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ABSTRACT

EXPERIMENTAL AND THEORETICAL ASPECTS OF MEMBRANE
BASED WATER COOLING SYSTEM

Kul a-, Hande
M.S., Department of Chemical Engineering
Supervisor : Prof . Dr . Hal i
CoSupervisor: Prof . Dr. Yusuf Ul i

SeptembeR017,131pages

In the chemical industry, to cool the process water, cooling towers are installed. In
towers, hot water dectly contacts with air flow. \ith sensible and latent heatass
transfer between two phases, watiemperature is decreaséd/ater evaporates
during the operation ana respectable amount of energy is transferred to the air
stream. Althoughthecoolingtower is an efficient process to cool the water stream,
water pols placed under the toweaendresult in growth of bcteria and algae. This
problem grows with time and contaminafgarts of tower. For smaller capacity
towerstheproblem reveals itself immediately. Although antibacterial chemicals are
used to cleanthe contaminated parts, a perm@ineolution is proposed by
membranes. Membranes are developing technology spreading to different areas
such as separation, treatrhard dialysis. Membraneontactor is one of the usage
typeof membranes and it allows heat and mass transfer between two phases without
mixing into each other. As membrane geometry, hollow fiber membranes provide
large surface area per volume this study polysulphone hollow fiber membranes

are chosen since theye hydrophobicExperimental and theoretical analysis
membrane based coolirgystemwas conducted by seveimdependent variables
which are water flow rate, air flow rate, transmembrane presswdule length and
number, inlet air and water temperature. Results shows that water co@igg
achievedapproximatelybetween 4 9eC and mathematical model matches with
experimental results.

Keywords: Evaporative cooling, hollow fiber, polysulphone,exaboling
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CHAPTER 1

INTRODUCTION

Cooling towers are widely used the chemical indistry for cooling process fluid,
mostly water. Temperature decrease of process water is important in a chemical
plant since after the cooling of process water, it is recirculated in the plant or it is
used in other operations such as heat exchangersciation of process water is
significant because of economic concerns. Range of temperature decrease in process
water depends on design and capacity of the cooling tower. Generally, the difference
between inlet and outletater temperature iss® 2 ¢].CToWyels are drafted by

two ways, which are natural draft and mechanical draft. Natural draft cooling towers
are mostly used in thermal power plants. Approxinateer height is 100 meter

[2]. In natural draft towers, water temperature is decreased withfibo flow and
droplet flow [4. On the other hand, in mechanical draft cooling towers, air flow is

provided by fans and tower heigrdries between 2 to 12 meter$.[3

The working principle of a cooling tower is evaporative cooling. Evaporative
cooling is a very basic and common phenomenon. The energy needed for this
operation is taken from the heat of vapoii@atof liquid (mostly water) [# In the
packing side of the tower, with direct contact between air and hot process water,
heat and mass transfeccur. Sensible and latent heat of water is transferred to the
air. Air becomes humid during the processh# latent heat of water evaporation
werenot high (2257 kJ/kg), much bigger tower will be needed to cool the water. At
this point, heat of vapaation of water is the key point in energy transfer.



There are two terms that explain the effectiveness of evaporative cooling principle
in cooling tower which are approach and range. Approach is the difference between
wet bulb temperature aralitlet ®ld water temperature [1Wet bulb temperature

is measured by wetted tip. With the evaporation of water at the tip, air becomes
humid. Air temperature cannot be decrebiselow wet bulb temperature][T hus,

wet bulb temperature the limitation for driving force in evaporative cooling. On

the other hand, range is basically the difference between inlet and outlet water

temperatures.

Cooling tower capacity, approach and range change accordihgdesign of the
tower. According to ASHRAE green guide O@D) which follows American
National Standards Institytan example of cooling tower capacity and efficiency
results are giveas theollowing. A cooling tower vith water flow rate oB785 liter
per minute coolingower, design approach temperature angearel5and DeC,

respectively [

In all cooling towers, there swater collecting pool placed under the system. These

pools are convenient to bacteria and algae growth. Especially, bacteria named
Legionella pneuphila grows in places where wated air are in direct connect

Also,20-45 AC of wat er tnensnteconditonforgrowthd7 most co
For this reason, this type of bacteria is commonly seen in cooling tower water

collecting pods. With the increasing number of bacteria, r@spy sourced

diseases arise. In addition to that, hygiene and sanitariness of the system decrease.

In the industry, antthemical agents are used as a temporary solution to this
problem. However, in small capacity cooling tower system, bacteria growth will
cause failure of the system performance. For this purpose, to prevent the bacteria

growth and corgmination in the system, a permanent solution can be proposed by



minimizing the contact of air and water. At this point, membranes can be the solution

of this problem.

Since membranes can be used as barrier between air and water flows, bacteria
growth will be minimized. On the other hand, with water evaporation from the
membrane pores, water temperature can be decreased. Thus, membrane usage in
water cooling system can ksmn efficient and sanitary solution for mentioned
problem about cooling towers above.

Membranes are basically sepermeable materials that are widely used in different
industries for various purposes ].[8Mainly, ultrafiltration, microfiltration,
electrodialysis and reverse osmosis are membrane based separation processes. Other
than sepation processes, membranes can be used for cooling processes as

membrane contactor.

Membrane contactors are systems that provide mass transfer between two phases
(gasliquid or liquid-liquid) and these two phases are not dispersed in each other as
in conmon membranes. Membrane contactor difference from membranes is they
are not supposed to provide selectivity. They ad taght porous barer between

two flows. Two phasesan operate independgnbf each other with certain contact

area of membrane dace.

Membrane contactors have advantages with respect to other conventional phase
separators such as direct absamptor dew pointing by cooling [9Flooding does

not occur in higher flow rates and interfacaéa of the contactor is high][WVith

these advantages, membrane contactors are used in pharmaceuticals, VOC removal,
wastewater treatment. On the other hand, contactors liagedrawback that
membrane is an additional resistance to mass transfer between two phases in the
system. Resistanc® tmass transfer can be changed with membrane thickness.

Resistance and membrane thickness are ialyepsoportional in each other.



Membrane geometries can differentiate according to the application. Geometries are
mainly flat sheet, hollow fiber, spiratound and tubular. Hollow fiber membranes

are most commonly used geometry for membrane contactor applications since it
provides much higher membrane surface area per volume. By this way, heat and

mass transfer area will be increased.

A gasliquid hollow fiber membrane contactor is shown schematically in

Figurel.1:

? Air out Shell B
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® o0
! 000 00 o

Solution in h ©00 00
- — OOOOoOO

) 0000000
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o O

L]
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Figurel.1l: Gasliquid hollow fiber contactof10]

In Figurel.1, cross flow of air through fiber bundles is shown. In the fiber bundle,
solution is flowing through. Heat and mass transfer occur between air and solution
into membrane pores. With penetratiof solution vapomto the air mass transfer
exchange occurs, resulting latentheat transfer to air flowAlso, sensible heat is

exchanged because of the temperaturemiffce between air and solution.

Membrane material can also change accordinigg@pplication and desired results.
Membrane material can be both organic and inorganic such as polymer, ceramic,

metal.



Polymer based membranes are chosen since polymers can became bundles easily
instead of one piece as in ceramic membranes agdhéve lower operational cost

[11]. Nevertheless, there are evaporative cooling applications using ceramic pods
Aimiuwu (1992 used evaporativeooling principle to decrease temperature of
water and achieved approximatelye@Ocooling. But, with the given advantageous
features of polymeric membranes, for water cooling, polymeric hollow fiber
membrane contactors are proposed. Polymers behave different in certain conditions.
For this reason, polymashoicein the system plays iportant role. In industry,
several polymers are used such as polyether sulfone, polyimide, PVDF,
polysulphone in membrane based cooling applications. For instanele(2003)
studied with  polytetrafluoroethylene, polyurethane fluoroacrylate and

polypropykene to cool water and achievee@temperature decrease of water.

For water cooling applications, polymer selection is important since it is directly
related with the water cooling performance. Hydrophilic polymers should not be
used since they cause wafilm on membrane surface. Since hydrophilic polymers
have many active hydrogen bonds, adhesive force batwelymer and water is

high [13. Thus, water molecules amadtach tothe polymer surface. Also, with
hydrophilic polymers, direct contact of aind water increases whichaisundesired
situation because of bacteria growth. On the other hand, highly hydrophobic
polymers are also undesired since they prevent the passage of water droplets. Thus,
a polymer which is hydrophobic but also has hydrogerdb would provide desired

condition for water cooling system.

With the given information above, polysulphone is determined as membrane
materialin membrane based water cooling systwolysulphoneRS,PSF, PSU) is
thermoplastic polymer which can belded into different shapes. In addition, it is

a hydrophobic polymer. Also, it has high thermal stability. Since, in membrane
based water cooling system, temperatures vary betwed0eZ) thermal stability

of the membrane polymer is not vital.



The clemical structure is shown belowHngure 1.2.

L/ VN . TN L TN
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Figurel.2: Structureof polysulfone [13

In Figure 1.2 thestructural formula of polysulphone is shown. As menticaizove,
hydrophobicity of the polymer is important. To have hydrophilic structure, material
should have active hydrogen bonds. With decrease of these bonds, polymer becomes
hydrophobic. According polysulphone has a few active hydrogen bonds, it can be
classfied as hydrophobic. Also, ether groups make thecture of polymer flexible

[13]. Polymer flexibility is an advantage during module preparation.

In the membrane based water cooling system, polysulphone hollow fiber membrane
contactors are placed aesglaporative cooling principle is applied to decrease the
water temperature. During the process, outlet air would be more humidified than

inlet.

In this study, commercial polysulphone hollow fiber membranes (10000 @a) a
bundled with 4 membranes havitengtts of 30 and 39 cm, outer diameter of 0.09

cm. Eachpackhaving 4 fiber membranes, are placed cross to the air flow. Distilled
water temperature is decreased by usiregevaporative cooling principle. In the
study, feed air temperature, feed water temperature, module length, water flow rate,
air flow rate, transmembrane pressure and module number are the independent
parameters. The effect of these parameters on the copérfgrmance was
measured. In addition to that, for theoretical and experimental compaason,

mathematical representation of the system is provided.



