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Abstract

Numierical investigation on the Hybrd Closed Circuit Cooling Tower (HCCCTY
having a rated capacity of 2RT has been done in this study. Here flow characlenistics have
been amalyzed using generahzed flﬂn-Dl‘LhUgm‘ml coordinate system as the problem
demanded. The internal flow ficlds have been studied hy solving the laminar type viscous
Imudcl and the problem related 1o pressure velocity coupling wis handled using the Semi-
Tmplicit Method for Pressure Linked Equations (SIMPLE} algorithm. In a HCCCT, process
Auid remains completely isolated from the ambient air, sa the qualily of the process [wd 15
protceted, and airimma contaminants are prevented from entering and fouling the system,
HCCCT can provide clean process fluid to the system and reduces sysiem maintenance ¢osts
and water trcatment costs for evaporalive cquipment. Dry mode operation can conserve
watcr and ireatruent chemicals, prevent icing, plume and allow variable speed pumiping,
thereby conserve cnergy. The performance chatacicristies of the HCCCT were numerically
investigated using nominal operaling condition. The heal transfor pipe used in s
simulation is a bare-lype copper coil having an outer diameter of 1omm. The pressure drop
and cooling capacity were studied having air inlet located both al side wall and at the bottomn
end for diffcrent lramsverse pitches for various velociies. The numerical simulation
demonstraled that when air is supplicd from the side wall of the HCCCT, the pressure drop
can be over estimated and the cooling capacily of the tower can be under eslimated mainly
due 1o non-uniform air Now distribution across the ¢oil bank. The resull obtained [rom s
stndy is supposed lo provide basic data which could he referrcd for the optimun design of

the hybrid closed circuit cooling towers.
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NOMENCLATURE

A : E(fective cross scetion area of cooling lower [m’)
@ 1 Effective interfacial arca per umit volume fm*/m’]
£p : Specific heat al constant pressure [kI/kgK]

d : Tube diameter [m]

(r : Flow rate of air [kg/h]

% : Turbulence kinematic cnergy [m/s’]

o : Cooling capacity [keal'h]

T : Temperature [K] '

v : Volume of heat cxchangor [n13]

W : Flow rate of cooling water [kg/h]

Greek Symbols

i « The viscosity of the fluid [kg/(m.s}]

ﬁ : Kinemalic viscosity [m*/s)

fo : The density of the Nuid [kge’m_j']

Dimensionless numbers

Pr
Re

: Prandt] numbcr

: Reynolds number

1%
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1.1 latroduction

The twentith century saw tremendous advances in technology and economic well being
around the world, Now as we enfered a new century and a new millennium, it holds the
promise of even greater achievements and challenges. Yor our cconome well being 1o
continue, we need to pay close attention to the cffect ol iechnology on ihic environment and
to the wise use of cncrgy resources. We are turning our attention Lo recychng, sustainable
development, and usc of renewablc energy and to increasc encrgy elliciency. Recent decades
have seen the introduction and rapid growths in the use of cooling lowers to rgjeet lhicat, cool
buildings and reduce the temperature of water circulated threugh various hecal rejection
equipments. Energy clficiency, covironmental benelits and effectiveness n hicating and

cooling are among the reasons for the populanly of thess syslems wilh consumers.

1.2 Background of the study

+

Cooling tower is a relatively inespensive and dependuble heal rejection deviee. I
renders down waste heat to the atmosphere through the cooling of a water stream o 2 lower
temperature. Evaporative heat rejection ¢quipments like coolitg towers arc commonly usled
to provide sigmficantly lower water lemperatures than achicvable with air cooled or dry heat
rejection devices, like the Tadiater in 4 car, thereby achieving more cost-cfechive and encrpy
efficient operation of systeins in necd of cooling. The coolng potential of a wel surface is
much betler than a dry one. Cooling lowers are commonly used for providing cooled waler
for air-conditioning, manufaciuring and elcelric power generation. The smallest cooling
towers are designed to handic water streamns of enly a few gallons of waler per minules
supplicd in small pipes like those might see I a residence, while (lic largest cooling towers
cool hundreds of thousands of gallons per nunules supplicd on a large power plant through

pipes having a diameter of as much as 5 meters.

