Chapter 1

Introduction

1.1 Historical development

The use of water to reduce the environmental teatpes is not an innovative technique.
Reports in the history of the architecture anddigecivilizations prove the presence of water
fountains, vegetation and cascades in patios. Rgmenings facing these patios contribute to
reduce hostility of hot and dry air in the interiof the residences. Public buildings with
higher occupation, such as palaces, schools anduasslso incorporated this technique. In
the typical mosque architecture, there is a graefibpith central fountain for the religion
ritual. Moreover religious significances, the waséso provides maintenance of the internal
microclimate of the mosque. In modern architectuhe, evaporative cooling is regarded
having in mind the development of air conditionimglustry. In the post-war period, the
evaporative cooling as a technique for environmerdaditioning has developed with new
materials and noise attenuation, the contributidn ag-conditioning machines. The
evaporative cooling is a passive method that cae #e fossils fuel reserves or contribute to
prevent the use of gas CFC in the refrigeratiore ofithe possible causes of the global
heating Much of the post-harvest loss of fruits and vegletsin developing countries is due
to the lack of proper storage facilities. Whilerigérated cool stores are the best method of
preserving fruits and vegetables they are expensivduy and run. Consequently, in
developing countries there is an interest in sinmplg-cost alternatives, many of which
depend on evaporative cooling which is simple andsdnot require any external power
supply. The basic principle relies on cooling bygeration. When water evaporates it draws
energy from its surroundings which produce a carsible cooling effect. Evaporative
cooling occurs when air, that is not too humid,geasover a wet surface; the faster the rate of

evaporation the greater the cooling.



Figure 1.1 Opening facing a patio

Figure 1.2 Water fountain and vegetation in Arab raidential patio

The efficiency of an evaporative cooler dependsherhumidity of the surrounding air. Very
dry air can absorb a lot of moisture so greateficg@ccurs. In the extreme case of air that is
totally saturated with water, no evaporation cde talace and no cooling occurs. Generally,
an evaporative cooler is made of a porous mattatlis fed with water. Hot dry air is drawn
over the material. The water evaporates into theaging its humidity and at the same time
reducing the temperature of the air. There are nuhiffigrent styles of evaporative coolers.
The design will depend on the materials availabtel #ghe user’s requirements. Some
examples of evaporative cooling designs are destiielow.

Pot designs

These are simple designs of evaporative cooletscdua be used in the home. The basic
design consists of a storage pot placed insideggebipot that holds water. The inner pot
stores food that is kept cool. One adaptation @nlthsic double pot design is the Janata
cooler, developed by the Food & Nutrition Boardlodlia. A storage pot is placed in an
earthenware bowl containing water. The pot is tt@rered with a damp cloth that is dipped
into the reservoir of water. Water drawn up thdlclkevaporates keeping the storage pot cool.

The bowl is also placed on wet sand, to isolateptitefrom the hot ground. Mohammed Bah
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Abba a teacher in Nigeria developed a small-sdaleage “pot-in-pot” system that uses two
pots of slightly different size. The smaller potpkced inside the larger pot and the gap
between the two pots is filled with sand. Mohammedn the Rolex 200 Award for
Enterprise for his design. In Sudan, Practical éwtand the Woman’s Association for
Earthenware Manufacturing have been experimentitig thve storage design of Mohammed
Bah Abba. The aim of the experimentation was toalisr how effective and economical the
Zeer storage is in conserving foods. Zeer is thabkr name for the large pots used. The

results are shown in Figure Janata Cooler

Wet cloth

Storage pot

Earthenware bowl
filled with water

Wel sand
Figure 1.3 Janata Cooler

In a bamboo cooler base of the cooler is made fxdarge diameter tray that contains water.
Bricks are placed within this tray and an open veeeylinder of bamboo or similar material
is placed on top of the bricks. Hessian cloth iapped around the bamboo frame, ensuring
that the cloth is dipping into the water to allovater to be drawn up the cylinder’s wall.
Food is kept in the cylinder with a lid placed e top.

An almirah cooler is a more sophisticated coolat thas a wooden frame covered in cloth.
There is a water tray at the base and on top offrdrae into which the cloth dips, thus
keeping it wet. A hinged door and internal shelaésw easy access to the stored produce.
The charcoal cooler is made from an open timbendraf approximately 50mm x 25mm (2”

x 17”) in section. The door is made by simply hirgione side of the frame. The wooden
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frame is covered in mesh, inside and out, leavir@bmm (1”) cavity which is filled with
pieces of charcoal. The charcoal is sprayed wittesvand when wet provides evaporative
cooling. The framework is mounted outside the howse pole with a metal cone to deter
rats and a good coating of grease to prevent attmg to the food. The top is usually solid
and thatched, with an overhang to deter flyingétseAll cooling chambers should be placed
in a shady position, and exposure to the wind ellp the cooling effect. Airflows can be
artificially created through the use of a chimnEgr example using a mini electric fan or an
oil lamp to create airflows through the chimneye tesulting draft draws cooler air into the
cabinet situated below the chimney. The Bhartyd cabinet uses this principle to keep its
contents cool. Wire mesh shelves and holes in ¢ti@in of the raised cabinet ensure the free

movement of air passing over the stored food.
1.2 The evaporative cooling technique

Evaporative cooling occurs when moisture is addeairt that has a relative humidity of less
than 100 percent. The lower the relative humidityg greater the temperature drops when
moisture is added. The technology is a versatitearergy-efficient alternative or adjunct to
compressor-based cooling. In favourable climatess{nof the northern and north-western
India and other dry-climate areas worldwide), evapee cooling can fully satisfy building
cooling loads using one-fourth the energy of cotieaal equipment. It can also be applied
cost-effectively when integrated with conventioralillers’ systems. Using evaporative
technology can also improve a facility load praofiehich can enhance a company's
negotiating position in a retail electricity market

Evaporative cooling systems, such as water coolingers, evaporative condensers,
evaporative fluid coolers, air washers and dehumwiidj coils are widely used all around us.
Their key process is heat and moisture transfavdst air and water. The use of evaporation

of water in air conditioning is an old and much wmotechnology. However its importance is
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again being recognized due to characteristics @ pellution, energy efficiency, simplicity
and good indoor air quality. Evaporative coolingqass remains one of the least expensive
techniques to bring dry bulb temperature to monefootable range and has been used to
improve human comfort conditions since a long timehe thermal environmental control
applications. The principle of evaporative coolimglicates that the evaporative cooling
system can only remove sensible heat, thus theoeatyge cooling system works best in hot
and dry climate where the maximum evaporative ogplvill result. Evaporative cooling
occurs when moisture is added to air that hasivelatumidity less than 100%. The lower the
relative humidity, which is dependent on the aing @hd wet bulb temperatures, the greater
the potential for evaporative cooling. The coolsensation felt by a person breeze passes
over and evaporates perspiration on the skin, igbtiess the most common human

experience with the phenomenon.

All humidification systems that use liquid invola® exchange between the latent heat and
the sensible heat in the air stream: the latent pedion increases, the sensible portion
decreases. For an essentially unvaried enthalpyspeeific humidity increases and the
temperature decreases. Extent of this exchangewslyidepends on the starting temperature
and humidity: if already near saturation, this lgethe upper limit for the humidification
process, there will only be a slight lowering ot ttemperature, whereas the temperature

reduction can be really appreciable if the starpogt is very dry and hot air.

Here is the strong influence of the climate on plssible advantages evaporative cooling.
Starting from predefined conditions the air is hdified adiabatically ; the condition that can
be achieved are limited by the saturation curveilenélso considering that the saturation

efficiency of the humidifier further limits the athable values.



How EVAPORATIVE COOLING works
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Figure 1.4 Working of an evaporative cooler

Evaporative cooling may be an alternative to meidahnrefrigeration cooling for air

conditioning depending on the climatic conditionsd ebuilding load characteristics. This
concept is enhanced again at the present status whergy-saving and environment-
preserving are two subjects in all engineeringdBeldue to its characteristics of zero

pollution, energy efficiency, simplicity and goattoor air quality.

Figure 1.5 Evaporative cooling pad

The direct evaporative coolers have been used nyraad areas of the world such as south-
western United States, Australia, Western Asiarasrth-western China. Evaporative cooling

may be utilized to reduce energy consumption geptace conventional refrigeration system
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in HVAC. Different schemes of evaporative coolingdadifferent types of equipment have
been developed for such applications. Energy coptom in HVAC accounts for
approximately 20% of the total energy consumptiowadays. Effective use of energy and
free energy is especially important. Evaporativeliog uses free energy or recovered energy

for air conditioning.
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Figure 1.6 Evaporative cooling processes on psycheinc chart

Figure 1.6 shows the evaporative cooling procesegssychometric chart. The process 1-2b
corresponds to adiabatic humidification, it happevtsen cooling water is at wet bulb
temperature of air. The process 1-2a corresponds lower cooling water temperature

whereas 1-2c¢ corresponds to a higher cooling wateperature.

1.3 Motivation of the present work

The demand of use of evaporative cooling is seffianatory. The present energy scenario
and crisis of energy makes this technology a faafoler one among all of the cooling
technologies available However, Evaporative airliogois an under-utilized technology
worldwide that has yet to fulfil its full potentiallhe potential future global market and

environmental benefits of this technology with Emsed market penetration is enormous.
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Evaporative air cooling technologies alone, as wslicoupled with desiccant technologies,
could displace the need for vapour compressiorc@iditioning for many applications. As
Developing nations economies grow, energy savimgrelogies such as Evaporative air

cooling will assist with future developments.

A lot of work has been done in the areas of moagllsimulation, analysis, heat and mass
transfer analysis, prediction of outlet temperatanglet humidity etc.; still there are scopes

in the areas of heat and mass transfer calculaindsnodelling of an evaporative cooler.

Some work has been carried out in carrying outhiiet and mass transfer correlations; still
there is scope of developing these correlationsliféerent inlet water temperatures, i.e. inlet

water at normal, elevated and lower than Wet Baitbgeratures.

Present work carries out the effect of various petars on performance of the evaporative
cooling of air. Modelling of the system is done agerimental results are compared with
the model results. Curve fitting of various datad@ne to establish relationship among

various variables using regression analysis, bgthrogramming and manually.
1.4 Organization of the report

The present work is divided into seven chaptersst Fthapter explains the historical
background and technology behind the evaporatiaing systems. Second chapter gives
details of the literature studied for present warld motivation for present work. In third
chapter formulation for evaporative cooling is dome the basis of which the cooling
technology is analyzed. Further the descriptiortest rig is given in fourth chapter. The
mathematical expressions developed, is given ih @hapter. Based upon the formulation in
third chapter the analysis is done in sixth chapkbe conclusions drawn from the analysis

done is also discussed concluding with the futusekwpportunities.



Chapter 2

Literature Review

The study of Evaporative cooling involves sevetields of engineering, namely, fluid

dynamics, material science, environmental engingerheat and mass transfer, material
science and multiphase dynamics which are encadhier vast range of applications. The
literature on fluid dynamics, material science, iBmvmental engineering, heat and mass
transfer, material science and multiphase dynaisjaonsequently distributed across several
disciplines. The literature studied for the presentk can be categorized under following

categories.

2.1 Classification of literature
2.1.1 Feasibility study
2.1.2 Classification and basis of classification
2.1.3 Applications and limitations
2.1.4 Method of analysis

2.1.5 Materials and manufacturing
2.1.1 Feasibility study

The evaporative-cooling systems are, by their veayure, more dependent on climatic
conditions than mechanically cooled systems. Adogig, a success achieved at one
particular location cannot be offhand guaranteedeadily copied elsewhere. Feasibility of

evaporative cooling should be investigated at éacdtion individually.