Main motivation in the membrane based water cooling system is provide an
environment to decrease watemiperature as in cooling towers. On the other hand,

by using membranes as barrier, system will be sanitary. Cooled water can be used
to decrease process water temperature in a heat exchanger. The reason of not using
process water in membrane based systemit icauses fouling problems in

membranes.






CHAPTER 2

LITERATURE RESEARCH

2.1 Evaporative cooling principle
The evaporative working principle that is used to chill the process water is a
technique that cools the contacting soefavith evaporation ofvater [14. It is a

low cost and simple way of reducingter temperature in a system [15

In cooling towerstheworking principle is evaporative cooling. In towers, if water
cooling is only caused by sensible heat transfer, air flow would be much higher.
With evaporation of water, latent heat of vaporization is transferred and water
temperature is decreased. Sinegporative cooling is a simple and usable principle,

it has been usedlidely in the past.

Evaporative coolingwas experimentally studied by Aimiuwy1992 and te
decreased the water temperature aboufl9.8eC by porous ceramic. Taha et al.
(1994) indic&ed the temperature fall in evaporative cooling chamber between 10
13 eC. Cooling was provided by chamber coating with wet charcoal from outside.
Also, evaporative cooling chambewere found to béeneficial in increasing shelf
lives of food and Thakur eal. (2002), Mordi and Olorunda (2003) showed
evaporating cooling principle worksetter tharsensible heat exhangé&nyanwu
(2004) observed the effect of relative humidity and temperature on cooling
performance. According to study, temperature decreasetwwveen 3. 2 e C i n
climates.Giabaklau and Ballinger (1996) studit effect of evaporative cooling

on entering air temperature and humidity and predictd@e€ decrease in air

temperature.



Ibrahim et al. (2003) achieved88C decrease in dryutb temperature of air and
increase 30% in relative humidity. As it is seen from the studies, evaporative cooling
principle is efficient for both water and air cooling and commonly used for these

purposes.

An evaporative cooling system can be divided itliree groups with respect to
contact between air and water. Accordingly, system can be direct, indirect or semi

direct.

In direct evaporative cooling system, water and a@ashs are contacted directly
[16]. The disadvantage of this method is bactgr@wvth which will beexplained in
following parts [16,1}. In indirect evaporative cooling system, water and air flow
are divided with nonporous surface. Water is evaporated but not through the air
stream. Thus, with the water evaporation, only heat is exchanged between two flows.
With heat transfer, both air dnwater temperature can be decreased but the cooling
performance is lower than direct evaporative cooling system. On the other hand,

bacteria growth problem is nobserved in indirect systems [|16

Semi direct evaporative cooling system carries featfréoth direct and indirect
evaporative cooling system. In semi direct evaporative cooling system, both heat
and mass transfer occur between air and water as in direct systems. On the other
hand, in indirect system, there is rgrorous wall between air drwater which

allows heat transfer only. The difference of semi direct system is porous wall

standing air and water flows [JL6

2.2 Bacteria growth (Legionella) in direct evaporative gstems

As mentioned in 24, in direct evaporative systems main disadvaniagbacteria
growth. It is a common problem in systems thatant water contacts directly [JL6

It is an air borne bacteria and causes Legionnaires diseases. Disease is a kind of

respiratory infectio and cause to Pontiac Fever][17

10



It is not harmfulto living beingsas long as it does not reach to respiratory system.
On the other hand, bacteria growth contaminates the system parts. Suitable
conditions for Legionella growth is 246eC water temperature. That is why-40

60% of cooling towersufferfrom this bacteria [1B
In a water cooling systemalue of bacteria colony in certain amount of samgédes
be known The treatment is necessary when resulted value of bacteria is above the

target. Target values are givenTiable2.1:

Table2.1: Target values of bacteria in cooling systdt&j

Parameter Petri film
Bulk Water <10000 CFU*/mL
Surface <100000 CFU*/crA

*CFU : Colony forming units

To clean the cooling system from bacteria, there are different treatment procedures
used. Halogens are applied periodically. To help the cleaning operatien, bio
dispersant are added. Since cooling process poftant in chemical industry, to
minimize the bacteria growth, mechanical parts of the tower should be designed
accordingly. For instance, water spray part and air inlet should be reduce aerosol
droplet occurrence. Also, water should be recirculatediraoously without dead

spots [18. To minimize the bacteria growth and contamination in a water cooling
system (direct evaporation), design considerations and treatment procedures should
be followed. Instead of these procedures, water can be cooled mile sanitary

method by porous membranes.

11



2.3 Membrane evaporative cooling and membraneantactors

Membrane is a selectvbarrier between two phases J[18 is mostly used to
separa species. Membrane porositifegts thecooling efficiency in evaporative
cooling systemssince evaporation from membrane surface is related with
permeating wateln evaporative cooling system, membrane can be used as porous
barrier as semi direct system to cool water. Since air and s&tecontact occurs

in membrane pores, molg/gienic conditions are provided with respect to direct
contact systems. Thus, cleaning procedures does notedcheied membrane

applications [18

Membrane evaporative cooling systems are benefaoahparedto tradtional
coolers. Corrosiveness and drippiproblemsare not observed [1]9 Porous wall
barrier minimizes bacteria growth according to direct systems and increases

efficiency with respect to indirect evaporative systems.

There are important concepts in pueative cooling affecting the cooling
performance and driving force. One of them is wet bulb temperature. Wet bulb
temperature shows humidity in air. It is measured by wet cloth connected to
thermometer. In addition to that, dry bulb temperature indicatdsent air. The
difference between wet bulb and dry bulb temperature indicates thegdidrce

for water cooling [2P Although wet bulb temperature is the lowasttemperature

that temperature can be decreased by evaporatioer, teaiperature canhachieve

wet bulb temperature. The difference between water temperature and wet bulb
tempeature is called as approach [2In common cooling tower, approach is

approximately 8C.

12



Waterpermeate$rom membrane pores with driving force of pressiitee driving

force for evaporative cooling is difference between partial pressure of water in air
and vapor pressure of water. The equation for water evaporation is shown in
Equation 21:

G Q6 0° 0 Equation2-1

In the equation, partial pressure of water in air is directly related with the wet bulb

temperature of air. Higher water vapor in air results in higher wet bulb temperature.
Equation 21.

In Equation 21, evaporation of water depends on mass transfer coefficient between
air and water, contacting area atifference between partial pressure of water in air
and vapor pressure of water. That means, with the decrease in the amount of water
vapor in air flow @auses higher driving force for water evaporation. The permeance
of water will be equal to the value froBguation 21, if only all permeated water

evaporates.
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Heat exchange between air and water streams and membrane is shown below in

Figure2.1:
: hydrophobic
Sixbowslary membrane
layer (ABL)
Liquid Water
Water Vapor
—
-
%
Sensible heat from 1
Latent heat of cooling of liquid water
vaporization of water
Free Air 2
: : . Interface
(static or flowing) ,’// R
Sensible heat change ‘ /
in air
\‘ |
H I I
Il !‘H

Figure2.1: Heat transfer around membrane][19

According toFigure 2.1, heat balance between water aidis given below in

Equation 22:

YQE | EEm 00 QD 0o TR GO0 GO QIYQE | "MaadE Qi
Equation2-2
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In membrane based water cooling system, latent heat of vaporization is transported
into air flow. Also, for both water and air streams, sensible heat exchange occurs.

At theinterface of two phases is membrane and energy balatits areas shown

according tdrigure2.2, in Equation 23:

Membrane
Water Air side
side(w) @
Sensible

Sensible heat
heat ¢

Tw,i +— >

Latent heat

(D_‘ Taj

Figure2.2: Interface of air anevater streams

QY Yqp D Yy YR a YO Q0 Y Y

Equation2-3
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In Equation 23, energy transfer is shown between air and water side and interface
point is membrane surface. In tl@quation, left hand side first term is convective
heat transfer term from bulk liquid to interface. Herejshinside heat transfer
coefficient (waterside) and Ais inner contact area with interface. Same way, in
right hand side, convective heat transfer term is placed for air side. Hermws

air side heat transfer coefficient andif contact area with interfacBecond term

in the left hand sie is heat transfer through the membrane. In this term, k shows the
thermal conductivity of membrane. Last, first term in right hand side is latent heat
of vaporization with evaporated water amount. H@rd}?" indicates the heat of

vaporization and m isv@porated water amount.

In evaporative cooling system, membranes are not placed for separation but as
barrier. Despite of traditional membrane processes, selectivity of asisaui¢ the
main purpose. This application mmedas a membrane contactoMembrane
contactors prevent mixing of two phases but also allow heat and magsrtchres

to membrane porosity [22

The geometry of membrane contactors varies with the application but hollow fiber
memlrane geometry is most common [2Blollow fiber geanetry provides some
advantages over others. The most significant advantage is hollow fiber surface area
per unit volume is high. With this way, heat and mass transfer area would be higher
in small volumes. Surface area per unit volume is called as pag&msity and it

varies between 2000 to 30006/m? [17]. Hollow fiber geometry reduces friction

loss at surface.

Hollow fibers are assembled as bundles to place into system. To provide water
circulation into fibers, epoxy resin is used. Epoxy is filler material for separation of
permeate side from retantate side. Epoxy curing releases heat and heat affects the
fiber when fiber number is high. It is not significant factor since modules are
prepared in lab scale. During potting procedure, epoxy resin is filled at the ends of

module without closing fiber tip€uring procedure lasts 1 day |25
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In evaporative coolingmplications, instead of hydrophilic polymers, hydrophobic
polymers are chosen to maximize the water vaporization. In hydrophobic
membranes, in pores, cohesive bonds works between air and water. According to
mean pore radius and water surface tension,ineptassure is needed for tea

permeation through pores [R6

There are different hydrophobic polymers alternatives can be used in evaporative
cooling applications. Water permeabilities of various polymers are given below in
Table2.2:

Table2.2: Water permeabties of different polymers [Z7

Polymer Water permeabilities (Barrer)
Polyethylene 12
Polypropylene 68
Polystyrene 970
Polysulphone 2000
Polyether sulfone 2620
Ethyl cellulose 20000
Polydimethyl siloxane 40000

According to water permeabilities shown above, polysulphone material can be
chosen for membrane based evaporative cooling system because it is not highly
hydrophobic or hydrophilic with respect to water permeability dat@aible 2.2.

