys3 + mvﬂ,sys:i

PIIIIIIIIIIINNIINIIIIIINIINNIIIIIIIINI99909000090)

Power used and power saving

.

COP = QCC.sys3
c,sys3

Esy53 = Wc.sysa

- [ Esys1

~ Eys ] - 100

F’c"'\’ersaving,sys&! E
sys1

...........................................................

system selection and cost analysis

TCSsysZ = 'hw.sysZ - 36 - Wunil + [ésys‘l = ésys2 ] “ Eate $/h $/m3 $/KWh

TCSsysS = Mysysa -~ 36 - v.Vunil + [ésys1 - ésys:i ] ) Erate $/h  $/m3 $/KWh

Wyt = 2.5

Eae = 002
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Flow chart for mathmetical modeling

Intial Condition m o/ m.=0.25 T=40C,
o,=0.015 Kg,/ Kg. RSHF=0.7, and T=12'C

start

l

Compute cooling coil capacity| Q°= f (ha. h.}

¥
Compute outlet reactivation

temperature and humidity from DW

Compute fresh water production

1

Compute power consumption E°=f(COP Q%)

!

Compute power saving for system 2, 3
¥
Compute total saving in cost for system 2, 3

Compute cost analysis for three systems
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Appendix (B) Pressure drop across honeycomb cooling pad with:
1- Different air flow rate

i

21 T T T T T T T T T T T |-_.
235 e ]
I o |
- 185k o 4
g
El B -.'{f 7
o - Ty .
= 155 #.
115) e i
@ -
7 4 s

0.04 0.08 0.08 0.1 012 0.14 D.16 0.18

m air [Koisec]

As shown in figure (a) the pressure drops increase by increasing
the inlet air flow rate this can be returned to increasing air flow rate
will lead to higher maldistribution of flow field at inlet of pads as well
as higher air resistance between corrugated sheets.

2- Different water flow rate

40 A T T T R SRR S
{|-#—m",, - 0.0224 kgrsze
35| m—me,, - 0.085 Kgisec

T—de—me 4= 0.127 Kgisec

204
—#—m" ;= 0.159 Kgisec
i JE— M

g = L E
o e e =
20 — T E

< 1 (v ___- i _‘_____ E
i a— —n -

J - -

-l =

L [ — J— - E

5 — =

- T =

] ¢— b) E

] T T T T ' T T L
0.04 0.06 0.0 o1 012 D14 0.18 D.1
m:'water.Hum [Ko/sec]

5=}

when amount of water inlet to honeycomb pads increased leads to
increasing pressure drop across honeycomb pads due to increasing the
resistance between air and water molecules which air flow in horizontal
stream and water flow in vertical stream. So, pressure drop will be
increasing when amount of water increased and air flow rate increased
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