M.F.El-Refaie et af' have carried out feasibility study of evaporatiwling. Their work
establishes a general foundation for judging thasif@lity of evaporative cooling with
different evaporative-system configurations, undéferent climatic conditions and for

different applications. Two feasibility criteria veestipulated; the rate of air supply to space
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and the indoor relative humidity. Systematic praced were presented for evaluating the
required air-flow rate and predicting the achieeaildoor condition. Explicit mathematical
expressions were derived to define the limitationsoutdoor conditions for any allowable
specific air flow. The impacts of various pertindattors were investigated. These include
the required indoor temperature, the quality ofcepkbad represented by its SHF and the
performance index of the system. Computer prograreee devised to automate, hence
facilitate, the repetitive computations and to evé#lae graphical work on the psychometrics

chart. Samples of program results were graphichdlplayed.

Yunus Cercf has discussed a new ideal evaporative freezing @fciater in which a new
ideal evaporative freezing cycle for freezing oftevas proposed and analyzed by using the
conservation of energy and the conservation of rmassiples. The proposed cycle utilizes
low temperature heat sources such as solar engegyhermal energy, and waste heat, and
consists of a freezing chamber, an air-to-air le@hanger, a desiccant chamber, an air-to-
water heat exchanger, and a fan through whichieiulates at atmospheric pressure. The
operating principles of the cycle is based on # that as dry air picks up moisture from
water, the water vapor absorbs heat primarily ftbearemaining body of the water, and thus
the water is cooled and frozen. It is shown that pnoposed system can produce 28.4 g
ice/kg dry air circulated at most and have a thémoafficient of performance up to 0.47.
The proposed evaporative freezing cycle offers ablei alternative to the conventional
refrigeration methods and provides refrigerationusing the inexpensive source of thermal

energy source. Also, various aspects of the cydpgsed are discussed.

P. Stabaf carried out a study that in low load buildings, thdirect evaporative cooling
system can be sufficient to reach comfort. In Hagd buildings, the desiccant cooling mode
can take over from indirect evaporative cooling ibutery high load buildings; it turns out to

be inadequate. The limits of feasibility of the inedt evaporative system and desiccant
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cooling systems have been assessed by the auflhersnethodology is based on simulations
which have been carried out for different temperdit@atic zones, different thermal inertia
levels, different internal load levels and differesolar gain levels. The annual energy
consumption has been assessed. Since water comsungannot be neglected when

considering operating costs, it has been evaluated.

Renato M. Lazzarin et af carried out a work on diagram based method to &int the
feasibility of evaporative cooling methods for wars climatic conditions and free cooling
and found that direct evaporative cooling can bafigable in hot arid climates, whereas
favourable situations are not frequent in temperatges. First the climate limits to direct
operation were set on the psychometric diagramnEmealternative process was considered
that can provide free cooling via evaporation fdotaof climatic conditions not particularly
dry and very common in temperate climate: indimaporative cooling. Air was cooled in
an adiabatic humidification process, and then m the same air is used to reduce — via a
heat exchanger — the temperature of a second stodamir, whose moisture content
consequently remains unchanged. The cooling effast particularly strong when the air to
be humidified is the ambient air being dischargéde potential of indirect evaporative
cooling was analysed in every climatic conditioivjading the Mollier psychrometric diagram

in different zones where the use of this free captechniques is advisable or not.

Ghassem Heidarinejad studied that some countries have multi-climateaesji and needed
to be investigated more precisely. Based on thesdittons, several cooling systems can be
used for each region. In their study, the poterdfathe direct evaporative cooling (DEC)
systems, indirect evaporative cooling (IEC) systemhssiccant wheel (DW) with DEC
systems, and combination of these methods for mgati the cities of Iran were investigated.
In the remaining regions, mechanical cooling systemd absorption systems can be used.

According to weather condition and natural rescsiréer water in Iran, DEC can be
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considered as a serious alternative for coolinghéir paper, based on numerical simulation
and long-term meteorological measurements, gesetaif criteria is obtained. Results show
that according to population dispersal DEC systeamsprovide comfort conditions for 53%
of people of Iran. IEC, DW, combination of thesateyns, and mechanical cooling systems
can supply comfort condition in remaining majoiiestof Iran consequently. Moreover, for
showing the uniqueness of weather condition wheet$ to these varieties of climates, other
important cities in the neighbouring countries wepenpared with their numerical simulation

code.
2.1.2 Classification and basis of classification

Ren Chenggin et al have carried out exergy analysis of evaporativeliogoprocesses

classifying the evaporative cooling processes um thfferent groups:

1 Direct Evaporative Cooling (DEC)

2 Indirect Evaporative Cooling (IDEC)

3 Direct Indirect Evaporative Cooling (DIEC)

4 Regenerative Evaporative Cooling (REC)

The authors have suggested a functional classditdab break down HVAC project in a
hierarchy structure for analysis. Energy flows @s® classified according to their function as
source energy flow and service energy flow to assesevaluation of the performance of the
systems or components.

A quantitative work has been done by various othghors on classification of evaporative
cooling processes for the purpose of analyzingotbeess and generally lists top three of the
above listed types. Classification based upon gipdicability is also done by various authors

and the list involves the top three of the abosted types.
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2.1.3 Applications and limitations:

The use of evaporative cooling system for domestid industrial application is limited by
climatic conditions. The performance is better ot land dry climates having very low
relative humidity. Generally tropical climatic catidns are the target location for the use
evaporative air cooling.

M. S. Sodha et &l have carried out some work for design patternsvaperative coolers for
two different locations Jodhpur and Delhi. Studiesthe effect of the relevant parameters on
the cooler performance and on the effect that ¢ediave on the thermal performance of the
building have been made. Some suitable rules ahlthtor evaporative coolers have been
made for common users. For floating temperaturalitions, which are obtained in desert
cooler coupled buildings, the thermal performantéhe building may be characterized by
seasonal discomfort. The study shows for the Daimate, which is composite climate of
north India and for Jodhpur climate, which is hot dlimate, the seasonal discomfort index
for a given size of room coupled with cooler dese=awith fan power and pad area and
packing factor of the pads of the cooler. For gjZime desert cooler for the cooling of a given
floor area, the criterion is the reduction in disfort index by 90% of its value without a
cooler.

Robert E. Fostef has carried out a study on use of evaporativeecedh North America in
view of greenhouse gas emissions and global warmihg study shows the benefits of
using Evaporative air cooling as evaporative awmliog does not require CFC refrigerants
and only requires water. Its use in place of vagmumpression systems eliminates CFC and
other green house emissions. Principle advantdgagporative air cooling technologies are
1. Significant local fabrication and employment

2. Substantial energy and cost savings

3. No chlorofluorocarbon usage
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4. Reduced peak power demand
5. Reduced C@and power plant emissions
6. Improved indoor air quality
7. Life cycle cost effectiveness
8. Easily integrated into built up systems
9. Provide humidification when needed

10. Greater regional energy dependence

Renato M. Lazzarin® carried out a diagram based method for carryingtiweifeasibility of
various evaporative cooling systems for variousnatic conditions in which Systematic
procedures were presented for evaluating the reduair-flow rate and predicting the
achievable indoor condition. Explicit mathematieuations were derived to define the
limitations on outdoor conditions for any allowaldpecific air flow. Direct evaporative
cooling can be profitable in hot arid climates, vd@s favourable situations are not frequent
in temperate zones. First the climate limits taecliroperation are set on the psychrometric
diagram. Then an alternative process is considéned can provide free cooling via
evaporation for a lot of climatic conditions notripaularly dry and very common in
temperate climate: indirect evaporative cooling. i&icooled in an adiabatic humidification
process, and then in turn the same air is usecedace — via a heat exchanger — the
temperature of a second stream of air, whose nmeistontent consequently remains
unchanged. The cooling effect is particularly sgramhen the air to be humidified is the
ambient air being discharged. The potential of rexti evaporative cooling in analysed in
every climatic condition, dividing the Mollier psyometric diagram in different zones where

the use of this free cooling techniques is advesablnot.

Jose Rui Camargo et al have carried out some experimental studies of deaporative

cooler operating during summer in Brazilian city.
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Carla Fernanda Barbosa Teixeira et a° have carried out a case study of Campinas,

Brazil, a tropical climate, using evaporative coglsystems for human comfort.

Ebrahim Hajidavalloo*! studied the use of evaporative air cooling to enbathe heat
transfer rate and performance of window air condgr. In their article, a new design with
high commercialization potential for incorporatiofyevaporative cooling in the condenser of
window-air-conditioner was introduced and experitaliy investigated. A real air
conditioner was used to test the innovation byipgttwo cooling pads in both sides of the
air conditioner and injecting water on them in ortte cool down the air before it passing
over the condenser. The experimental results shdkstdthermodynamic characteristics of
new system are considerably improved and poweruropson decreases by about 16% and

the coefficient of performance increases by absat5

Marcos B bellorio*? studied the use of evaporative cooling on gasirterbA mathematical
model for both evaporative cooling and gas turthiased on mass and energy balance was
developed and results show that use of evaporateéng increased the power output and

decreased NOx emissions.

Jodo M. D. Pimenta et af° carried out an engineering study concerning thdicgiipn of
evaporative cooling systems for small-scale povegregation and ambient thermal comfort is
presented in their paper. A first case study cared an analysis on the potential of a direct
evaporative media coupled to an existing gas ntiarioine cycle. The layout of the thermal
system in study, with air combustion evaporativeliog of the cycle, was presented. The
mathematical model adopted for computational sitmadawas based in classical principles
of mass and energy conservation, for the thermadiggprocesses involved. A parametric
study of the effects of the air combustion evapeeatooling about variables as cycle
efficiency and output power, was investigated, l's® micro turbine performance along the

test reference year (TRY) in Brasilia. The secomskcstudy is related to the application of an
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evaporative cooling system for space conditionifgtlte Community Centre of the
University of Brasilia. Initially, constructive, oapation and orientation aspects were
characterized. Next a methodology for cooling Ibadrly calculation is presented based in
an energy balance applied for each individual efeéméthe canvas elliptic surface peculiar
geometry treated by a rendering numeric process. ddtermination of the evaporative
cooling system was realized based in the maximrhkload calculated for a Test Reference
Year in Brasilia. The evaporative cooling systemudation consisted in the response of dry
bulb temperature and relative humidity within binfgl during the analysis time. Results
obtained for the first case showed that a direapevative system can increase power output
and decreases specific fuel consumption in a niimtmne based power generation cycle. For
the second case, it was verified that an evap@&atwoling system use for thermal comfort in
the community centre is recommendable in that peaiods when dry bulb temperature and

relative humidity outside building are higher thaternal comfort conditions.

M. Maerefat et al**

in their study proposed a system consisting oflarSohimney (SC) and
an Evaporative Cooling Cavity (ECC) to enhance ipassooling and natural ventilation in a
solar house. The capability of the system to mieetréquired thermal needs of individuals
and the effects of main geometric parameters orsyseem performance had been studied.
The dependence of the system performance on outdotemperature has been studied to
determine the operative conditions for appropreftectiveness, regarding thermal comfort
criteria. To determine the heat and mass transi@racteristics of the system, a mathematical
model based on conservation equations of mass rardyehad been developed and solved
by an iterative method. The findings show that siystem is capable of providing good
indoor air condition at daytime in a living roonvea with poor solar intensity of 200 W/m2.

The results show that when the relative humidityoiser than 50%, the system can make

good indoor air condition even at%® and a higher performance is achieved using ECC
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with concurrent configuration. It is found that thoposed system may be applied

successfully in hot arid climates to fulfil the o thermal comfort expectations.

Ebrahim Hajidavalloo et al*

in their study proposed a new design with high
commercialization potential for incorporating ofagerative cooling in the condenser of
window-air-conditioner is introduced and experinadiytinvestigated. A real air conditioner
was used to test the innovation by putting two icgplpads in both sides of the air
conditioner and injecting water on them in ordectml down the air before it passing over
the condenser. The experimental results show tiemodynamic characteristics of new

system are considerably improved and power consampecreased by about 16% and the

coefficient of performance increased by about 55%.