That means water droplets permeating from the membrane pores do not form a film
layer and facilitate the water vaporization from membrane sui$iocee permeated
water is evaporated frome membrane surface, permeation is a key to compare

different polymers for membrane based water cooling system.
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2.4 Experimental results of evaporative cooling pplications
In studies, the systems working with evaporative cooling principle have the purpos
of either air cooling or water cooling. For both purposes, hollow fiber modules with

different polymers are used.

Johnson et al. (2003have studiedo find heat and mass transfer coefficients
experimentally and the effect of operating parametersohng performance. For

this purpose, polypropylene hollow fiber membranes with inside diameter of 200
micrometerwereplaced into system. Each hollow fiber bundle includes 9rdib
with the length of 0.53 m.

In this study, the aimvascomparing heat and mass transfer coefficients found by
experimentally and theoretically rather than cooling effectiveness. For this reason,
although temperature of awvasdecreased approximately 019 eC and relative
humidity of air is increased2%, studywasgiven as successful since heat and mass
transfer coefficients match thi literature values. Also, it waadicated that with

higher fiber numbers and surface area, cooling will be imprd244l.

Loeb (2003)hasworked with microporous hydrophobic hollow fiber membrdoe
cool the water through evaporation. As polymer, polytetrafluoroethylene,
polyurethane fluoroacrylate and polypropylewere placed into system. In the
system, comparison of memame and canvas materialas conducted. Cooling
results and overall heat transfer coefficiemtere compaed among different

materials.

According towater cooling resulisy using membrane, temperature of watas
decrease approximately d@. On the ther hand, by using porous canvas, cooling
performance is higher. According to study, canwasmore cheap and efficient but
this materialhas certain drawbackdlost important disadvantage is presence of
bacteria growthThus, microporous hydrophobic meranesvereproposed to use

in dry climates[19]
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Dohnal (2012)hasworked with polypropylene hollow fiber membranes with outer
and inner diameter of 0.49, 0.36 mm, respectively. By evaporative cooling principle,
600 fibers with the length of 0.69 wereplaced to cool the air. The effects of water
pressure and air flowvererecorded. Air temperature is reduced approximately up
to 5eC. According to the results, air temperature decreasesutiet airrelative
humidity rises with the evaporative coolinffeet. Relative humidity increase is
about 50%. In the study, efficiency of membrane contactors are shown
experimentally. Also, it is indicated that the fouling problem caused from water can
be solved by bypass systef23]

Mittal et al. (2006) studied oevaporative cooling of water by red clay pod. They
observed that with lower relative humidity condition, cooling water performance
would be high in the system with constant air temperature. Transient water
temperature in clay pod is measured with time apgroximately BC fall is
achieved[14]

2.5 Theoretical approach for evaporative cooling gstems
In evaporative cooling applications, theoretical approach or modelling is important
to compare with experimental result and to foresee thectebf independent

variables.

Halasz (1998), developed a general mathematical model for evaporative cooling
devices. Process is assumed at steady state and evaporation proceasdiehabic.

For air and water side, heat and mass transfer equations are placed intamdodel
transfer coefficients are found. For simplicity, partial differential equatios®
reduced tononrdimensional form. With this simplification, effect of parameters can

be easily deduced from mathematical mdadsl.
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Mittal et al.(2006) experimernitatudy was given in part 1.4. In addition to the
experimental study, theoretical aspect of same systasiinvestigated. Two
different moded wereused for water temperature change with time and these
Van der Smands model and simple model and.
transfer is mono dimensional. Thermal properties of beerse not effected from
temperature. Also, bodyasassumed as completely wet. With these assumptions,
heat and mass transfepuationsvereused to find relative humidity and temperature
of surface. In simple model, body surfagasassumed as pseudo equilibrium. In
model, relative humidity varies and heat mass transfer coefficrgrsneeded.
With proper calculations, wasseen that, both models give satisfactory results with
experiments. In experiments, air cooling effeeisup to £C. In conclusion, these
two models ould be used in evaporative cooling applications contain hollow fiber

membranes or ceramic pojdst]

Zhang (2006, mathematical model of cross flow enthalpy exchanger was
developed Exhange mechanism is membrane based and flow is assumed laminar
by conducting model. In this procedure, boundary conditwaee included in
thermal and momentum equations are beaindaries. With natural boundaries, air
temperature, Nusselt and Sherwood number changes with flow direction is shown
and fully developed Nusselt and Sherwood number are found very close to each
other[22]

Zhang (2012), developed a model including heat mass transfer mechanism of
hollow fiber membrane module for air humidification. Heat and mass transfer
equalities are defined as dimensionless. Two variable partial differential equations
are solved numerically. To compare the theoretical results ngparature and
humidity, experiments are conducted. Results shows that model is satisfactory for

low pressure drop$29]
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Johnson et al.(2003)asshowedthe theoretical approach for heat and mass transfer
in evaporative cooling by using hollow fibers. By ChikGolburn correlations, heat

and mass transfer coefficients for systevare predicted and compared with
experimental results. It seems that thdoattvalues were lower than the
experimental results but similar to literature results. At this point, reason is explained
by shield effect which is flowing air does not penetrate all fibers in the modules.
[24]

Chiari (2000) studied evaporative cooling 800 polypropylene capillaries with
length of 45 cm. For decrease of air and water temperature, both exgatiareh
theoretical analysis wereontacted. While watewas flowing into hydrophobic
hollow fiber membrane, awasflowing cross through modweln the system, water
flow ratewaschanged to understand the effect on cooling performance. According
to the results, decrease in temperature of weashigh in low water flow rates.

For same evaporative cooling system, theoretical appmasteveloped. Air and
water phasesvere assumed as perfectly mixed and flowsre one dimensional.
With these assumptions, mass and energy transfer equaléresieveloped for
both air and water side. Humidification effectiveness for experimental and
theoetical resultswere calculated for the system. According to the results,

theoretical results match with the experimédtta between +26% and%. [29.
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CHAPTER 3

EXPERIMENTAL METHODOLOGY

3.1 Materials

Commercial polysulphone hollow fiber membrangas provided by Amicon
(H10P1G20). In the cartridge, there are 1000 fibers with the length of 55 cm and
outside diameter of 0.09 cm. The J type thermocouples (@MIB610), universal

data logger (UDL100) aml Dali programme, pressure gauge (Kellebar),
temperature controller (SC441) and pressure indicator (P1440) were bought from
Ordel Ankara Peristaltic pump for water flow is provided by Masterflex.

3.2 Preparation of membrane nodules

Hollow fiber bundleswere prepared by using four pieces of membranes with a

length of 38 cm each in a module. As potting material, epa@sfilled at both ends

by using 1 66 di ameDuragepgxypprepanation, filleranaterialt u b i n
and hardenewere mixedin equal amountsPrepared epoxy wddled the space

between fiber and polyurethane tubing to provide water flow only through the fiber.

Since each tubing has 4 cm length, active membrane length becomes 30 cm for each
module. After filling procedure, membraneoduleswere left to dry in ambient

conditions forthreehours. After that, to ensure no leakage from the potted area,

waterwassent into the fibrs with maximum pressure of bam.
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The scheme of one hollow fiber membrane module including four fibers is shown

below inFigure 3.1.:

/—‘\
I
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—
—
—
—
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Potted area with Active hollow Potted area with
epoxy (45cm) fioer membrane epoxy (45cm)

length (3039 cm)

Figure3.1: Scheme of packwith 4 fibers

3.3 Water flux measurements to obtain permeate for a fiber

Polysulphone hollow fiber membrane modulesreprepared for the water cooling
system as mentioned part 3.2. Since the system principle is based on evaporative
cooling phenomenon, it is very important to know the water flux through the
membrane at different pressures. The water flux was measured by the system is

shown inFigure 3.2:

Hollow
Fiber Pack
D \—D :X Valve for
dead end
Pressure
Nitrogen gauge

cylinder

Collecting can

Water
Tank

Figure3.2: Scheme of water flux measurement system
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For water permeation measurements, water tank with a capacity of 150 mL is used.

It is connected to pressure gauge in the rafg@5 bar. Also, it is connected to

hollow fiber membrane module. Nitrogen (Linde 99% purity) is fed to the water

tank at various pressurés increase permeated water amount from membrane

surface The end of the membrane module is connected to pnewnabite(Aignep

1 606) . It has closed water permeated thr

time to determine flux.

Since the maximum recommended operating pressure of the hollow fiber
membranes is 0.8 bar, flux is measured between 0 and @7 Waterflux is
measured in this system by using 10 different modules for each pressure. After that,

average of the resulted data is taken for calculations.

3.4 Calibration of air f low rate

In the membrane based water cooling system, air is flowing from the bottom to the
top by a suction fan (S&P TD13&50). There is a flow rate arrangement switch
from 1 to 10. With this switch flow can be changed according to the experiment.

Air velocity is measured by an anemometer at each level. According to five
measurements at three different locations which are at the ends and middle portion
of the membrane modules as showikigure 3.3in the systenifrom the front side

air velocity varies betweel64 and 3.32 m/s. Since the tow area of the system

is 005 n, air flow rate becomes 1487 n¥/hour.
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Modules

Figure3.3: Measurement points of air velocitym front view
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3.5 Membrane based water cooling gstem
The schematic drawing of water cooling system is showigare3.4.

-|E

g

1- Air Fan T: Thermocouple

2- Membrane Module P: Pressure gauge - Water
3- Heat Exchanger for R:Rotameter Path
Air Temperature Change

4- Rotameter ‘ Air Path

5- Temperature Controller of Air

6- Peristaltic Pump

7- Feed Tank

8- Gas Cylinder

9- Temperature Controller of Water

Figure3.4: Scheme of membrane based water cooling system
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The system is divided into two parts which arater and air side. In wateids,

there are water tank, pstaltic pump, mixer, temperature controller, rotameter and
water thermocouples. Water tank shown asFiguire3.4, with the capacity of 700

mL is filled with distilled water. With pestaltic pump, water is fed to the
distributor. Flow rate of the water can be arranged betwethriL/min. From the
distributor, water is distributed to the hollow fiber mearpack In the system,

there are 1®ackspaces (3 horizontal, 6 vertical). Water flowing through the tube
side of the membranes is recirculated to the tank. Tank can be pressurized by
nitrogen (Linde 99% purity). The pressure is measured from pressuge ¢Keller

0-20 bar). In addition, water temperature in the tank is controlled by a temperature
controller and is measured by thermocouple. To homogenize the water temperature,
mixer is placed under the water tank with 250 rpm. All connections in thensys
are 100 polyurethane tubing and they are 1iso¢a
temperature change between the inlet and outlet of the module is measured by J type
thermocouples. Water temperature data is taken with two ways. For single module
experiments, temperature data is measured directly from the inlet and outlet of the
module. For multiple module experiments, data is measured from the inlet and outlet

of the distributors as average. Taken datiggally recorded.

Air side includes air fan, heat exchanger, temperature controller filter and air
thermocouples. Air is flowing cross to the membranes. To eliminate the
contamination on membrane surface, air filte®(Bnis placed at the inlet of the air.

The inlet tempeature of the air is arranged by using temperature controller and heat
exchanger. Air fan (suction) is installed at the top of the system and flow rate can
be changed by switch. Inlet and outlet air temperature is measured by using J type
thermocouples. Batwet and dry bulb temperature datererecorded with respect

to time. To keep air flow constant over the membranes, system is surrounded by
plexy cabns with size of 10 cm x 50 crBeside the temperature data, water level
data is also taken with time talculate the evaporated amount of water from the

membranes for each experiment.
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In the membrane based water cooling system, there are seven independent variables.
They are inlet air temperature, inlet water temperature, air flow rate, water flow rate,
module length,pack number and transmembrane pressure. The effect of these
parameters on the water cooling performance is tested. For investigating inlet air
temperature effect, one module with 4 fiber is placed into system. Water inlet

t emper at uair pressue is Paigater flow is 10 mL/min and air flow is

1.84 m/s during the experiment. Inlet ai
With the same way, for the effect of inlet water temperature, one module is used.

Air inlet temperature i@ 5 AC, ai r pyrwater$lawisd0 ml/sin during a r

the experiment. Inlet water temperature is charagl0, 25, 30 and 40A

Air flow rate effect is tested by changing the air flow switch from 1 to 9 (0.64 m/s

3.32 m/s). Since air velocitiese close to each other, measurements vary as 1, 3, 5,

7 and 9. The set temperatures of inlet a
kept same. In water flow rate effect analysis, one module is placed into system.

Water flow is changed between-AD mL/min with air flow of 1.84 m/s, air pressure

of O bag.

To investigate the module length effect, membrane modules are connected in series.
In other parameter investigatiqrisey were connected in parallel. Module length of

30 cm, 60 cm, 90 cm, and@2m are measured with the air flow of 1.84 m/s, water

flow of 10 ml/min, air pressure of O lggand set temperaturesiofet air and water,

25 AC. T h packaudmbee anthe water cooling perfomee is tested with 1,

9 and 18 packsn parallel. Otler parameters are same with the module length
experiments. Lastly, air pressure of the membranes are changed as 0, 0.1 and 0.2
barg in one module with air velocity of 1.84 m/s, water flow of 10 ml/min and set
temperatures of 25 AC. ated B Itime® with alifferente n t s

membrangacksprepared in different times.
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After the experiments, hollow fiber membrane modules are left in a solution (500
ppm sodium hypochlorite) to prevent drying.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Membrane characterization

The membranes used in this study were commercial hdilmer ultrafiltration
membranes that wawade of polysulfone. Figure ¥ shows the crossectional
SEM image of a membrane. The membrane has an oateetdir of 90 m and
inner dameter of approximately 508m. The skin layer, which is responsibte f
the separation, is at the bore side with a thickness ofré.gFigure 42). The
support side consists of large finger like pores that are expected to show low

resistance to permean.
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Figure4.1: SEM image of commercial polysulfone hollow fiber membrane

Skin layer

Figure4.2: SEM images of innga) and outer portioi(b) of fiber

32



4.2 Flux of water permeated through the membranes

The working principle of membrane based wateoling sysem is evaporative
cooling. Therefore, it is essential to know the amount of water permeated thorough
the membrane and evaporated from the surface. It may not be possible to measure
the rate of water permeation accurately during the cooling process é#raugater
permeates across the membranes and evaporates from the surface simultaneously.
For this reason, the pure water flux of membranes was determined without air flow
at room temperature under a transmembrane pressure difference of 0.05 to 0.7 bars.

The reason that pressure was not incremented further is it was not recommended.

The measurements were carried out with 10 pieced3ainlength membranes
(Figure 43). The membrarféux, which is in the range of 2x1@o 7x10* cm®/cm?-

sec that istypical to ultrafiltration membranes, increased with transmembrane
pressure as expected. The water permeation data were also tabulated in Appendix
Table Al and A2.
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Figure4.3: Water flux data points forarious pressures

According to the given results Figure4.3, water flux permeating from the hollow
fiber membrane is increasing with the pressure. During the experiments, water loss
from the system is measured. Water flux measurement result is arantgool to

compare evaporated amount from system with flux.

4.3 Calibration of air blower used in cooling system
Air flow rate of the system is measured by anemometer device. There are 10
different arrangements of floenabled by the device via a switdfor each level,

10 measurements are conducted at three different locations around bundle.
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Air velocity results are given iAppendixTable A.3for three different zones which
are at the ends of bundle and middle portion of the bundle. The avethge®tiata
are taken to find air velocitieBlot of air velocity with respect to air switch level is

shown inFigure4.4:
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Figure4.4: Plot of air velocity versus air switch level
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Forarea of airflow of 0.05 n?, volumetricair flow rates ar@btained by air velocity
datafor eachswitch levelandis given inFigure4.5:
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Figure4.5: Plot of air flow rate change with switch level
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4.4 Position of thermocouples in the membrane based cooling system

Figure 4.6shows the positions of thermocouples used to medseingdter, dry and
wet bulb air temperatures and of other instruments used to measure the water level,
flow rate and air velocity. Hereafter the same labels and numbers are used to

indicatea particular temperature measurement.

The water, whose flow rate was measured by a flow meter (R), was recirculated
between a large tank and the membrane module by a peristaltic pampank
watertemperature, measured by thermocouple T9, was kept constant by an electric
heater. The amount of water permeated through the membrane cannot be measured
precisely due to evaporation during the cooling process, therefore the change of
level of water inhe tank (h) was measured to find the rate of permeation across the
membrane. Throughout the study, dripping of water from the membrane surface
was seldom observed, suggesting ttiz water that permeated through the
membrane completely evaporates. Hetlee decrease in the water levelicades

the rate of evaporation since only water loss is resulted from the membranes in all

system.

The hollowfiber UF membranes was cut into &8 pieces and used to make a pack

of 4 membranes, which are context paallel to each other.-dm from each end

was used to glue so that the active length of a pack was 30 cm with a total permeation
area of 33.9 chfpack (8.5 crfiipiece). The water flows from the bore of the fibers,

and air flows out of them. The membrane mledconsisted of a distributor plate
(plates B) and a collector (plate B)st®own Figure 4.6Those plates distribute the

hot water (coming from the tank) among the membrane packs, and collect cold water
(left from the membranes) before returning to tngkt The membrane module has

18 slots for membrane packs; therefore, the total permeation area can be changed
between 33.9 cAto 610.2 cri.

37



The water temperature is measured at the inlet of module (T7) and a membrane pack
(T5). Although the T5, T7 an@i9 are expected to be equal to each other, the heat
loss along the tubing and plate B causes small differences. The water temperature
is also measured at the exit of a membrane pack (T6) and module (T8). Therefore
T6 represents the cooling performanéa single membrane packdh8 shows the

average performance of as many as 18 packs.

Throughout the study, air temperatures were also measured above and below the
membrane module. The dry and wet bulb temperatures of air flowing into the
module wee T3 and T1, respectively. Those leaving the membrane module were
T4 and T2. The humidity of air was determined by using dry and wet bulb

temperatures.
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based water cooling system
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4.5 The change of water and air temperatures with time
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Figure4.7. Change ofwater temperatur@A) and air temperatur@B) with

time, 1 is bypass stage;324 are different air pressures
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In Figure4.7, water temperature (A) and air temperature (B) changes are shown with
time. Typical result belongs to transmembrane pressure change in one module
system. In water temperature with time graph (A), water inlet and outlet
temperatures are given as single mledand main average. With increasing
transmembrane pressure effect, temperature change is measured. In air temperature
with time graph, dry bulb and wet bulb temperatures of air at inlet and outlet of the

bundle are shown.