Khalid A. Joudi et al*® conducted into the application of the indirect ewapive cooling in
fulfilment of the variable cooling load of a typldaaqi dwelling. A two story house located
in Baghdad was the object of the study. The apjphicavas evaluated through a systematic
simulation, along with a comparison between twoargements of an indirect-direct
evaporative cooling system. The simulation involibd operation of the cooling system
under four operating modes for variable ambientpemture and cooling load conditions
during the summer season. The concept of variableotume (VAV) was employed as a
control strategy over the day by changing the suppllow rate through a variable speed fan
according to the variation in the cooling load. Hpucomputerized calculations were
programmed for the variable cooling load usingttiaasfer function method (TFM) over 24
hour daily cycles. The simulation of the systemuded variation in the effectiveness of the
plate heat exchanger employed for the indirect esajve cooling stage and its effect upon
the variation in the air low rate. The results shdwhat indirect evaporative cooling would

result in a comfortable indoor condition for mosripds of system operation. Also, the



18
results have shown that the coefficient of perfaorogatends to be very high because the

system consumes only fan and water pumping power.

Charles Kutscher et at’ described a spreadsheet model that was developassess the

cost and performance of four methods for using kumpental evaporative cooling to boost
summer performance of geothermal power plantsrd)poling with spray nozzles, 2) pre-
cooling with Munters media, 3) a hybrid combinatminnozzles and Munters media, and 4)
direct deluge cooling of the air-cooled condensdyes. Although all four options show

significant benefit, deluge cooling has the potdnt be the most economic.

E.E. Anyanwu'® proposed a porous media evaporative cooler foreprasion of fruits and

vegetables. The experimental cooler, with a taimlagie space of 0.014°nconsisting of a

cuboids shaped porous clay container located iresid¢her clay container. The gap between
them was filled with coconut fibre. A water resandmked to the cooler at the top through a
flexible pipe supplied water to fill the gap, thkeseping the coconut fibre continuously wet.
Results of the transient performance tests revedted the cooler storage chamber
temperature depression from ambient air temperatareed over 0.1-Z. Ambient air

temperatures during the test periods ranged ove8@€. The results also illustrate superior
performance of the cooler over open air presermabiovegetables soon after harvest during
the diurnal operations. Thus, the evaporative ¢obss prospects for use for short term

preservation of vegetables and fruits soon afterds.
2.1.4 Method of analysis

Energy consumed in HVAC accounts for approximad9o of total energy consumption
now a day. Effective use of energy and free eneésggspecially important. Evaporative
cooling may be utilized to reduce energy consumptar to replace conventional

refrigeration system in HVAC, as it uses free egargrecovered energy. The second law of



19
thermodynamics tells us that the maximum availadahergy of moist air that may be
recovered or utilized is its exergy. Therefore, éinergy saving potential ought to be exergy.
This potential is independent of schemes and eqempsnto be used and will be useful for
comparison of the performances. The exergy metlabcliates the exergy loss caused by
irreversibility, which is an important thermodynanproperty, which measures the useful
work that can be produced by a substance. Anabyssergy losses provides information as

to where the real inefficiencies in a system lie.

Kunxiong Tan et al*® have carried out a numerical analysis of reversitslyd water cooling
towers in whichthey have applied a desuperheater heat recovetgnsyer service hot-water
heating for subtropical regions. However, in coldeasons when building cooling load is
reduced, a standard water-cooling tower may bersdig used to extract free heat from
ambient air to make up the reduction of heat sotocevater heating. Previous related work
included developing an analytical method for evihga the heat and mass transfer
characteristics in a reversibly used water-cootmger (RUWCT), which cannot be used to
determine the air and water states at any inte@ediorizontal sections along the tower
height within an RUWCT. This paper presents a tetanumerical analysis by which the air
and water states at any horizontal plane alongdher height within an RUWCT can be
determined. The numerical analysis has been gdgrtialidated using the experimental data
from an installed RUWCT in a hotel building in sbetn China. The numerical analysis
reported in this paper, together with the Analytid@thod previously developed, provides a
complete method for the analysis of heat and massfer characteristics within and at the
boundaries of an RUWCT.

Taufiq B.N. et af® have carried out a study about energy efficiencgwaporative cooling
systems over conventional refrigeration systeme. §thdy also focuses about environmental

impacts of evaporative cooling systems.
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Chenggin Ren et a* have carried out the exergy analysis of evaporatiming systems. In
the study an unusual dead state, other than atransptate is selected for exact analysis.
Various types of evaporative cooling systems ammapared. Concluded with that Il law
efficiency is the right measure to analyze the evafive cooling systems

Wu J.M. et al? concludes that the frontal air velocity and padkhess of the pad module
are two key influencing factors to the cooling e@tncy of a direct evaporative cooler. The
optimum frontal velocity of the pad module shoukldround 2.5 m/s for the needed supply
volume. This recommended value can be used to el¢bal frontal area of the pad modules
in a direct evaporative cooler. Too small a velpgiill result in a large frontal area of the
pad module and an increase in size and primarystmeant of direct evaporative cooler.

In the numerical investigatior?® the authors developed a set of simplified goveynin
equations to describe heat and moisture transfevele® water and air in the evaporative
cooler. The influences of the inlet frontal air agty, pad thickness, inlet air dry bulb
temperature and wet bulb temperature on the coelificjency of the evaporative cooler are
analyzed in the same paper.

Ala Hasar?* suggested a method to cool the air below its wéi temperature. The ultimate
temperature for such a process is the dew poinpeesture of the ambient air. The author
concludes that the cooling effect obtained by arajrect evaporative coolers is dependent on
both the temperature and flow rate of the delivgretiuct air to the room. For a specified
total inlet air flow rate for a cooler, increasitifge working air flow rate results in a lower
temperature, and lower flow rate, for the delivepedduct air and vice-versa. This is then an
optimization problem where objective is to maximtbe cooling power to the delivered
product air.

Ghassem Heidarinejad et al show that considering the climatic conditions egyiof, the

two stage direct/indirect has high potential toye comfort conditions in regions where at
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present stand-alone direct evaporative coolersataprovide comfort conditions. Also in
regions with high wet bulb temperatures, this systean be used instead of mechanical
vapour compressions systems, so leading to declieagdectrical energy consumption.
Results show that average water consumption ofst&@ge evaporative cooling system is
55% more than direct evaporative cooling system podier consumption is 33% of
mechanical vapour compression system, so this rapadystem can be used in various
climatic conditions as an environmentally clean andrgy efficient system.

Dowdy J.A? in performance of a rigid cellulose evaporative med for elevated inlet
water temperatures has obtained temperature cioredato predict the performance of a
rigid impregnated cellulose evaporative medium wilkt water temperatures between those
of ambient dry bulb temperature and wet bulb termoee. His study considers mass flow

rate ratios of water to air up to 0.8 in value.

B. Riangvilaikul et al*®

analyzed a novel dew point evaporative coolingesystor sensible

cooling of ventilation air. Investigation on the tlet air conditions and the system
effectiveness at different inlet air conditionsnffgerature, humidity and velocity) covering
dry, temperate and humid climates. The results sdothat wet bulb effectiveness ranged
between 92 and 114% and the dew point effectivebhetseen 58 and 84%. A continuous
operation of the system during a typical day of suenseason in a hot and humid climate

showed thatwet bulb and dew point effectivenes&waénost constant at about 102 and 76%,

respectively.

R. Sureshkumar et af’ generated experimental data on evaporative codtiegt and mass
transfer processes between a water spray and anddiefrour nozzle sizes were tested for
hot-dry and hot-humid conditions that covered DBdnf 35 to 47°C, and R.H. 10-60% in
parallel and counter flow configurations. Threeavairessures 1, 2 and 3 bar(g) and three air

velocities 1, 2 and 3 m s_1 completed the testirma# simulation model for two-way
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coupling of heat and mass transfer between theletsopnd air is described here. Using the
Maximum Entropy Formulation, droplet diameter—vépcombinations were generated and
classified into 200 parcels that were the initiahditions for droplet motion. Simulation
results and experimental data agree within +15%pfanallel and +30% for counter flow

configurations.

Renato M. Lazzarin et af proposed a diagram based method to evaluate tpomtave
cooling technology, which also supplies informatairout the feasibility as per the ambient

conditions available.

A.S. Kaiser et af® developed a numerical model for studying the evaipee cooling
processes that take place in a new type of codtimgr. In contrast to conventional cooling
towers, this new device called Hydro solar Roofspras lower droplet fall and uses
renewable energy instead of fans to generate thenass flow within the tower. The
numerical model developed to analyse its performaisc based on computational flow
dynamics for the two-phase flow of humid air andevalroplets. The Eulerian approach is
used for the gas flow phase and the Lagrangianoapprfor the water droplet flow phase,
with two-way coupling between both phases. Expentialeresults from a full-scale prototype
in real conditions have been used for validatione Thain results of this study show the
strong influence of the average water drop sizeeficiency of the system and reveal the
effect of other variables like wet bulb temperatuvater mass flow to air mass flow ratio and
temperature gap between water inlet temperaturavabdulb temperature. Non dimensional
numerical correlation of efficiency as a functiohtbese significant parameters has been

calculated.

Y.J. Dai et af® analyzed cross-flow direct evaporative cooler, inicl the wet durable
honeycomb paper constitutes as the packing matdiia system is expected to act as both

humidifier and evaporative cooler to create a cotate indoor environment in arid regions.
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A mathematical model, including the governing epreg of liquid film and gas phases as
well as the interface conditions, has been developke interface temperature of falling film
has been predicted and discussed in detail. Amalesults indicate that there exists an
optimum length of the air channel, which resultgha lowest temperature, and the system
performance can be further improved by optimizihg bperation parameters, such as the
mass flow rates of feed water and process air, &k ag the different dimensions of the

honeycomb paper.

Chung-Min Liao et al*® developed a compact wind tunnel to simulate evajveraooling
pad—fan systems and to provide direct measurenfeystem performance. Two alternative
materials including one made of coarse fabric P@g@hge mesh 2.5 mm diameter in pinhole
and one made of 6ne fabric PVC sponge mesh in m5dmmeter pinhole were tested as
pads in wind tunnel experiment. Authors have expentally examined the effects of air
velocity, water flow rate, static pressure dropoasrpad, and pad thickness on evaporative
cooling efficiency. Pad face velocities and asdedatatic pressure drops that allow a pad—
fan system works were measured. The dimensionleskivg equations of heat and mass
transfer coefficients through various thicknessealternative pad media could be obtained

through curve fitting technique based on the meamants.

Boris HalasZ' developed a general non dimensional mathematiodehfor the description

of all types of evaporative cooling devices in tgdaise (water cooling towers, evaporative
condensers and evaporative fluid coolers, air wasliehumidifying coils etc.). The system
of differential equations describing non-adiaba&i@poration processes is transformed to a
pure non dimensional form by the introduction ofnndimensional coordinates and
parameters and by the substitution of a straighsaturation line instead of the real one. In
such a way, not only the description of the enpirecess becomes very simple, but also the

overall performance of any such device can be aspkin terms of only few parameters and
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presented in one or few diagrams. This non dimeasimodel forms a basis for simple and
rather accurate methods for rating various typeswvaiporative cooling devices. For every
type of device, a unique rating procedure can keboshed, irrespective of the relative flow
direction of the fluids involved, which is very ommient when cross-flow devices are
considered. Since every particular type of evaparatevice deserves considerable attention,
the application of this general model to variousparative devices, together with the
resulting rating procedure and accuracy test wall gresented in detail in the follow-on

papers, each devoted to one particular type.