In the experiment, 30 cm menalore module placed in parallel. Bundle water inlet
and air inlet dry bulb temperatures are arranged a€.28/ater flow through the
membrane module is 10 mL/min and air flow rate is 1.84 m/s during the experiment.
In Stagel, water pumped into bypass tubingtead of membrane module. As it is
seen fromFigure4.7 (A), at inlet and outlet of tubing temperatures of water are
approximately same. Also, bundle water inled @utlet temperatures recorded from

the distributors are very close to each other. At the beginnisgagfe2, water is

sent to module by closing bypass valve and instant water temperature difference is
observed. Bundle water outlet temperature is alblogenodule outlet temperature
since exit distributor is effected by outside temperature with lack of insulation. In
Stage3, by keeping all parameters constant in the experiment, nitrogen pressure is
turned to 0.1 bay. Pressure is measured by pressurggauthe system. According

to water temperature decrease, cooling performance becomes highersiadkis

Last, inStaged4, pressure is arranged at 0.2chafurther rising in pressure causes
water drop from the membrane module. For this reason, effdcainsmembrane
pressure is investigated up to 0.2 daitrogen pressure. In the air temperature
graph, it is seen that both dry bulb and wet bulb temperature does not change during
the experiment. There are fluctuations in wet bulb temperature. Sirtcbuwie
temperature is measured by using wet cotton at tip of the thermocdapipness

of the cotton will not be same during the experiments.
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On the other hand, air flow rate is much higher than water flow rate in the system.
Since evaporated amount of water determines the change in outlet dry bulb

temperature of air, resulted temperatures are expected.

4.6 Investigating the effect of process vaables on the performance of
membrane based vater cooling system Experimental Work
In membrane based water cooling system, effect of seven different independent
variables on watecooling was investigated. These parameters are water flow rate,
air flow rae, transmembrane pressure, module length, module number, inlet air

temperatue and inlet water temperature.

4.6.1 Effect of water flow rate on the cooling performance
In the system, water flow rate was changed between 10 and 40 mL/min. Inlet air
temperature water temperatur e, air velocity and

m/s and 0 barg, respectively. There were one membrane pack in the module.
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Figure4.8: Air Temperature Change with Watélow Rate, 1.84n/s air velocityO

barg air pressuré pack

Figure4.8 shows the change of wet and dry bulb temperatures at the module exit as
a function of water flw rate. Due to high flow rate of air, its temperature and
humidity changesvere negligible as expected so the wet bulb temperature at the
exit (T2) is nearly the same as wet bulb temperature at the inlet (T13.an
expected result since air flow raeemuch higher than water flow rate. Hence air

outlet temperaturevasnot affected.
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Figure 4.9: Water Temperature Change with Water Flow Rate, 1.84 m/s air
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On theother hand, water temperature changes significantly as its flow rate increases
(Figure 4.9). At a water flow rate of 10 ctimin, the cooling performance was

higher® t hat its temperature decreased from 25,
the coding peformance decreased. For examte water flow rate of 40 cimin

flow rate, temperature drops from 25.9 to o1
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Figure4.10: Evaporated Water Amount and Level Change with Water Flow Rate

In Figure4.10, evaporated water amount change per area and level change per time
is shown with four different watdiow rates. Level change is measured from the
water tank during the experiment with tinigy using millimeter papem’nd
evaporated water amount is cal¢athfrom amount of water loss from the tank per
membrane outer surface area. Although from the result, water loss is increasing, it

does not mean all water droplets are evaporated from the surface.

45



4.6.2 Effect of air flow rate on cooling performance

In Figure4.11, wet and dry bulb air temperature change is given with changing air
velocity. T1 and T2 represent wet bulb inlet and outlet tempergtdi®@ and T4

show the dry bulb temperatures at inlet and outlet of the module.
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Figure4.11: Air Temperature Change with Air Velocity, 10&min water flow 0

bargair pressurel pack

According to resultsputlet air temperatures are nearly constant in the one pack
experiment. Since air flow rate is much higher than water flow rate and evaporation,

air temperatures are not affected.
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In Figure 4.12, with increasingair velocity, water temperaturghangeis shown.

Under five different air velocity, water inlet and outlet temperatures are measured.
With decreasing air velocity from 3.32 m/s to 0.64 m/s, inlet water temperatures are
25.4, 25.3, 25.3, 25.4 and 28@ and outlet water temperatures a0.3, 20.8, 20.9,

21.2 and 21.8C. Cooling of water cannot be distinguished clearly between close air
velocities. Yet, if highest and smallest air flow are compared each other, it is
observed that cooling performance is higher with high air flow rétesexpected

result since increasing air velocity causes decrease water vapor amount in air flow.

Hence driving force of vaporization grows into higher.
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Figure4.13. Evaporatedvater and level change with air velocity

In Figure 4.13,evaporated water amount data and level change during the
experiment is demonstrated with air velocity effect. In the plot, evaporation trend is
nearly constanvith changingair velocity. The trend $ same as the plot of water
temperature with air velocity. Since evaporation amount affects the decrease in

water temperature, it is an expected result.
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4.6.3 Effect of transmembrane pressure on cooling performance

Figure4.14 gives the air temperature change data with increasing air pressure in the
membrane based cooling system. With experiments conducted ylysckand

constant water flow rate, air velocity, dry bulb and wet bulb temperatures are

measured.
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Figure 4.14: Air temperature change with transmembrane pressure, $fnm
water flow rdae-1.84m/s ainvelocity-1pack

According to the plot ifrigure4.14, both wet bulb and dry bulb temperatures show
slight changesAir flowing over membrane module is away from saturation. The
evaporation amount of water was not enough to changruthet airtemperature in

one pack experiment.
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Figure4.15. Water temperature change with transmembrane pressure,@icm
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Module inlet and outlet temperatures witinee differebair pressures are plotted in
Figure4.15. For 0 bag, 0.1 bag and 0.2 bay air pressures, inlet water temperatures

are 26.6, 26.5 ang6.2C. Outlet temperatures of water are 21.3, 20.8 ance20.3

With elevation of air pressure on membrane modules, it can be interpreted that
cooling performance developRise in transmembrane pressure causes increase in
water permeance. Hence vaporization of water increases and it affects the water

outlet tem peratures.
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Figure4.16: Evaporated water and level change wirhet

In Figure4.16, for onepolysulfone hollow fibepack evaporated water amount per
membrane lateral area with respect to air pressure is giveordiog to resulted

plot, amount water evaporation trend is increasing with elevation of air pressure.
Water outlet temperature fall resulted from the evaporation so that it is an expected

result.
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4.6.4 Effect of module kengthon cooling performance

For investigation of length effect on membrane based cooling system, by keeping
water flow rate, air flow rate and pressure constant, module length becomes 30, 60,
90 and 120 cm. Since, commercial hollow fiber length is limited, membrane
modules of 30 cnare added to each other in series with proper fittings.
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Figure 4.17: Air temperature change with length, 10 %min water flow rate
1.84m/s air velocity) bag air pressure

The results of air temperature change at inlet and outlet of the membrane module
are shown irFigure 4.17 with increasing length. Increasing lengthroémbrane
bundle resulted islight decrease in dry bulb temperature ahightincrease in wet
bulb temperaturdt is expected since membrane contact surface area increases with
connection in series. Rise in vaporization amount of water results in dlighges

in outlet air temperatures.
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In Figure 4.18, water inlet and water outlet temperature trends are shown with
increasing module length from 30cm to 120cm. According to plot, inlet water
temperatures are 26.3, 26.6, 26.4 and €6.6or 30, 60, 90, 120 cm length,
respectively. Al so, outl et water temper a
difference between inlet and outlet water temperatures indicate that, length increase
affects the cooling performance in positive way. @& dther hand, the decrease in

water temperature is not linearly proportional with length. Experimentally, it is
observed that above 120 cm module length, water flow was not continuous. For this

reason, length was not incremented further.
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Figure 4.19 shows level decrease and evaporateder amount with change in
module length. With increasing membrane bundle surface area in water cooling
system, evaporation amount is increased with increasing module [Ehgtretical

results have same trend with water temperature change in onexpacikrent.
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4.6.5 Effect of number of fiber on cooling performance

In Figure 4.20, dry bulb and wet bulb air temperatures are shown at the inlet and
outlet of bundle with respect to module number. Module number effect is observed
by using 1, 9 and 18 membrapacks
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Figure 4.20: Plot of air temperature change wisacknumber, 10 crfimin water

flow rate-1.84m/s air velocityd bag air pressure

Increasing number of fibers cause a certain change between inlet and outldbwet b
temperatures. Increasing wet bulb temperature at the outlet of the bundle shows
humidification in air. Between Jpack experiment and 1&ack experiment,
differencebetween inlet wet bulb temperature and outlet wet bulb temperatnare

be seen clearly.
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Figure4.21: Plot of water temperature change witicknumber, 10 crfimin water
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Figure4.21 shows the water temperature trend at inlet and outlet with respect to
packnumber. According to results)let water temperatures are 26.7, 29.5 and 27.0
eC. On the other hand, tiet water emperatures are 21.5, 24.8 and 2C.for 1, 9

and 18pack respectively. The difference between inlet water and outlet water
temperatures are similar to each other with changipgéknumber Since modules

are connected in parallel, this in an expectsllt.
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Figure4.22: Plot of evaporated water and level change wéabknumber

In Figure4.22, evaporated water amount and level change with respect to module
number is shown. According to plot, water loss from the system is increasing with
module numberActually, increasing water & from the system is an expected

result with increasing of pack number. Since outlet water temperatures are similar

to each other, all permeance cannot be evaporated in the system.
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4.6.6 Effect of inlet air temperature on cooling performance

Another topic that is investigated for the effect on cooling performance in membrane
based system is air inlet temperatureFlgure 4.23,dry bulb and wet bulb air
temperature changes are given. Since dry bulb temperature is increased by heater,

wet bulbtemperature is also rising.
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Figure 4.23. Plot of air temperature change with air inlet temperature, 10

cm’/min water flow ratel.84m/s air velociyd bag air pressurel pack
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Effect of changing air inlet dry bulb temperature on water temperature is
demonstrated ifigure4.24. In the experiments, while inlet water temperasuare

28.3, 28.0 and 28, water outlet temperatures are 22.8, 24.2 ande€5with
increasing air inlet temperature. é&uoding to temperature differees between
water at inlet and outlet of the module, cooling performance is affected negatively.
With rise in air inlet temperature, sensible heat transferring to the water side will be

higher and water will start to warm up.
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Figure4.25: Plot of evaporated water and level change with air inlet temperature
In Figure4.25, plot of evaporation amount change and level change with respect to
inlet dry bulb increase in membrane based system. According fal@otalues are

close to each other artie difference can be caused framater cannototaly

evaporatdfrom membrane surface.
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4.6.7 Effect of inlet water temperature on cooling performance

For inlet water temperature effect on membrane basstdra, same parameters are
used as inlet air temperature effect. In this pattier thannlet air temperature,

inlet water temperature are increased during the experiments.
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Figure4.26: Plot of aitemperature change with water inlet temperature, Fhcim
water flow ratel.84m/s air velocity0 bag air pressurél pack

In Figure 4.26, dry bulb and wet bulb atemperatures at inlet and outlet of the
bundle is shown. Dry bulb temperature are slightly increased with elevation of water
temperature. Since air flow rate is much higher than water flow rate, the impact of

change inlet temperature is not highFagure4.24.
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In Figure4.27, water inlet and outlet temperatures are given. Since the effect of inlet
water temperature chge is investigating, water inlet temperature is rising in the
plot. This increase also brings sensible heat exchange through air side. Thus, water

temperature difference between inlet and outlet is getting higher.
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Figure4.28: Plot of evaporated water and level change with water inlet temperature

In Figure4.28, evaporated amount of water and levelng®plots are shown with
respect to differ in inlet water temperature. Ad-igure 4.25, resulted vales are
close to each other but the difference between them can be resulted from level
measurement which has 0.1 cm deviation. Also, another reason can be all water

permeated fnam membrane cannot not be vaporized during the experiment.
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4.7 Theoretical approach for membrane based cooling system
In Figure 4.29 differential element of hollow fiber membrane is given with two
directions of r and z. Modelling of the systemc@nducted with &at and mass

transfer equations.

SN

Hollow fiber
membrane

Differential
element

z 7+qx
Figure4.29: Differential element of hollow fiber membrane
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In mathematical modelling, heat anthss transfer equations are shown for two
different systems. These are water in the capillary and membrane with certain
thickness. The aim is to estimate outlet water temperature from the module. Firstly,
water in the capillary is chosen as system.

For thechosen system, the main assumption is steady state system. Steady state
means system is independent from time. Another assumption is r direction is
neglected in equations. The reason is length of the fiber is much higher than
diameter. Hence, temperatuohange in r direction shown in Figure 4.29 is

neglected with respect to flow direction (z).

a 6nY Y a onvYy Y 0 Y Y
IY0 'OY&4 6 Y Y T Equationd-1

In Equation 41, heat transfer equation around differential element is shown. In
equation, first and second term is heat transferred between z @adThtrd term

is convective heat transfer through membrane wall and last term is heat loss cause
from waterpermeation.

In inlet and outlet water flow rates are assumed as same since permeance is much

lower than, water flow rate in@apillary as shown in Equation2d

I1Y0 “OYaL & © & G G Equationd-2
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With this assumption, EquationMis transformed in to dérential equation of

Equation 43:

Gori— QO"Y Y 1 Equationd-3

For inner hettransfer coefficient calculation (hi), flow is assumed as laminar.
Laminar flow assumption is valid since in experiments, water flow isAdsw, wall

temperature of membrane is assumed as equal to air temperature.

In membrane based water cooling sgstéor mathematical modelling, system can

be chosen as membrane with certain thickness. The chosen system is assumed as
steady state which does not change with time. For membrane polymer, thermal
conductivity of the polymer is high and heat capacity is. lBl@nce, heat capacity

is assumed as negligible.

With given assumptions, r and z direction heat transfer equation is given in Equation
4-4. In this equation, only conduction is taken into consideration and convective
heat transfer is neglected becabsat transfer equations are for solid membrane.

Also, velocities are neglected.

¢ van ¢t Yy ¢riVin ¢'iYin vy m
Equationd-4
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Equation 44 is divided toppr  and dpoecome Equationt

— in I — 7 Equation4-5

With isotropic assumption, conductiogrtn is given below in Equation@land 4
7.

n Q— Equation4-6

n Q— Equationd-7

If g terms in Equation-4 and 47 are placed into Equation5} it became

Equation 48 and T shows the polymer temperature.

— 1l — — 7 Equatior4-8
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Boundary conditions:

Since diameter of capillary is much lower than lengthirection is neglected in
equations. In membrane based sysiiameter is 0.9 cm and fiber length is 30 cm.

According to given magnitles, assumption is valid ariehjuation 48 become

Equation 49.
Py 1Ty
Ti= 1 a
¢ 0
; Tt Equatior4-9
Tt

In modelling of membrane based water cooling system, the aim is to find and
compareoutlet water temperature with experimental results. For this reason rather
than polymer temperature, modelseem is chosen as water dapillary. After
system is chosen for mathematical modellikguation 43 is rewritten with
consideration of membranen@ air side.Then, h term which is heat transfer
coefficient for water side becamewhich is overall heat transfer coefficient. Also,

in Equation 410, third term should be included since this term shows the permeation

from the system.
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Géi— YO Y Y IYON O T Equation4-10

Equation 410 is ordered as Equationl4:

— YUY Equationd-11

In Equation 411, first term in right side is called A and coefficieftToterm is

called B. Equation-42 is given below:

— 0 6°Y Y Equation4-12

The solution of Equation-42 is given in Equation-43:

Y — -Q Y Equatior4-13

After solution is complete, temperature of wateoatlet will be found by using
method which has the algorithm giverHigure4.30. In first calculation, inlet water

temperature is used.
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In this method, a fibewith 30 cm length is divided into 100 fragments. Since these

fragments are very small, Equatiorild becomes Equation¥4:

YY Y Y% — IY0 ROE Y8 Oq .
Ya Ya aon aon

Y Y

Equatiord-14

In Equation 414, R)P0 term is equal to evaporated amount of water. In any T,

evaporation is given in Equation¥b:

I®” A

~

G Q0° 0 Equation4-15

In Equation 414, another unknown beside the temperature is overall heat transfer
coefficient. Overall heat transfereificient is found by Equation-46.

- = — Equationd-16

To find heat transfer coefficients for water and air side, proper correlations are used.
For inner side water flowllausen correlation for laminar flow through cylinder is
used andfor outer side air flow over cylindeZukauskascorrelation is used
(Incorpera, 2013)Physical properties are assumed constant in calculations. Also,
membrane thickness is not neglected. Correlation usedirf@ide heat transfer
calaulations, is given in Equation-#7. The constants in edi@ are proper for

Reynold and Prandtl numbers in membrane based system.
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00 T YWP 017  Equationd-17

The relationship of Nusselt number and heat teansoefficient is in Equation-4
18:

Cq
o
|

Equation4-18

By using Equation 4.8, heat transfer coefficient can be calculated. In Equation 4
14, overall heat transfer coefficient can be placed accordingly. After that, to find
outlet water temperature, an algorithm is used and it is shown in Figdre 4

Calculate
min Egn
1-14

|

Calculate min
Eqn 1-14

Putm
assumed
value in Eqn

1-14and find
Twater

Calculate
mevap in Eqn
1-15

false true Putm
Choose assumed

Choose massumedP ‘ value in Egn

massumegmevap oPy 1-14and find
Twater

Figure4.30: Algorithm of calculation
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4.7.1 Comparison of experimental work and modelling results

In the modelling of membrane based water cooling system, by using algorithm given
in Figure 4.30, outlet water temperatures are found for different parameters. In this
study, there are seven factors that are investigated and for these parameters,

theoreticalutlet water temperature values are found.

30 ¢
28 |
2% | SR T S
g : U
E 22 - "' [P SR S
o B I
S 20 |
= ;
= 18 -® T6 (water outlet)
o - theoretical
@ 16 ¢
= g -5-T6 (water outlet)
14 1 experimental
12 7 -l T5 (water inlet)
10 L L I BT | ‘ ‘
0 10 20 30 40 50

Water Flow Rate (cm?®min)

Figure4.31: Comparison of Theoretical and Experimental Water Temperatures for
Water Flow Rate Effect

After experimental process of the membrane based watengsgktem, theoretical
analysis are completed to compare experimental results with theoretical. For water
flow rate effect, inFigure 4.31, theoretical and experimental water outlet
temperature are given. Both results are close to each other. Also, they have same

increasing trend with increasing water flow rate.
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Figure4.32: Comparison of Theoretical and Experimental Water Temperatures for
Air Flow Rate Effect

For comparison of air flow rate effect on membrane based cooling system
experimentally and theoretically, the graph listied in Figure4.32. According to
graph, in theoretical results, there are slight changes. The effect of air flow rate
cannot be observed obviously. Yet, water dudenperature values are close to each

other.
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Figure4.33: Comparison of Theoretical and Experimental Water Temperatures for

Pressure Effect

Figure 4.33 shows the water temperatures at inlet and outlet of the module
experimentally and theoretically with pressure change. In theoretical water outlet
results, with increasing air pressure, cooling performance becomes higher as same

as the experimental results
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Figure4.34: Comparison of Theoretical and Experimental Water Temperatures for
Module Length Effect

In Figure4.34, water temperature at inlet and outlet of module are given with length
experimentally and theoretically. Results are promising since the trends of

experimental and theoretical are very $ami
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Figure4.35. Comparison of Theoretical and Experimental Water Temperatures for
PackNumber Effect

Packnumber affects air temperature rather than water temperature. The reason is,
although number of fibers are increasing, the driving force between two ends of
membrane module does not change since modules are connected in parallel. In
experimental investigen of this effect, results were similar to each other. .for
theoretical approach, compassion of results are giveigime4.35. According to

plot, theoretical temperature results are similar to experimental results.
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Figure4.36. Comparison of Theoretical and Experimental Water Temperatures for

Inlet Air Temperature Effect

In Figure4.36, theoretical and experimental results of inlet air temperature effect is
demonstrated. Both experimental and theoretical approaches have same trend which
Is cooling performance decreases with increasing inlet air temperature effect. Water
outlet temperatures are also very close to each other except last inlet air temperature.
The separation at this point can be resulted from lower effect of sensible heat

transfer.
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Figure4.37: Comparison of Theoretical and Experimental Water Temperatures for

Inlet Water Temperature Effect

In Figure4.37, theoretical and experimental water inlet and outlet temperatures are
plotted. In the graph, both experimental data and theoretical data have similar trends.
At last water inlet temperaturgheoretical result implements higher cooling

performance.
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CHAPTER 5

CONCLUSIONS

In the membrane based water cooling system, there are seven independent variables
that are investigated. These are water and air flow ratesmembraneressure,

module length angacknumber, inlet air and water temperatu@enclusions are

given with respect to experimental parameters.