Qun Chen et af? extended the entransy theory using the analogyd®stvheat and mass
transfer processes to tackle the coupled heat @sd tnansfer processes so as to analyze and
optimize the performance of evaporative coolingiays. Introducing a few new concepts
including the moisture entransy, moisture entrasisgipation, and the thermal resistance in
terms of the moisture entransy dissipation. Thafésn, the moisture entransy is employed to
describe the endothermic ability of a moist aireThoisture entransy dissipation on the other
hand is used to measure the loss of the endothahiiity, i.e. the irreversibility, in the
coupled heat and mass transfer processes e thlddss$ is shown to consist of three parts:
(1) the sensible heat entransy dissipation, (2)atent heat entransy dissipation, and (3) the
entransy dissipation induced by a temperature patefrinally the new thermal resistance,
defined as the moisture entransy dissipation rateletl by the squared refrigerating effect
output rate, is recommended as an index to effelgtiveflect the performance of the
evaporative cooling system. In the end, two typieshporative cooling processes are
analyzed to illustrate the applications of the g™ concepts.

A. Fouda et af® developed a mathematical model to describe the &wegtmass transfer
between air and water in a direct evaporative ¢odlee model consists of the governing

equations with their boundary conditions and sorasoeated algebraic equations. The
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related latent heat of water evaporation is talea aeat source in the energy equation, and
the mass of evaporated water is treated as a moassesin the mass equation. The study
presents a comparison of the computed results tvdhof experimental results for the same
evaporative cooler. A good agreement between thaulated and experimental results is
achieved. The influences of the inlet frontal aglocity, pad thickness, inlet air dry-bulb
temperature on the cooling efficiency of the evagiee cooler are calculated and analyzed.
The predicted results show validity of simple math&écal model to design the direct
evaporative cooler, and that the direct evaporatoaer with high performance pad material
may be well applied for air conditioning systems.

M. Lemouari et al**

carried out experimental analysis of simultaneoeathand mass
transfer phenomena between water and air by doeaiact in a packed cooling tower. The
tower is filled with a “VGA.” (Vertical Grid Appaatus) type packing. The packing is 0.42 m
high and consists of four (04) galvanised sheeténgaa zigzag form, between which are
disposed three (03) metallic vertical grids in fatavith a cross-sectional test area of 0.15 m
-0.148 m. This study investigates the effect ofdlveand water flow rates on the global heat
and mass transfer coefficient as well as the ewioor rate of water into the air stream, for
different inlet water temperatures. Two operatiagimes were observed during the air/water
contact inside the tower, a Pellicular Regime (RRJl a Bubble and Dispersion Regime
(BDR). These two regimes can determine the besttaw@yomote the heat and mass transfer
phenomena in such device

R. Sureshkumar et af° presented experimental data obtained for two arblienditions,
viz., hot-dry and hot-humid, covering dry bulb tesrgture (DBT) from 35 to 47C, and
R.H. 10-60%. The studies were conducted for paratld counter flow configurations, each
with four nozzle sizes; water pressures were In® &abar(g) and air velocities 1, 2 and 3

m/s. The controls on air and water conditions, #mel accuracy of measurement were

improved so that the uncertainties are considerbviyer than in earlier studies. The data
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showed clear trends. For a specific water flow,ratesmaller nozzle at higher pressure
produced more cooling than a larger nozzle at lqwessure.
B. Costelloe et a examined the performance of an open industrialescabling tower,
utilising small approach temperature differences3(K), for rejection of heat at the low
water temperatures (11-%) typical of chilled ceilings and other sensible-aater heat
dissipation systems in buildings. The study wasiedrout under temperate maritime
climatic conditions (3—1% wet-bulb temperature range). Initially a theaattianalysis of
the process at typical conditions for this clima@s conducted, which indicated that a water
to air (L/G) mass flow rate ratio of less than IMs required for effective operation.
Consequently for these low L/G ratios, the therpeiformance of the experimental tower
was measured and correlated. A new correlationra@pgsed which shows a significant
increase in the NTU level achieved, for the requitéG ratios (0.3-0.9). As the cooling
tower in this application is predominantly a masssfer device under summer conditions,
the evaluation of the total volumetric heat and snaansfer coefficient is of particular
relevance and is also determined.
A. Beshkani et af’ mathematically modelled and evaluated the perfomaaf rigid media
evaporative cooler, equipped with corrugated papsr& wetted medium. The governing
equations of air were solved using finite differenanalysis and Projection algorithm.
Saturation efficiency and pressure drop as funstiohair velocity and media depth were
calculated. Effects of corrugation shape, meaneptmace, Reynolds number and Prandtl
number were also considered. Analysis of the reslibwed that efficiency improves with
decreasing velocity and increasing depth of mdéiassure drop increases with increase of
both velocity and media depth. In addition, efffrag becomes approximately independent of
velocity with increasing depth to a certain valResults obtained were compared with those
of channel flow and showed that, corrugating ome %f the channel at high velocity can

improve efficiency by 40%.
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Paisarn Naphor® investigated both experimental and theoreticalltei the heat transfer
characteristics of the cooling tower. A column pagkunit was fabricated from the
laminated plastic plates consists of eight lay&is.and water were used as working fluids
and the test runs were done at the air and watss ff@w rates ranging between 0.01 and
0.07 kg/s and between 0.04 and 0.08 kg/s, respégtiihe inlet air and inlet water
temperatures are 43, and between 30 and @) respectively. A mathematical model based
on the conservation equations of mass and energyderxeloped and solved by an iterative
method to determine the heat transfer characisisfithe cooling tower. There is reasonable
agreement from the comparison between the meadatadhnd predicted results.
Hakan Caliskan et af® presented energy and exergy analysis and susilitinassessment
of the novel evaporative air cooling system basedvaisotsenko cycle which allows the
product fluid to be cooled in to a dew point tengpere of the incoming air. In the energy
analysis, Maisotsenko cycle’s wet-bulb and dew pdafiectiveness, COP and primary
energy ratio rates are calculated. Exergy analykithe system is then carried out for six
reference temperatures ranging frofCOto 23.88C as the incoming air (surrounding)
temperature. The specific flow exergy, exergy inpexergy output, exergy destruction,
exergy loss, exergy efficiency, exergetic COP, prynexergy ratio and entropy generation
rates are determined for various cases. Furthernsoigtainability assessment is obtained
using sustainability index method. As a result, immaxm exergy efficiency is found to be
19.14% for a reference temperature of 2%B®&here the optimum operation takes place.
B.N. Taufiq et al*® described the modelling and optimization analysiscboling system in
the building. Exergy technique has been used ttuateoverall and component efficiencies
and to identify thermodynamic losses. The method wsll suited for analyzing
thermodynamic model and identified exergy lossesaiof conditioning application in a

building.
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Ren Chenggqin et at* discussed the principles of exergy analysis inihgatentilating and
air conditioning (HVAC through an analytical revies some pertinent works. An unusual
selection of dead-state novel to HVAC applicatimsuggested, which simplifies the exergy
analysis by eliminating the necessity of calculgtithe exergy of water at ambient
temperature.

2.1.5 Materials and manufacturing

Evaporative air cooling unit is essentially a refgy simple technology that can wholly or

partially produced in less developed countries,eddmng on the existing industrial base. In
India and Pakistan for instance large Volumes ohglete units are being produced locally.
Small enterprises use a labour intensive produgirocess in India. The products are made
of sheet metal, wood fibre pads and simple purmglirig their way on the market either as
finished products or as kits, transported all abher India. The other type of fabrication are
more sophisticated indirect-direct evaporative epgroduction in Australia and the USA,

with coated sheet metal, plastics or fibre glafigient cellulose paper-pads, computerized
thermostats and bleed-offs. These units are matkeith glossy folders and exported to a

number of countries.

Dai Y.J. et af® discussed about honeycomb paper as packing niateei@aporative coolers,
and concludes that the evaporative cooler usingymomb paper as packing materials is
compact in size and weights less; it can as wellagca humidifier in arid region. Under
typical conditions it can reduce the air tempemtoy $C and increase the humidity ratio by

about 50%.

30
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Chung-Min Liao et al”” discusses about various alternative cooling pacmadd available

locally and their feasibility.
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2.2 Conclusions of literature review

A lot of work has been done on the feasibility s#sd materials, performance analysis of
evaporative cooling systems and heat and masddramsalysis. The counted research gap
may be the heat and mass transfer correlationdiffierent inlet water temperaturd3owdy

J.A.* has established these correlations for normal imbger temperatures. Hence there is

scope of developing correlations for different iMeater temperatures.

2.3 Objectives of present work

A lot of work has been done in the areas of moalgllsimulation, analysis, heat and mass
transfer analysis, prediction of outlet temperatungtlet humidity etc.; still there are scopes
in the areas of heat and mass transfer calculaiadsmodelling of an evaporative cooler.
Some work has been carried out in carrying outhiiet and mass transfer correlations; still
there is scope of developing these correlationsliféerent inlet water temperatures, i.e. inlet
water at normal, elevated and lower than Wet Betbperatures. Present work carries out the
effect of various parameters on performance ofetfegporative cooling of air. Modelling of
the system is done and experimental results argawed with the model results. Curve
fitting of various data is done to establish relaship among various variables using
regression analysis, both by programming and manu@brrelations for heat and mass

transfer are established in form of various dimemsiss numbers.
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Chapter 3

Formulations of evaporative cooling systems

Evaporative cooling occurs when moisture is addeairt that has a relative humidity of less
than 100 percent. The lower the relative humidityg greater the temperature drops when
moisture is added. Their key process is heat andtame transfer between air and water. The
use of evaporation of water in air conditioningas old and much known technology.
However its importance is again being recognized tucharacteristics of zero pollution,
energy efficiency, simplicity and good indoor aiuadjty. The principle of evaporative
cooling indicates that the evaporative cooling eystan only remove sensible heat, thus the
evaporative cooling system works best in hot ang dimate where the maximum
evaporative cooling will result. All humidificatiorsystems that use liquid involve an
exchange between the latent heat and the senstaleim the air stream: the latent heat
portion increases, the sensible portion decredsmsan essentially unvaried enthalpy the
specific humidity increases and the temperatureedses. Extent of this exchange obviously
depends on the starting temperature and humidiglréady near saturation, this being the
upper limit for the humidification process, therellvonly be a slight lowering of the
temperature, whereas the temperature reductioeaaally appreciable if the starting point
is very dry and hot air.