1. Water flow rate increase causes decrease in cooling performance

Air flow rate elevation results in slight decreasevater temperature
Transmembrane pressure effect is directly proportional to cooling performance
With elongation in module length, watertemperature difference increases

Inlet air temperature factor affeatsoling performance negatively

Inlet water tenperature factor affects temperature fall in positive.way

N o g A~ WD

Theoretical results are very similar to experimental results obtained from
membrane based system so that model is .valid

In this study, water temperature are reduced betw&e4or differentparameters.
Although this temperature decrease is lower than cooling tower performance,
membrane based water cooling system is very efficient sybesause water
cooling occurs in very smalhembraneareas. Scale up of this system can be
provided by charigg length for water cooling applications. For air cooling,
increasing fiber number will directly affects the cooling res@tace in industrial
applications, process water cooling would require an extra step in heat exchanger,
membrane based water cawji should be improved. This improvement can be

provided by changing polymer or using longer fibers.
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APPENDICES

APPENDIX A

Calibration results and experimentalparameter data

TableA.1: Water flux results with pressufer each membrane

)
T < < < < = < < < < =<
S 3 ) %) %) %) 5 o) o) %) o) @ 4 )
a o 3 3 3 3 3 3 3 3 3 E = a
=0 = N w EN a1 o ~ @ © o
o
o o o o o o o o o o o o o
o o o o N pes 0 e o o 0 o0 S
o o < © © @ N > a1 a1 a @
o
o
i o o o o o o o o o o o o
o © © © © © © © © © © © S
o o1 N w ~ o o ® ~ o a »
o
o
(NS [ [ = = [ o o o = ©
o N = Ao = (V) [N = © © © o =
o o1 o1 [ o o1 © s3]
o o1
S = = = [ [ [ = [ ©
w - - H - o
¢ N w N ) w N N w
s w 3 N - o1 © o w ol N S S
L
a = = [N o
- - - N - - - - - - . o
o o o o1 o1 ~ o o1 o o
o o1 a1 ®© m
o
2 [ [ N o
N N N - - - N
o ™ o [ N Q @ o © &) > Q S
g a - = ©

85



TableA.2: Average water flux values with various air pressures

Pressure Permeate Time Area Water Flux
(barg) (cmd) (sec) (cm?) (cm3/cn?.s)
0.05 0.85 300 11.03 7.72x10°
0.1 0.95 300 11.03 8.63x10"

0.2 1.10 300 11.03 9.99x10*

0.3 1.30 300 11.03 1.18x10°

0.5 1.60 300 11.03 1.45x10°

0.7 2.00 300 11.03 1.82x10°

TableA.3: Air flow rate calibration results
Air  Zone 1 (m/s) Zone 2 (m/s) Zone 3 (m/s) Average (m/s)

1 0.62 0.66 0.64 0.640 NO. O
2 0.90 0.95 0.96 0.936 NO. O
3 1.28 1.22 1.23 1.243 NO. O
4 1.55 1.53 1.52 1.533 NO. O
5 1.80 1.86 1.85 1.836 NO. O
6 2.10 2.14 2.14 2.126 NO. O
7 2.43 2.40 2.46 2.430 NO. O
8 2.69 2.75 2.74 2.726 NO. O
9 3.00 3.05 3.04 3.030 NO. O
10 3.31 3.30 3.34 3.316 NO. O
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Water flow rate effect on cooling performance in membrane based system

TableA.4: Experiment parameters and temperature results for water flow effect

for 1.84 m/s air velocity and 1 pack parallel connection

R 10 20 30 40 L Air
un cm
mL/min - mL/min mL/min  mL/min pl’g:?gre
Wet bulb 1 13.6 13.8 13.6 13.5 30 0
inlet 2 144 143 145 145 30 0
temperature
(T2) 3 17.8 17.5 17.6 17.4 30 0
Avr. 15.3 15.2 15.2 15.1
Std. 2.2 N2. N2 . N2 .
Wet bulb 1 13.8 14.0 14.2 14.0 30 0
outlet 2 14.8 14.4 14.9 15.0 30
temperature
3 18.6 18.4 18.7 18.3 30 0
(T2)
Avr.. 15.7 15.6 15.9 15.8
Std. N2. N2. N2. N2 .
Dry bulb 1 26.3 26.5 26.0 26.7 30 0
inlet 2 26.0 25.9 25.7 25.7 30 0
temperature
3 26.4 26.3 26.5 26.5 30 0
(Ts)
Av. 26.2 26.2 26.1 26.3
Std. No. No. ~No. NO.
Dry bulb 1 25.6 26.1 26.0 26.0 30
outlet 2 25.4 25.5 25.2 25.4 30 0
temperature
3 25.9 26.2 26.2 26.3 30 0
(Ta)
Avr. 25.6 25.9 25.8 25.9
Std. No. NOo. NO. NO.
Water inlet 1 25.3 25.7 26.0 26.0 30
temperature 2 25.3 25.0 25.3 254 30
(Ts) 3 26.3 26.3 26.4 26.4 30 0

Avr. 25.6 25.7 25.9 25.9
Std. NO. NO . NO. NO.
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Water 1 19.0 19.8 20.3 20.7 30 0

outlet 2 20.6 21.3 219 22.1 30
temperature
3 21.9 23.5 23.7 24.4 30 0
(Te)

Avr. 20.5 21.5 22.0 22.4
Std. N1. N1. N1. N1.

Air temperature and water temperature graphs with time afégure A.1 and
Figure A.2:
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FigureA.1: Plot of water temperature change with time for Runl
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FigureA.2: Plot of air temperature change with time for Runl

Air temperature and water temperature graphs with time dfgure A.3 and A.4
for Run 2:

89



30.0
25.0 T
200 -

module inlet
——module outlet10mL/min
module outlet20mL/min
--module outlet30mL/min

Water temperature ("C)
= o
o o

50 | ---module outlet40mL/min
—-+-module outlet
0.0 : ‘ ‘ — ‘ ‘
0.0 100.0 200.0 300.0 400.0 500.0
Time (min)
FigureA.3: Plot of water temperature change with time for Run2
30.0

€200 |
o i
3 1. 1 ‘.I,'I-'.'.. .
£ 15.0 | iyttt ot ottt ot st g o] e
g 5
q_) L
T 10.0 -
P i --wet bulb outlet
C -=-dry bulb outlet
50 - wet bulb inlet
i --dry bulb inlet
0-0 L 1 1 1 | 1 1 | 1 1 1
0.0 100.0 200.0 300.0 400.0 500.0

Time (min)

FigureA .4: Plot of air temperature change with time for Run2
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Air temperature and water temperature graphs with time d&mure A.5 and A.6
for Run 3:
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FigureA.5: Plot of water temperature change with time for Run3
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FigureA.6: Plot of air temperature change with time for Run3

Air flow rate effect on cooling performance in membrane based system

TableA.5: Experiment parameters and temperataseilts for air flow effector 1
pack and parallel connection

Air Air Air Air Air Air
Run switch switch switch switch switch pressure
(cm) (barg)

) (7 ®) ®3) (1)

13.5 13.1 13.0 12.8 13.0 30 0
Wet bulb inlet
(T1) 6 17.4 180 181 187 178 30 0

Avr. 151 152 153 155 152
std. N2. N2. N2. N3. N4
Wet bulb 4 137 135 134 131 134 30
outlet 5 152 154 154 155 153 30

temperature 0
) 180 184 185 190 183 30
2

Avr. 156 158 158 159 157
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Std. N2. N2. N2. N3. N5

Dry bulb 4 260 262 259 26.0 26.0 30
inlet 5 256 258 260 259 255 30
temperature
T3 6 26.1 26.2 26.3 26.2 26.3 30
Avr. 259 261 261 260 259
std. No. No. No. No. K04
Dry bulb 4 257 260 253 252 252 30 0
outlet 5 255 25.8 25.7 25.7 25.2 30
temperature
T 6 260 256 256 260 257 30
Avr. 257 25.8 255 25.6 254
Std. No. NOo. NO. NO. No0.3
Water inlet 4 24.7 24.8 25.0 25.3 255 30 0
temperature 5 24.8 24.6 24.7 24.7 24.8 30 0
(Ts) 6 26.6 26.4 26.2 26.1 26.0 30 0
Avr. 254 25.3 25.3 254 254
Std. N1. N1. NO. NO. Ni.6
Water 4 19.3 199 200 205 208 30
outlet 5 20.1 20.3 20.4 20.5 204 30
temperature 0

6 21.6 22.1 22.3 22.5 22.4 30
(Te)

Avr. 203 208 209 212 212
std. N1. N1. N1. N1. N1

Air temperature and water temperature graphs with time dgure A.7 and A.8
for Run 4:
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Air temperature and water temperature graphs with time &igume A.9 and A.10
for Run 5:
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FigureA.9: Plot of water temperature change with time for Run5
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FigureA.10: Plot of air temperature change with time for Run5

Air temperature and water temperature graphs with time aFégure A.1land
FigureA.12for Run 6:
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FigureA.11: Plot of water temperature change with time for Run6
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FigureA.12 Plot ofair temperature change with time for Run6

Transmembrane pressure effect on cooling performance in membrane based
system
TableA.6: Experiment parameters and temperature results for pressurdaffect

packin parallel connection

A Water
ir
Run Obarg 0.1barg 0.2barg _ flow rate
switch _ (cm)
(mL/min)
13.2 13.0 12.6 5 10 30
Wet bulb inlet
(Tw) 9 172 16.9 16.9 5 10 30
Avr. 158 15.7 15.6
std. N2. N2. N2.
13.8 13.9 134 5 10 30
Wet bulb
17.5 18.0 17.7 5 10 30
outlet
17.5 17.6 18.0 5 10 30
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temperature

(T2)
Avr. 16.3 16.5 164
Std. N2. N2. N2.
Dry bulb 7 26.1 25.9 26.0 5 10 30
inlet 8 26.3 26.4 26.0 5 10 30
temperature
T 9 26.3 26.0 26.4 5 10 30
Avr. 26.2 26.1 26.1
Std. NO. NO. NO .
Dry bulb 7 25.8 25.5 25.6 5 10 30
outlet 8 25.9 26.0 25.6 5 10 30
temperature
T 9 26.0 259 26.2 5 10 30
Avr. 259 25.8 25.8
std. NO. NO. NO.
Water inlet 7 25.6 25.8 25.6 5 10 30
temperature 8 26.6 26.5 26.2 5 10 30
(Ts) 9 27.0 27.0 26.8 5 10 30
Avr. 26.4 26.4 26.2
Sstd. NO. NO. NO.
Water 7 20.5 19.1 18.7 5 10 30
outlet 8 21.7 215 20.6 5 10 30
temperature
(T 9 21.8 21.7 21.6 5 10 30

Avr. 21.3 208 20.3
Std. NO. N1. N1.