The formulation of evaporative cooling process neéedbe done for both model and
experimental values for:

(i) Basic relationship between dimensionless numberfofoe convection heat transfer

(i) Heat transfer coefficient

(i) Mass transfer coefficient

(iv) Relationship between heat and mass transfer cieffec

(v) Outlet air dry bulb temperature
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(vi) Outlet air specific humidity
(vii) Cooling efficiency
(viii) Exergy analysis
(ix) Regression analysis for curve fitting and correlasi between various parameters
3.1 The relationship between non dimensional numbers fdheat and mass transfer for

force Convection heat transfer:
Force convection heat transfer depends upon tlosvigilzen variables
p=Kinematic viscosity of flowing air
p = Density
V = Velocity of flow
hc = Heat transfer coef ficient
d = Characteristic dimension
k = Thermal conductivity
¢, = specific heat
Hence any of these can be written as function loérst i.e.
he =f(wp,V,d,cp k)

Hence these can be set in non dimensional groupg Bsickinghamt Theorem,

Dimensions of all the variables
— -3. — -1, — I — —-17-1, — 2m7-2n-1
p = ML3; V=LT d=L; = ML1T-% ¢, = L*T20

k =MLT™30Y;, h,=MT39?
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Here, number of fundamental dimensions (m) = 4
Number of independent variables (n) = 7
Hence number af terms = n-m=7-4=3

Hence this group of variables can be arrangedraethon dimensional groups, i.ex &rms.
[ a b c d
m=[ 0 @ (0 () V|

= [ (@ @° (w° () k]

m= [ (7 @° (W () ke

Arranging for dimensions for all the variables we three non dimensional numbers:

h.d
Nusselt number = N, = (T)

de)

Reynold's number = R, = ( p

)

Prandtl number = Pr = ( T

This could be arranged as

N, = C(R)*(Pr)? (3.1)
Similarly for convective mass transfer the arrangenof non dimensional numbers are
Sh = C(R,)*(Sc)? (3.2)

Where

h,l
Sherwood number(Sh) = (T)
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Schmid number(Sc) = (:—d)

3.2 Theoretical Heat transfer coefficient:

Dowdy [25] has presented correlation for heat i@nsoefficient in evaporative cooling

systems for rigid evaporative cellulose media:

Nu = 0.1(1,/1)*12Re®#Pr (3.3)
l, = 0.00285m for rigid cellulose medium

l = length of one pass of pad module,which is

[ =0.1+ cos45° = 0.1414 m for a thickness of 0.1m of pad module

as angle of pass of honeycomb chamber is 45°
1
Nu = 0.1(0.00285/0.1414)%12Re%8Pr3

1
Nu = 0.0652 Re®8Pr3

1

hel) v\ (uCpma)3
(*<) = 0.0652 () " (Hzme) (3.4)
3.3 Similarly for mass transfer coefficient, the correhtion presented by dowdy [25], is
Sh = 0.08(l, /1)*12Re®8Sc3 (3.5)

1
Sh = 0.08(0.00285/0.1414)%12Re%85c3

1
Sh = 0.0522 Re®8Sc3
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fml — 0.0522 (”7’”)0'8 (:_d)(;) (3.6)

The properties of air used in above equations tameean temperature i.e. algebraic mean of

inlet and outlet air temperatures.

For a particular arrangement, if there is not muatiation of mean temperature the heat and
mass transfer coefficients for different flow veat@s can be presented in form of velocity of

air flow only, as all other things will remain caast.

3.4 Practical heat and mass transfer coefficients:

To find out practical heat and mass transfer coieffits the convective heat transfer equation

(Newton’s law of heating and cooling) can be used:

q = hoAAT (3.7)

WhereAT is logarithmic mean temperature difference, giasn

(Tin—Twp))
And g is convective heat transferred, given as
q = (Ma,inComaTin — Maout ComaTout) + Win(Ma inPw,in — Ma,ouchw out)
~Wour (Mg inhw,oue = Ma,outhw,wn) (3.9)

To find mass transfer coefficient, the convectivassitransfer equation can be used, given as

m, = hy, AgAp, (3.10)
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Where m,is water evaporation rate, amip, is logarithmic mean density difference of

flowing air, given as
Me = My outWout — Ma,inWin (3'11)

_ (pv,out B pv,in)
(bv,out—Pwn)
(Pv,in—Pwb))

Ap, (3.12)

From the above two relations the practical heat avabss transfer coefficients can be

evaluated and compared with the theoretical values.

3.5 Relationship between heat and mass transfer coeffents:

Based on assumption of, = 1,

he

o= Coma (3.13)

3.6 OQutlet Temperature:

Outlet temperature of air can be found out usirgrgynbalance for air,

hedAg(ts —t) = mycpmadt (3.14)

h.dA = mgcpmq (L> (3.15)
(& — 1)

Integrating

heAg = —mgCpmaln(ts —t) + C (3.16)

Applying boundary conditions

At x=0, t=, A=0

Hence
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C= macpmaln(ts —t1)

Substituting for C in (3.3)

heAg = —mgCpmaln(ts — t) + mycpmaln(ts — t1)
hcAs — (tl_ts)
MaCpma (t-ts)

h = MaCyma In [tl - ts]
¢ A t—t

Assuming ideal process, the outlet temperature lmeayritten as

hoAs
tout = twp T (tin - twf) €xp <_m c )
aCpma

Also, conservation of energy can be used to find tthe outlet temperature, as
Energy going in = Energy going out
ma,in X ha,in + mw,in X hw,in = ma,out X ha,out + mw,out X hw,out

3.7 Outlet humidity:

c h A
pma cs
Wout = Ws — hf (tin - twb) €xp <_ m.c )
g atpma

3.8 Cooling Efficiency:

_ (tin - to)
(tin - twb)
OR
n= 1— (to_twb)

(tin - twb)

(3.17)

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)
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OR

h.A
n=1—exp< <3 ) (3.26)
macpma

3.9 Humidifying efficiency

_ (Wout B Win)

M= —wi) (3.27)
3.10 Energy balance at cooling pad:

Mg inRa,in + My inhw,in = Ma,oucha,out+Mw,outAw,out (3.28)
OR

Myadhg = —[My, in — Maq Wour — W) hs wimaadwhs (3.29)

3.11 Exergy analysis:

Exergy analysis can be used as a reliable toolaf@lyzing energy consumption of any
thermodynamic system or unit. Exergy analysis @fpevative cooling schemes is discussed
through an analytical review of some pertinent vg8ofkor evaluation of evaporative cooling,
the exergy of moist air is analyzed and broken domto three components: Thermal,
Mechanical and Chemical exergy. Evaporative coofirmcesses are analyzed with the help
of devised diagrams which are applicable to variooisditions and ambient states among
various cooling applications. Different cooling sales are properly evaluated and compared
in terms of exergetic efficiency. Further, to elaie the necessity of calculating the exergy
of water at ambient temperature, a dead state nvelvaporative cooling schemes is
suggested, which will also make it easier to evalile theoretical limit of evaporative
cooling capacity. The method is well suited for lgpnmg thermodynamic model and

identifying exergy losses of air conditioning applions.
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The exergy of moist air is given byf] (derived from entropy principle):

T
ex = (Cpa + wCpv) [T —To—Toln (T_>] + (1 + 1.608w)RaT,yln <p£>
0 0

+ RaT {(1+1608 ) [1+1'608W°]+1608 I (W>}
aho OROWIM T T 608w | T O

This may be broken down into three components, viz.

3.11.1 Thermal Exergy

T
exth = (Cpa + wCpv) [T —To—Toln (T_>]
0

3.11.2 Mechanical Exergy

exme = (1 + 1.608w)RaTln (pﬂ)
0

3.11.3 Chemical Exergy

1+ 1.608w,

w
exch = RaTO{(l + 1.608w)In m} + 1.608win (F)}

Such that the total exergy is sum of the three amapts,

ex = exth + exme + exch

The exergy destruction in various processes witfer@int inlet water temperatures needs to

be evaluated.

3.11.4 Exergy destruction:

Exergy destructed = (exth + exme + exch);, — (exth + exme + exch) y;

The thermal and mechanical exergies are zero far@mmental air if the reference stage is

environmental stage. Chemical and thermal exergy e be evaluated at inlet and outlet

conditions of air. Hence, exergy destructed

(3.30)

(3.31)

(3.32)

(3.33)

(3.34)

(3.35)
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Exergy destructed = (exch);, — (exch + exth) (3.36)

3.11.5 Exergetic efficiency:

Exergy at outlet
9y ) (3.37)

Nexergetic = ( Exergy at inlet

3.12 Regression analysis for curve fitting and developnm¢ of correlations between

various parameters [4:

The procedure of obtaining a best fit to a givetadzt is often known as regression. The

regression may be

(@) Linear
(b) Polynomial

(c) Exponential/power law
Procedure:
fx) =Co+ Cix+ Cox? + C3x3 + e e v e G x™ (3.38)

WhereC,, C;,C, etc. are the coefficients to be determined? Thme stithe squares of the
differences between the data points and correspgndalues from the approximating
polynomial is given by:

2

n
S = Z[yi —(Co+ Cix + Cox? + C3x3 + v v e e +Cpx™) ] (3.39)
i=1

The minimum occurs when the partial derivative$ afith respect t@y, C;, C, etc. are all

zero. This gives

0s _, 95 _. 05_. 05 _, 240
5e.=0% 3070 Ge =0 go= (3.40)
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The equations may be further simplified in the fain

Z y; — Z Co — Z 1 X; — Z CoXP = v Z Cm X" =0 (3.41)

le-yi —COle- - clz x? — ¢y Z X2 = s —cmz:xl?n+1 =0 (3.42)
le?nyi — Colem - le?n“ —c, Z XM — —cmz x?™ =0 (3.43)

Or, the equations may be written in the form of

Yo+ XX+ XP+ O X =Yy, (3.44)

CoXXi+ X2+ NX + e e O XX = Y Xy, (3.45)

COZ x™ + clz x™ +c, le?n” oo +cmz:xl-Zm = Z x™y; (3.46)

Where all the summations are over n data poimsi41 to i=n

In case of two independent variables the equatietsce to:

n z Co+Cq z X1t ¢ Z Xpi = Z Vi (3.47)
Co z X1+ ¢ Z xii+ ¢y Z X1,iX2i = Z XiYi (3.48)
Co Z Xz T Cq Z X1,iX2i + C2 Z x%,i = Z x{"yi (3.49)

Several important non polynomial forms of the fumatfor curve fitting can be linearized so
that the methods of linear regression can be appienong these, the most common forms

are exponential and power-law variations, which maylefined as

f(x) = Ae™  f(x) = Bx" (3.50)
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The corresponding linearized forms are given bgpeetively,

In[f(x)] = In(4) + ax (3.51)

In[f(x)] = In(B) + bInx (3.52)

where In k) represents the natural logarithmxofin these two cases, if a dependent variable
Y is defined as¥ = In [ f(X)] and an independent variabfeas X = x in the first case and=
In(x) in the second, then the two equations becomeuime terms ofX and Y. These
equations may be written &= C + DX and linear regression may be applied with the new
variablesX andY to obtain the intercef, which is Inf) or In(B), and the slop®, which is

a or b for the two cases. TheA or B is given by expC) anda or b by D. Therefore, from

this linear fit, the constangs, a, B, andb can be calculated.



42

Chapter 4

Description of experimental setup

A Cross flow design is developed in which the &wfis directed perpendicular to the water
flow. Air flow enters the cooling pad to meet watercooling pad material. Water flows
(perpendicular to the air) through the cooling fdgravity. Gravity distributes the water
uniformly across the pad material. Evaporative iogpbf water and air occurs as air passes
across the pad materi&l/ater is circulated through a pump station and kegjpo the top of the
cooling pad via a distribution manifold. A distriimn pad on the top of the cooling pad ensures
an even water distribution. The water flows dowm ttorrugated surface of the CELdek
evaporative cooling pad. Part of the water is evagd by the air that passes through the pad.
The rest of the water assists in washing the padijsadrained back to the pump station through a
gutter system. The heat that is needed for theagatipn is taken from the air itself. The air that
leaves the pad is therefore cooled and humidifietuiéaneously without any external energy

supply for the evaporation process. This is hasuog/n cooling process.

4.1 Description of various parts of experimental setup:

4.1.1 Cellulose cooling pad

4.1.2 Air passage

4.1.3 Sprayer

4.1.4 Collecting tank

4.1.5 Instruments to measure data

4.1.1 Cellulose Cooling pad:

CELdek 7090 evaporative cooling pad is used intélserig, which is used in systems where
high efficiency cooling is required. It can be usedmany different cooling purposes but is
particularly suitable for evaporative coolers faynmumercial and domestic use. The pad
consists of specially impregnated and corrugatdidiose paper sheets with different flute

angles, one steep (45 deg) and one flat (15 daghtve been bonded together.
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Figure 4.1 Schematic line diagram of the evaporati& cooling experimental setup

Front photograph of exp. setup Side photographfaexp. setup
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Photograph of Cellulose cooling pad used in evapatige cooling exp. setup
This unique design yields a cooling pad with highaporation efficiency while still
operating with a very low pressure drop. In additgzaling is kept to a minimum and no
water carryover occurs due to the fact that the water is thckeo the air inlet side of the
pad. This is where most of the evaporation takeseplThe impregnation procedure for the
cellulose paper ensures a strong self supportiogyat, with high absorbance, which is
protected against decomposition and rotting ancetbee increasing longevity. Placed on top
of the cooling pad it ensures a uniform supplyhef water to the cooling pad and minimises
the risk of dry spots.
Dimensions: Length: 60cm, Width: 60cm, Thickneskri
4.1.2 Air passage:
The air passage of test rig is made of acrylic sheé thickness 1cm. The passage cross
section is square measuring 60cmX60cm. The lerfgtassage is 290cm.
Size: 290cm x 60cm x 1cm
4.2.3 Sprayer:
Material: Galvanized steel (16 gauge)

Size: 60cm x 10cm x10cm
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4.2.4 Collecting tank:

Size: 90cm x 60cm x 60cm

Material: Galvanized steel (16 Gauge)
4.2.5 Instruments to measure data
Air velocity:

Instrument: Anemometer, make: Lutron electroniegirise company limited, Model:

AM4201, Accuracy: +2%
Temperature: Digital thermometer, Make: MextechdgloTM-1, Accuracy: +.9C

Relative humidity: Digital hygrometer, Make: MextedModel: TM-1, Accuracy: +3C
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Chapter 5

Experimental Investigations

5.1 Experimental procedure:

Variable parameters during experiments were aioorgi, inlet water temperature and inlet
air conditions. No attempts were made to contrdétimir conditions, which is totally
governed by environmental conditions. The inletewaemperature was selected in three
ranges viz. (1) Normal water temperature (betwe&T @Bnd WBT of inlet air) (2) Chilled
water temperature (Below WBT of inlet air). (3ekhted water temperature (above DBT of
inlet air) other controllable parameters were atoeity and water mass flow rates. The
velocity of air was measured at five locations obler exit cross section, one at centre and
remaining four between centre and periphery with @@ase difference, and consequently
average velocity was calculated. Range of facecitglts 4.7 to 13.54 m/s. Water mass flow
rates measured were between 0.015 to 0.085 kgks.patticular time the inlet and outlet air
conditions (DBT and RH) were measured simultangobyl digital hygrometers, whereas
inlet and outlet water temperatures using dighaktometers. Total time of measurement of
various readings for one observation was less thenminutes during which change in
ambient conditions were found to be insignificant.each set 5 sets of observations were

taken.
5.2 Development of Mathematical expressions from perimental data:

The equations 5.1 through 5.13 are establishedughroexperimental data obtained.
Polynomial and regression fits are used for curitendg as discussed in chapter 3,

formulations of evaporative cooling systems.

5.2.1Relationships between heat and mass transfericieetf mean temperature of air and

velocity of air are given below for different watemperatures:
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(i) For normal water temperature:

h, = —3.57 X 10* + 2.23 x 103T,,, — 34.7T2 + 4.49V, + 0.19V,2

h,, = —3.45 x 10% + 2.15 X 103T,, — 33.5T2 + 4.34V, + 0.18V,2

(ii) For elevated water temperature:

h, = 3.53 X 10% — 2.19 x 103T,, + 33.9T2 + 2.25V, + 0.319V,2

h,, = 3.43 X 10* — 2.13 x 103T,,, + 32.9T2 + 2.08V, + 0.308V;2

(ii) For chilled water temperature:

h, = —2.14 x 10* 4+ 1.50 x 103T,, — 26.48T2 + 20.96V, — 0.182V2

Ry, = —2.05 X 10% + 1.44 x 103T,, — 25.36T2 + 20.15V, — 0.175V,2

Whereh, = Heat Transfer coef ficient, h,, = Mass Transfer coef ficient, T,, =

Mean temperature of air flow,V, = Velocity of air

(5.1)

(5.2)

(5.3)

(5.4)

(5.5)

(5.6)

5.2.2 Relationship between Nusselt, Reynold and prdtl numbers by polynomial fit:

(i) Normal water temperature

Nu =193 x 107 + 1.72 X 10 3Re + 1.16 X 10"8Re? — 5.17 x 107 X Pr + 3.46

x 107 Pr?

(ii) Elevated water temperature

Nu = —3.32%X10°+4.48 X 1073Re + 1.6 X 1078Re? 4+ 8.92 x 10° X Pr — 5.96

X 107 Pr?

(i) Chilled water temperature

(5.7)

(5.8)
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Nu = 4.84 x 10® + 2.34 X 1072Re — 8.96 x 10" 8Re? — 1.29 x 10° X Pr + 8.65

X 108 Pr2 (5.9)

5.2.3 Relationship between Nusselt, Reynold and prdtl numbers by regression

analysis:

Ny = C(Re)*(Pr)? (5.10)
0] For normal water temperature

C=644%x10"%1 ,a =0.7873 ,b = —149.0588
(i) For elevated water temperature

C=1.242x1073° ,a =1.8143 ,b = —189.3256
(i)  For chilled water temperature

C =6.218x107%% ,a =0.8073 ,b = —208.2679

5.3 Combined for the system (All water temperature)

The mathematical relations can be developed fosyiséeem combined i.e. as a whole, when

system working on any of the water temperaturesudsed above.

(i) Heat and mass transfer coefficients:

h. = 6.28 x 103 — 3.74 X 10%T,, + 5.54T2 + 12.2V, — 3.45 x 107212 (5.11)
h, = 6.10 x 103 — 3.64 x 10%T,,, + 5.39T2 + 11.7V, — 3.38 x 10722 (5.12)
(i) Relationship between Nusselt, Reynold and pratil numbers:

Nu = 1.63 x 107 + 5.58 x 10 3Re + 7.19 x 10™°Re? + 4.34 x 107 X Pr — 2.89 X

107 Pr2 (5.13)
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(i) Relationship between Nusselt, Reynold and pradtl numbers by regression analysis:

N, = C(R,)*(Pr)P

C =573x10"% ,a=1.1396 ,b = —98.2885

5.4 Mathematical modelling of the system on compute A mathematical model is

developed for the processes using Academic veisidBES software, to predict outlet air
temperature, outlet air humidity, heat and massstea coefficients, water evaporation rate,
cooling efficiency, humidifying efficiency, dew pui effectiveness and wet bulb
effectiveness. Graphs are plotted for various Wéem measured experimentally and

compared with model results, using EES parametbles.

To test and verify the adequacy of the suggestethenaatical model and program, the
theoretical results from the mathematical model e@sapared with the experimental data, to
make sure that the results of the mathematical immdgram are accurate. The comparison
shows that theoretical results are very close ® risults obtained by experiments, as
compared and tabulated in table no’s 1 throughnl&ppendix-l. Therefore, the developed
model has satisfactory adequacy and can be sualtgasfed in designing works of direct

evaporative coolers.

For evaluating the performance of the experimetdat rig graphs are plotted between
various performance parameters (cooling efficienbymidifying efficiency, wet bulb

effectiveness, dew point effectiveness etc.) ara rtieasurable quantities (velocity of air
flow, inlet air temperature, change in DBT, chamgevater temperature etc.). To develop
relationship between variables viz. water flow raiie flow rate, change in temperature of air,
curve fitting of various data obtained through expents is done, using regression analysis,
which tells about the relationship among dependadtindependent variables involved in the

process.
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Chapter 6

Results and discussions

Based upon the formulations developed in chaptan@® mathematical modelling of the
evaporative cooling system on computer, the follmmesults out need be discussed. The
discussion is divided into three parts based upguntemperature of water entering the
system. Figures 6.1 through 6.34 show the variatfodifferent performance parameter with
change in the measurable parameter. Graphs havepbaetted to compare the model and

experimental results.
6.1 Normal water temperature:

The temperature of water flowing through the weblic@ media is in the range of 23 to
29°C, whereas that of environmental incoming air istfie range of 34 to 36. The
experimental results show a temperature drop inrdhge of 3 to %, for different air to
water flow ratios. The air flow velocities rangifigm 4.7 to 13.54m/s, whereas water flow
rate ranging from 0.015 to 0.085 kg/s. The drogeimperature of water measured in the
range of 2 to 2%. The performance parameters are cooling effigietmmidifying
efficiency, wet bulb effectiveness and dew poirfeeiveness. Figures 6.1 through 6.15

conclude the performance of the system.
6.1.1 The drop in DBT:

The variation of change in DBT of air with changevelocity of air at different mass flow
rates of water is shown in figure 6.1. The trendfislecrease in DBT drop with increase in
velocity of air, i.e. increase in outlet temperatfmr same inlet temperature with increase in
air velocity, which is due to air to water conttinte. It is clear from the figure that change in
DBT per unit change in air flow rate is maximummaaximum water flow rate and minimum

at minimum water flow rates.
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Table 1: Experimental Inlet and outlet dry bulb temperatures and relative humidity at

Normal water temperature, m_w=0.01kg/s at different air velocities

M, =0.015 kg/s

Va T.r (DBT °C) Twate("C) Rel. Hum. (%)
(m/s) IN ouT IN ouT IN ouT
4.70 34.4 30.8 28 26 45 -
5.90 34.4 31.1 27.5 25.5 44 20
8.20 34.4 31.2 27.5 25.5 44 68
10.60 34.5 31.4 27.5 25.5 44 &7
13.54 34.6 31.5 27.5 25.5 44 66

Table 2: Experimental Inlet and outlet dry bulb temperatures and relative humidity at

normal water temperature, m_w=0.05Kg/s at different air velocities

M,,=0.050 kg/s

V. Tar (DBT °C) Twate("C) Rel. Hum. (%)
(m/s) IN ouT IN ouT IN ouT
4.70 34.6 30.4 21 25 a4 69
5.90 345 305 26.5 24.5 44 63
8.20 34.4 30.6 26 24 a4 65
10.60 344 30.8 25.5 23.5 44 64
13.54 347 31 25.5 23.5 44 63
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Figure 6.1 Variation of delta T with change in velaity of air for normal water
temperature at different water flow rates
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Figure 6.2 Variation of cooling efficiency with chage in velocity of air for normal water
temperature at different water flow rates
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6.1.2 Cooling efficiency:

The variation of cooling efficiency with changevalocity of air for at different mass flow
rates of water is shown in figure 6.2. The trendfiddecrease in cooling efficiency with
increase in velocity of air, which is due to aintater contact time. The experimental cooling

efficiency ranges from 35 to 45%.

Figure 6.3 depicts the comparison of model and mxgatal variation of change in humidity
ratio of air at different mass flow rates of wafEhe trend is of more change in humidity with
more water flow rates. Deviation from the trendsaine instants is due to change in inlet air

conditions.

The comparison of model and experimental variabbrchange in DBT of air for normal
water temperature at different mass flow rates attew is shown in figure 6.4. The

experimental values validate the model for almtstases.

Figure 6.5 depicts the variation in Water evaporatiate with change in air flow rate at
different water flow rates. The trend is of increagater evaporation rate with increase in air
flow rate, which is due to more and more mass flate of air. Water evaporation rate shows

very less variation with water flow rate.