Air temperature and water temperature graphs with tim&igree A.13 and A.14
for Run 7:
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FigureA.14: Plot of air temperature change with time for Run7
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Air temperature and water temperature graphs with time aFegure A.15and
FigureA.16 for Run 8:
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FigureA.15: Plot of water temperature change with time for Run8
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FigureA.16: Plot of air temperature change with time for Run8

Air temperature and water temperature graphs with timenaFegure A.17and
FigureA.18for Run 9:
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FigureA.17: Plot of water temperature with time for Run9
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FigureA.18: Plat of air temperature change with time for Run9
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Length effect on cooling performance in membrane based system

TableA.7: Experiment parameters and temperature results for length feifect

1.84 m/s air velocity and series connection

Water Number
60 90 120
Run 30cm flow rate  P(barg) of
cm cm m ,
(mL/min) module
10 144 145 15.0 15.0 10 0 1-4
Wet bulb inlet
(To) 12 16.3 15.8 15.1 15.7 10 0 1-4
Avr. 155 15.3 15.2 15.3
Sstd. N1. NO.NO.N04
Wet bulb 10 15.1 15.2 15.3 154 10 0 1-4
outlet 11 16.9 16.2 16.3 16.3 10 0 1-4
temperature
12 17.0 16.5 16.2 17.0 10 0 1-4
(T2)
Avr. 16.3 16.0 159 16.2
std N1. NO.NO.NO.
Dry bulb 10 26.4 25.8 259 26.3 10 0] 1-4
inlet 11 26.1 26.3 26.1 26.3 10 0 1-4
temperature
12 255 26.3 274 27.3 10 0 1-4
(Ts)
Avr. 26.0 26.1 265 26.6
Std. NO. NO.NO.NO.
Dry bulb 10 26.3 25.3 25.8 26.0 10 0 1-4
outlet 11 25.7 25.8 25.7 25.6 10 0 1-4
temperature
12 25.4 26.3 27.2 27.1 10 0 1-4
(Ta)
Avr. 258 258 26.2 26.2
Sstd. NOo. NO.NO.NO.
Water inlet 10 25.4 253 252 254 10 0] 1-4
temperature 11 26.3 26.6 26.4 26.6 10 0 1-4
(Ts) 12 273 28.1 287 29.1 10 0 1-4

Avr. 26.3 26.7 26.8 27.0

104



Std. N1. N1.N.8 N9

Water 10 205 18.8 18.5 18.2 10 0 1-4
outlet 11 202 189 18.2 17.7 10 0 1-4
temperature
(To 225 211 213 214 10 0 1-4
6

Avr. 21.1 19.6 19.3 19.1
Std. N1. N1.N1.N2.

Air temperature and water teemature graphs with time are Fgure A.19and
FigureA.20for Run 10:
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FigureA.19: Plot of water temperature change with time for Run10
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FigureA.20: Plot of air temperature change with time for Run10

Air temperature and water temperature graphs with timia &igure A.21 and A.22
for Run 11:
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FigureA.21: Plot of water temperature change with time for Runl11l
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FigureA.22 Plot of air temperature change with time for Run1l
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Air temperature and water temperature graphs with timenaFégure A.23and
FigureA.24 for Run 12:
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FigureA.23: Plot of water temperature change with tfoeRun12
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FigureA.24: Plot of air temperature change with time for Run12
Pack number effect on cooling performance in membrane based system

TableA.8: Experiment parameters and temperature resulisacknumber effect
for 1.84 m/s air velocity and parallel connection

Run 1 9 18 P(bar) Water L
pack pack pack flow rate  (cm)
(mL/min)
13 13.1 18.4 16.7 0 10 30
Wet bulb inlet
(To) 15 187 198 167 0 10 30

Avr. 155 153 152
Sstd. N1. NO. NO.

Wet bulb 13 151 15.2 15.3 0 10 30

outlet 14 169 16.2 16.3 0 10 30

temperature 15 170 16.5 16.2 0 10 30
(T2)
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Avrr. 163 16.0 159
Std. N1. NO. NO.

Dry bulb 13 264 258 25.9 0 10 30
inlet 14 26.1 263 26.1 0 10 30
temperature 15 255 263 274 0 10 30

(Ta)

Avr. 26.0 261 26.5
std. No. No. NO.

Dry bulb 13 26.3 253 25.8 0 10 30

outlet 14 25.7 25.8 25.7 0 10 30

temperature 15 25.4 26.3 27.2 0 10 30
(Ta)

Avr. 258 258 26.2
Sstd. NO. NO. NO.

Water inlet 13 254 253 252 0 10 30
temperature 14 26.3 266 264 0 10 30
(Ts) 15 273 281 287 0 10 30

Avr. 263 26.7 26.8
Std. N1. N1. N8

Water 13 205 188 185 0 10 30

outlet 14 20.2 189 18.2 0 10 30

temperature 15 225 211 213 0 10 30
(Te)

Avr. 211 196 193
Std. N1. N1. N1.

In investigation ofpack number effect on cooling of water, experiments are
conducted in different times. Air and water temperature graphs will be given as 1
pack 9packand 18pack

For Run 13 and packmeasurement, air and water temperature graphs are same as
the Run 1 for water flow rate of 10 émin.

Air and water temperature plots with time will be givarmA.25 and A.26éor Run

13 and 9 module:
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FigureA.25: Plot of water temperature with time for Run 13, 9 module
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FigureA.26: Plot of air temperature with time for Run 13, 9 module
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Run 13, 18ackair and water temperature graphs with time are shown figure
A.27Figure A.27andFigure A.28:
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FigureA.27: Plot of water temperature with time for Run 13 pBE8k
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FigureA.28: Plot of air temperature with time for Run 13, &k

Run 14, ongackair and water temperature graphs with time are givefigare
A.29 and A.30:
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FigureA.29: Plot of water temperature with time for Run 14aktk
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FigureA.30: Plot of air temperature with time for Run 14pdck
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FigureA.32 Plot of air temperature with time for Run 14p&ck
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FigureA.33: Plot of water temperature with time for Run 14 pEgk
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FigureA.34: Plot of air temperature with time for Run 14, sk
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FigureA.35: Plot of water temperature with time for Run 1faktk
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FigureA.36: Plot of air temperature with time for Run 15)dck
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FigureA.37: Plot of water temperature with time for Run 1fa&k
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FigureA.38: Plot of air temperature with time for Run 15)&ck
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FigureA.39: Plot of watetemperature with time for Run 15, p&ck
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FigureA.40: Plot of air temperature with time for Run 15, da&ck
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Water inlet temperature effecton cooling performance in membrane based

system

TableA.9: Experiment parameters and temperature results for mpdakeffect
for 1 packin parallel connection and 1.84 m/s air velocity
Run 27.%€C 31.%C 39.%2C P(bargg Water L

flow rate (cm)

(mL/min)
Wet bulb inlet 19 16.9 16.7 17.1 0 10 30
tem"(’%‘;‘t“re 20 175 180 179 0 10 30
21 175 17.3 17.6 0 10 30
Avr. 17.3 17.3 175
Std. 0.3 0.7 0.4
Wet bulb 19 17.5 17.5 17.6 0 10 30
outlet 20 18.3 18.4 18.6 0 10 30
temperature 21 18.1 18.2 18.4 0 10 30
(T2)
Avr. 18.0 18.0 18.2
Std. 0.4 0.5 0.5
Dry bulb 19 26.8 27.3 27.5 0 10 30
inlet 20 26.7 27.6 27.9 0 10 30
temperature 21 28.3 29.3 30.0 0 10 30
(T3)
Avr. 27.3 28.1 28.5
Std. 0.9 1.1 1.3
Dry bulb 19 26.1 26.7 26.8 0 10 30
outlet 20 26.5 27.3 27.4 0 10 30
temperature 21 28.0 28.9 29.5 0 10 30
(Ta)
Avr. 26.9 27.6 27.9
Std. 1.0 1.1 14
19 26.9 29.5 40.5 0 10 30
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Water inlet 20 27.2 31.0 38.3 0 10 30
temperature 21 29.6 34.0 40.3 0 10 30
(Ts)

Avr. 27.9 315 39.7
Std. 1.5 2.3 1.2

Water 19 23.2 25.0 31.8 0 10 30

outlet 20 23.6 25.7 28.7 0 10 30

temperature 21 24.2 26.5 30.2 0 10 30
(Te)

Avr. 237 25.7 30.2
Std. 0.5 0.8 1.6

Air and water temperature graphs are giveRigure A.4land A.42for Runl9:

FigureA.41: Plot of water temperature with time for Run 19
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