6.1.3 Dew point effectiveness:

The variation in dew point effectiveness with chaung air velocities at different water flow
rates is shown in figure 6.6. The trend is of daseein dew point effectiveness with increase
in air velocity, which is due to less and less tiofiecontact of air with water with higher air
velocities. The fit used in the diagram is cubig Which deviates from the trend, at some
instants which is due to change in inlet air candg. The experimental dew point

effectiveness varies from 0.25 to 0.35.
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Table 2: Experimental Inlet and outlet dry bulb temperature and relative humidity at

normal water temperature, m_w=0.08kg/s at different air velocities

M,,=0.085 kg/s

Va Tair (DBT °C) Tuate("C) Rel. Hum. (%)
(m/s) IN ouT IN ouT IN ouT
4.70 34.6 30 25.5 23.5 43 66
5.90 34.6 30.1 25.5 23.5 43 65
8.20 34.6 30.3 255 235 43 64
10.60 | 346 30.4 25.5 23.5 43 |63
13.54 | 347 30.6 25.5 23.5 43 |62

Table 4: Comparison of Experimental and model datdor normal water temperature

m_w=0.015 kg/s at different air vetities

M, =0.015 kg/s

RH Tairou{DBTC) Rel. Humey: (%)
Va Tairin
(m/s) | (DBTC) " Model Exp. Error Model EXp. Error
(%)
4.70 34.4 45 28.46 30.8 2.34 712 72 0.8
5.90 34.4 44 28.61 31.1 2.49 69 70 1
8.20 34.4 44 28.79 31.2 2.48 67.8 63 0.2
10.60 34.5 44 28.95 31.4 2.42 66.7 67 0.3
13.54 34.6 44 2918 31.5 2.32 65.8 66 0.2
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Table 5:3 Comparison of Experimental and model dat for normal water temperature

m_w=0.050 kg/s at different air vetities

M,,=0.050 kg/s

Va | Tarm | RHin Tairou{DBT’C) Rel. Humeu: (%)
(m/s) | (DBTC) | (%) | Model Exp. Error | Model| Exp. Error
4701 546 44 | 2909 30.4 131 | 686 69 0.2
5901 s45 | 44 | 2934 30.5 1.16 | 6.9 68 11
820 | 544 44 | 2966 30.6 094 | 649 65 01
10601 544 | 44 | 301 30.8 0.7 63 64 1
13541 547 44 | 30.66 31 034 | 618 63 1.2

Table 6: Comparison of Experimental and model datdor normal water temperature

m_w=0.085 kg/s at different air vetities

M, =0.085 kg/s

Vo | Tam | RH# Tair,ou(DBT'C) Rel. Humg:(%)
(m/s) | (DBTC) | (%) | model Exp. Error | Model Exp. Error
4.70 34.6 43 29.73 30 0.23 65.5 66 0.5
5.90 34.6 43 29.85 30.1 0.25 64.6 65 0.4
8.20 34.6 43 30.03 30.3 0.27 63.4 64 0.6
10.60 34.6 43 30.16 30.4 0.24 62.1 63 0.9
13.54 34.7 43 30.43 30.6 0.17 61.4 62 0.6
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Figure 6.7 depicts comparison of experimental deumtpeffectiveness versus model results
at different water flow rates. The results shownfigure depict very less deviation of

experimental results from that one of the model.

The variation of dew point effectiveness with In&t temperature at different water flow
rates is shown in figure 6.8. The trend is of daseel dew point effectiveness with increase
in temperature. Results shown in figure depictyvess deviation of experimental results

from that one of the model.

6.1.4 Wet bulb effectiveness:

The wet bulb effectiveness variation with changaimvelocities at different water flow rates
is shown in figure 6.9. The trend is of decreasev@t bulb effectiveness with increase in
velocity, which is due to less and less time oftaoh of air with water with higher air

velocities. The experimental wet bulb effectivenesges from 0.30 to 0.45.

Figure 6.10 depicts variation of wet bulb effectiges with Inlet air temperature at different
water flow rates. The trend is of decreased wet beffectiveness with increase in
temperature. Figure 6.11 depicts comparison of db effectiveness at normal water
temperature, experimental versus model resultsifegreht water flow rates. The results

shown in figure depict very less deviation of expental results from that one of the model.

6.1.5 Humidifying efficiency:

The variation of humidifying efficiency with air iaity at different water flow rates is
shown in figure 6.12. The obvious result from figus that humidifying efficiency decreases
with increase in velocity and decrease in watewftate. The inlet conditions i.e. DBT, WBT

affect the outlet condition hence the humidifyirificeency of the cooling system.
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6.1.6 Exergy destruction and exergetic efficiency:

There is a destruction of exergy of the flowingiaievaporative cooling systems. The graphs
6.13 and 6.14 show the variation of exergy destvuoadnd exergetic efficiency with variation

of velocity of air. The deviation from trend is digevariation in the inlet conditions of air.

6.1.7 Heat transfer coefficient:

Heat transfer coefficient increases with increasegdlocity of air as is obvious from figure
6.15. Heat transfer coefficient is a function ofoe#ty of air and mean temperature of the air.

It also increases with increase in mass flow rateater as is shown in figure 6.15.
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6.13 Variation of exergy destruction with change irair velocity at different water flow
rates
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6.2 Elevated water temperature:

The water temperature selected was above DBT pinaihe range of 45 to 8. The water
evaporates at higher rate for same inlet conditamneompared to normal water temperature.
The system serves as a cross flow cooling toweth Bar and water are cooled due to

evaporation of water.

A mathematical model based on energy balance atinessooling pad is developed for the
processes using Academic version of EES softwarerddict outlet air temperature, outlet
air humidity, heat and mass transfer coefficienigter evaporation rate, cooling efficiency,
humidifying efficiency, dew point effectiveness anet bulb effectiveness. Graphs were
plotted for various variables measured experimbni@hd compared with model results,

using EES parametric table.

To test and verify the adequacy of the suggestethenaatical model and program, the
theoretical results from the mathematical modedlampared with the experimental data, to
make sure that the results of the mathematical immdgram are accurate. The comparison
shows that theoretical results are very closeaadisults obtained by experiments. Therefore,
the developed model has satisfactory adequacy andbe successfully used in designing

works of cross flow cooling tower.

The graphs plotted between various measurable atkliad parameters, show negligible
difference between measured and model values. ¥auating the performance of the
experimental test rig graphs are plotted betweatows performance parameters and the
measurable quantities. To develop relationship betwvariables viz. water flow rate, air
flow rate, change in temperature of air, curveinigtof various data obtained through
experiments is done, using regression analysischwiells about the relationship among

dependent and independent variables involved ipitheess.
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6.2.1 Change in DBT of air:

Figure 6.16 depicts the change in DBT of air wittaege in air velocity at different water
flow rates. DBT change is less for higher velogité air, as the temperature of water is more
than DBT of air and for higher velocities therelass time for heat exchange; hence outlet
temperature is lower as compared to those at loelecities. DBT change is less for higher
mass flow rates of water due to higher inter-swfarea at higher mass flow rates of water
hence outlet temperature will be more at higherstiiasv rates of water, as is depicted by the

figure. The experimental DBT change varies fromtd.8.5C.

The DBT change with respect to velocity trend, ase of elevated water temperatures is
opposite to that in case of normal or chilled watdso the DBT change with respect to

water flow is also opposite to that in case of ralror chilled water.
6.2.2 Drop in water temperature:

Water temperature drop with change in velocityiobadifferent mass flow rates of water is
shown in figure 6.17. The experimental change impierature is in the range of 17 t°@4

This large drop in temperature is due to high tewrupee of water due to which less heat is
required to evaporate the water. There is not nvaciation in water temperature drop across
the media for a single mass flow rate of water. frbad is of increasing water temperature
for decreasing mass flow rate of water, also tieeedeviation from the trend due to sudden

inlet water temperature change.

Variation of Change in specific humidity with veitycof air different water flow rates is
shown in figure 6.18. The specific humidity chartgereases with increase in velocity and
vice-versa. Also there is a trend of increasingngeain specific humidity change with

increasing mass flow rate.
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Table 7:4 Experimental Inlet and outlet dry bulb temperatures and relative humidity at

elevated water temperature, m_w=0.8Xkg/s at different air velocities

M,,=0.015 kg/s

Va Tair (DBT °C) Tuate{’C) Rel. Hum. (%)
(m/s) IN ouT IN ouT IN ouT
4.70 32.7 29.7 46.2 |26 49 79
5.90 32.8 29.4 46.2 | 275 49 78
8.20 32.8 28.9 46.4 |28 49 76
10.60 32.8 28.7 46.4 | 285 52 76
13.54 32.8 28.7 46.4 |29 52 75

Table 8: Experimental Inlet and outlet dry bulb temperatures and relative humidities at

elevated water temperature, m_w=0.0%g/s at different air velocities

M,,=0.050 kg/s

Va Tar (DBT °C) Twate(°C) Rel. Hum. (%)
(m/s) IN ouT IN ouT IN ouT
4.70 32.8 30.1 51 27.1 55 92
5.90 32.9 29.7 51 26.5 55 88
8.20 32.9 29.2 51 26.1 55 86
10.60 32.8 28.8 50.4 26.2 55 84
13.54 32.7 28.7 50.2 26.2 55 83
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Figure 6.16 Variation of Change in specific humidiy versus Velocity of air for elevated
water temperature at different water flow rates
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Figure 6.17 Variation of Change in DBT of air versis Velocity of air for elevated water
temperature at different water flow rates
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Figure 6.18 Variation of water evaporation rate vesus Velocity of air for elevated water
temperature at different water flow rates
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Figure 6.20 Variation of cooling efficiency versu¥elocity of air at different water flow
rates
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Figure 6.21 Variation of water cooling efficiency ersus Velocity of air at different water
flow rates
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Table 9: Experimental Inlet and outlet dry bulb temperatures and relative humidity at

elevated water temperature, m_w=0.8&g/s at different air velocities

M,,=0.085 kg/s
Va Tar (DBT °C) Twate(’C) Rel. Hum. (%)
(m/s) IN ouT IN ouT IN ouT
4.70 32.8 31.6 50 30.7 56 99
5.90 32.9 31.4 50 29 57 08
8.20 32.9 31.3 49.3 28.2 57 93
10.60 32.9 31.2 49 27.8 58 91
13.54 32.9 30.8 48.3 27.2 58 86

Table 10: Comparison of Experimental and model datdor elevated water temperature

m_w=0.015 kg/s at different air \@cities

My, =0.015 kg/s

Rel. Tairou{DBTC) Rel. Humyy (%)
Va Tair,in
(m/s) | (DBT'C) %) Model | Experimental Difference| Model | Experiment| Difference
%
4,70 32.7 49 274 29.7 2.3 78 79 1
5.90 32.8 49 2771 29.4 1.69 76 78 2
8.20 32.8 49 27 64 28.9 1.26 76 76 0
10.60, 32.8 52 27.75 28.7 0.95 79 76 -3
13.54| 32.8 52 28.04 28.7 0.66 77 75 -4
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Table 11: Comparison of Experimental and model datdor elevated water temperature

m_w=0.050 kg/s at different airelocities

M,,=0.050 kg/s

Rel. Tair,oul(DBTOC) Rel. Humyyt (%)
Va Tair,in
Humin
(m/s) | (DBT’C) Model | Experimental Difference| Model | Experiment| Difference
(%)
4.70 328 55 28.96 30.1 1.14 93 92 -1
5.90 32.9 55 28.19 29.7 151 87 88 1
8.20 32.9 55 8.2 29.2 1 85 86 1
10.60 328 55 98,29 28.8 0.58 83 84 1
13.54 327 55 57 99 28.7 0.71 83 83 0

Table 12: Comparison of Experimental and model datdor elevated water temperature

m_w=0.085 kg/s at different air \@cities

M,,=0.085 kg/s

Rel. Tair,oul(DBTOC) Rel. Humyyt (%)
Va Tair,in
Hum,,
(m/s) | (DBT’C) Model | Experimental Difference| Model | Experiment| Difference
(%)
4.70 32.8 56 2733 31.6 4.27 99 99 0
5.90 32.9 57 27 49 314 3.91 98 98 0
8.20 32.9 57 28.19 31.3 3.11 9 93 3
10.60| 32.9 58 28.13 31.2 3.07 9 91 1
13.54| 32.9 58 28,53 30.8 2.27 88 86 -2
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Variation of water evaporation rate with velocitiyair at different water flow rates is shown
in figure 6.19. The water evaporation rate increasih increase in velocity of air and vice-
versa. This is due to the fact that the increasddcity means more mass flow rates of air
hence although delta omega decreases with velsidlityvater evaporation rate per kg of dry
air increases. Also water evaporation rate incieagéh increase in water flow rate as it

increases the inter-surface contact area of aimaidr.

6.2.3 Cooling efficiency:

Cooling efficiency increases with increase in véjoof air as is shown in figure 6.20.
Higher the time of contact with elevated tempemtwater with air, higher the air outlet
temperature, hence lower the cooling efficiency ithavhat happens when air velocity is low.
For a higher air velocity cooling efficiency incees. Also the cooling efficiency increases
with decreasing the water mass flow rate. The exygrtal cooling efficiency ranges from

17 to 53%.

Figure 6.21 shows variation of water cooling e#fiety versus velocity of air at different
water flow ratesWater temperature drop with change in velocityioaadifferent mass flow
rates of water is shown in figure 6.17. The larggpdn water temperature shows high water
cooling efficiency. There is not much variationviater cooling efficiency for a single mass
flow rate of water. The trend is of increasing wateoling efficiency for decreasing mass
flow rate of water, also there is a deviation frdhe trend due to sudden inlet water

temperature change. The experimental water coelfiiigjency ranges from 78-95%.
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6.2.4 Exergy destruction and exergetic efficiency:

There is a destruction of exergy of the flowingiaievaporative cooling systems. The graphs
6.22 and 6.23 show the variation of exergy destuoand exergetic efficiency with variation

of velocity of air. The deviation from trend is digevariation in the inlet conditions of air.

6.2.5 Heat transfer coefficient:

Heat transfer coefficient increases with increasegdlocity of air as is obvious from figure
6.24. Heat transfer coefficient is a function ofoe#ty of air and mean temperature of the air.

It also increases with increase in mass flow rateater as is shown in figure 6.15.

0.08 A
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\‘_-
0.075 . —+—m,=0.050kg/s |
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0.065
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0.055
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EXges [kJ/Kg]

0.045
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0.035¢

3 10 12 14
Vout [m/s]

Figure 6.22 Variation of exergy destruction with ai velocity at different water flow
rates
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Figure 6.23 Variation of exergetic efficiency withair velocity at different water flow
rates
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Figure 6.24 Variation of heat transfer coefficientwith Velocity of air at different water
flow rates
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6.3 Chilled water temperature:

The temperature of inlet water to the wet coolingdia is in the range of 5 td®, whereas
that of environmental incoming air is in the rarafe26 to 32C. The experimental results
show a temperature drop in the range of 4£°@, Tor different air to water flow ratios. The air
flow velocities ranging from 4.7 to 13.54m/s, wressavater flow rate ranging from 0.015 to
0.085 kg/s. The increase in temperature of wateasomed in the range of 15 t0°24 The
performance parameters are cooling efficiency, kifging efficiency, wet bulb
effectiveness and dew point effectiveness. FiguBe®5 through 6.34 conclude the

performance of the system.
6.3.1 The drop in DBT

The drop in DBT of flowing air measured is morecase of chilled water as compared to that
in case of normal water temperature, which is dubée fact that water requires more heat for

evaporation.

Figure 6.25 depicts the variation of change in D&Tair with change in velocity of air at
different mass flow rates of water. The trend isdetrease in DBT drop with increase in
velocity of air, i.e. increase in outlet temperatfmr same inlet temperature with increase in
air velocity, which is due to air to water conttinte. It is clear from the figure that change in
DBT per unit change in air flow rate is maximummaximum water flow rate and minimum

at minimum water flow rates.. The experimental dropBT is from 4-7C.
6.3.2 Cooling efficiency:

Figure 6.26 depicts the variation of cooling effiacy with change in velocity of air for at
different mass flow rates of water. The trend islefrease in cooling efficiency with increase
in velocity of air, which is due to air to waterntact time. The experimental cooling

efficiency ranges from 60-80%.
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Table 13: Experimental Inlet and outlet dry bulb temperature and relative humidity at

chilled water temperature, m_w=015 kg/s at different air velocities

M,,=0.015 kg/s

V, T.r (DBT °C) Tuwate("C) Rel. Hum. (%)
(m/s) IN ouT IN ouT IN ouT
4.70 32 27 8 24.5 57 83
5.90 32 27.3 7 25 56 81
8.20 32.1 27.5 7 25 56 80

10.60 32.2 27.8 8 25.2 57 79

13.54 323 27.1 8.2 25.5 57 78

Table 14: Experimental Inlet and outlet dry bulb temperatures and relative humidity

at chilled water temperature, m_w@&050 kg/s at different air velocities
M,,=0.050 kg/s

V. Tar (DBT °C) Twate("C) Rel. Hum. (%)
(m/s) IN ouT IN ouT IN ouT
4.70 32.1 26.9 6 23.6 56 78
5.90 32 27.1 6 24 56 79
8.20 32 27.2 6 24.2 57 81

10.60 31.9 27.3 5.5 24.4 57 81
13.54 31.9 27.4 6 24.9 57 81




77

N —e—Experimental —e—m,,=0.015kg/s |
5.8 g o-—-—-Model —+—m,,=0.050kg/s

5.6/ - —s—m,=0.085kg/s |
5.4| |
5.2/

St[°C]

48|
46|
4.4|
4.2/

Vair [m/s]

Figure 6.25 Variation of temperature drop with Air velocity for chilled water at
different water flow rates
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Figure 6.26 Variation of cooling efficiency with Ar velocity for chilled water at different
water flow rates
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Table 15: Experimental Inlet and outlet dry bulb temperature and relative humidity at

Chilled water temperature, m_w=08&b kg/s at different air velocities

M,,=0.085 kg/s
Va Tar (DBT °C) Twate(°C) Rel. Hum. (%)
(m/s) IN ouT IN ouT IN ouT
4.70 31.7 25.8 5 20.3 57 81
5.90 31.6 26.2 5.1 21.4 58 82
8.20 31.7 26.6 9.5 24 58 83
10.60 31.7 26.8 8.8 23.3 58 83
13.54 31.7 27 6.9 24.1 58 82

Table 16: Comparison of Experimental and model datdor chilled water temperature

m_w=0.015 kg/s at different air \@cities

M, =0.015 kg/s

Rel. Tairou{DBTC) Rel. Humyy (%)
Va Tair,in
Humin
(m/s) | (DBTC) Model | Experimental Difference| Model | Experiment| Difference
(%)
4.70 32 57 26.99 27 0.01 80 83 3
5.90 32 56 27.13 27.3 0.87 79 81 2
8.20 32.1 56 27.45 27.5 0.05 77 80 3
10.60 32.2 57 27.95 27.8 -0.15 75 79 4
13.54 32.3 57 28.24 28.1 -0.14 74 78 4
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Table 17: Comparison of Experimental and model datdor chilled water temperature

m_w=0.050 kg/s at different air \@cities

M, =0.050 kg/s

Rel. Tair,oul(DBTOC) Rel. Humgy: (%)

Va Tair,in
Humin

(m/s) | (DBTC) Model | Experimental Difference| Model | Experiment| Difference
(%)

4,70 32.1 56 26.86 26.9 0.04 75 78

5.90 32 56 26.82 271 0.28 76 79

8.20 32 57 26.96 279 0..24 79 81

10.60| 31.9 57 6.99 273 0.31 80 81

13.54| 31.9 57 271 27.4 0.30 80 81

Table 18: Comparison of Experimental and model datdor chilled water temperature

m_w=0.085 kg/s at different air \@cities

M, =0.085 kg/s

Rel. Tair,oul(DBTOC) Rel. Humgy: (%)

Va Tair,in

(m/s) | (DBTC) Model | Experimental| Difference| Model | Experiment| Difference
(%)

4.70 31.7 57 25 69 558 0.11 31 81

5.90 31.6 58 25 91 6.2 0.29 80 82

8.20 31.7 58 26.36 6.6 0.24 81 83

10.60| 31.7 58 26.55 26.8 0.25 31 83

13.54 31.7 58 6.6 57 0.4 82 83
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Figure 6.27 depicts the variation in Water evaponatate with change in air flow rate at
different water flow rates. The trend is of increagater evaporation rate with increase in air
flow rate, which is due to more and more mass flate of air. Water evaporation rate shows

very less variation with water flow rate.

6.3.3 Dew point effectiveness:

Figure 6.28 depicts the variation in dew point etifeeness with change in air velocities at
different water flow rates. The trend is of deceessdew point effectiveness with increase in
air velocity, which is due to less and less timecoftact of air with water with higher air
velocities. The fit used in the diagram is cubig Which deviates from the trend, at some
instants which is due to change in inlet air cdnddg. The experimental dew point

effectiveness varies from 0.4 to 0.6.

Figure 6.29 depicts comparison of experimental deuat effectiveness versus model results
at different water flow rates. The results shownfigure depict very less deviation of

experimental results from that one of the model.

6.3.4 Wet bulb effectiveness:

Figure 6.30 depicts the variation in wet bulb eif@ness with change in air velocities at
different water flow rates. The trend is of deceeaswet bulb effectiveness with increase in
velocity, which is due to less and less time oftaoh of air with water with higher air

velocities. The experimental wet bulb effectivenesgges from 0.60 to 0.85.

Figure 6.31 depicts variation of wet bulb effectiees with Inlet air temperature at different
water flow rates. The trend is of decreased weth beffectiveness with increase in
temperature. Results shown in figure depict vesg Ideviation of experimental results from

that one of the model.
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Figure 6.31 Variation of Wet bulb effectiveness wit Air inlet temperature at different
water flow rates
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Figure 6.32 Variation of exergetic efficiency withvelocity at different water flow rates
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6.3.5 Exergy destruction and exergetic efficiency:

There is a destruction of exergy of the flowingiaievaporative cooling systems. The graphs
6.32 through 6.33 show the variation of exergy mesibn and exergetic efficiency with
variation of velocity of air. The deviation fronetrd is due to variation in the inlet conditions

of air.

6.3.6 Heat transfer coefficient:

Heat transfer coefficient increases with increasegdlocity of air as is obvious from figure
6.34. Heat transfer coefficient is a function oloegty of air and mean temperature of the air.

It also increases with increase in mass flow réigater.
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Chapter 7

Conclusions and Recommendations

Evaporative cooling of air and water is utilized warious industrial, agricultural and
domestic purposes in India and other parts of eguiihe major benefit of using evaporative
cooling is use of potential of air itself to absevhater to cool itself and flowing water along

with. The majorconclusionsdrawn from the chapter number 6, results and dsou are:

1. The evaporative cooling of air, if water used isnatmal temperature i.e. between
DBT and WBT of air, a sufficient amount of tempeirat drop is achieved with an
average cooling efficiency of around 40%. The terapge of water drops down by
around 2C. The practical example of this case is desseleco

2. If the water used is at a temperature very mucletdivan the WBT of air, the cooling
of air achieved is more, of the order of aroufi@ Whereas water gets heated through
around 26C.

3. If water used is at elevated temperatures above B&dir (46-52C), the drop in air
temperature is less, of the order of aroufi@, 3vhereas the water temperature drops
by about 28C. This is the case of cross flow cooling tower.

4. The velocity of air impacts greatly each of thefpenance parameters, in all the
three cases discussed above.

5. Mass flow rate of water flowing through the coolimgedia also impacts the
performance parameters in all the three cases also discussed in the results and
discussion of the present work.

6. The heat transfer coefficients of various studiedries mainly with the mean

temperature of air flow and velocity of the air.
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Recommendations:

The major drawback of evaporative cooling systesitat the cooling is directly linked with
evaporation of water hence it more evaporation noo@ing therefore the outlet humidity
goes on increasing with less outlet temperaturenceleimprovements are needed for
humidity control of outlet air, which can be donedehumidifiers used in direct evaporative

coolers or the use of indirect evaporative coolers.
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