A remedy from thermal pollution
Warm watcr can be found in a number of diflerent areas in nalure such as hot Springs

or waler warmed by voleanic aclivity and when it is produced by human while using waler
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for cooling power plants or other indusirial applications is discharged into streams, rivers,
and lakes apd its regarded as a pmb;lcm. This is known as thermal pollution or thermal
discharge and it is introduction of wasic heat into bodies of waler that supporl aquatic life. Tn
addition, warmer water allows bacterial populations to increase and thrive and algae
"blooms" may occur. In developed countries like USA, regulators and lawmakers 1ccognized
thal thermal pullu?iﬂn is a problem and addressed the issuc on EPA (Eavironment Prolection
Agency) as Clean Water Act. Slates and other regulalory agencies usc those guudclines (o
require power plants and industrics to livul warm water discharges back into surfuce waters,

sometimes by way of cooling lowers.

Growing need for towers especially for power plants

According to he U.S Geological Survey, about 48% of all freshwater and saline-water
withdrawals for 2000 were used for thermoelestric power. Most of (his water was denved
from surface water and used for once through cooling at power plants. About 52% of [rcsh
surface-waler withdrawals and about UG% of saline-waler withdrawals were for thermo-
eleciric power use. This large amount of waler is needed by power plants due to the fact that

over the years, (here has becn an ever-increasing need for clectricily. This means power

plants are expeeted (o run at near maximum output for a farpe part of the year. The cheapest

and casicst method for power plants 1o operale has always been to withdraw water from a
nearby body of waler, pass it through the plant and then Teject the healed water 1o the samc
body of water. These once-through cooling sysicms now requite very strict cnvirommental
permits; some permits require that the plant must discharge the water within a tempcrature
dilferential limit over the temperature of the intake water. Cooling towers provide a way in
which power plants can follow permit restrictions. Cooling towers can greatly solve thermal
pollution problems because the cooling tesults can be predicted with a high degree of
accuracy even prior 1o installing the towers.

Cooling towers arc used {requently because ihcy allow the user 10 reject heat from a
system or process withoul consuming excessive quantitics of water or thermally polluting a
body of surface water. There are minor drawbacks, which are usually accepted as the pnee

of the larger benefit.

b
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These drawbacks are:

¢ Higher operaling temperatures than would be oblained lrom surfacc waler or

municipal water; resulting n somc loss of (hermoedynamie elliciency;

Cost of electricity to run fans;

Dnll, the discharge of minule water droplets which contain nunerals and other

impurities;

Cost of waler tredtment to prevent corrosion, scale, and biological fouhng of

equiptnent; and

Risk of dispersion of airbomne pathogens irow poorly maintained cooling lowers.

Cooling towers: The basics and purposes

All most all air-condilioning & refrigeration systems and industnal processes generale
heat (hat must be removed and dissipated, In general, air-conditioning and refrigeration
gystems in cxeess of 150-200 lon (528-704kW) capacilies make use ol water as the medum
for heat rejection and the majority of such installations ulihze cooling lowers for the ultimate
rejcetion of this heal {o the atmosphere. In smaller systems, air-cooled henl exchanger and
evaporative condensers are increasing in usc bul cooling towcrs continue to be the method of
choice wherc limiting the energy usage is a prinary consideration.

In the most part of the past contury, removing heat from refrigerant condenscrs or
indusirial process heat ex::hangcrs was accomplishcd by drawing a continuous stream ol a
water from’a utility water supply or a natural body of watcr, heating it as it passcd through
the process and then discharging the waler directly to the body of watcr. Water purchascd
from utilities has become prohibitively expensive because of increased cosl lor waler supply
as well as disposal. Similarly, cooling water drawn fromm palural sources is relatively
_unavailable because the disturbance 1o the ccology of the water source caused by the
increased temperaturc of discharged water has become unacecplable.

Cooling towors are commonly used as a medium to dissipatc heat from water-cooled
refrigeration, air-conditioning and mdustrial process systeins. The water consumption rate of
a cooling lower sysiem is only about 5% of thal of a once-through system, making 1t the

least expensive system to operatc wilh purchased water supplies. In addition, the amount of

hcated watcr discharged (blow-down) is very small, so the ceological cffects like GWP
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(G'!uhal Warming Potential) and ODP (OGzonce Depletion Potential) arc greally reduced.
Cooling tower can be defined as a deviee whose main purpose is 10 conl water circulated
through condensers or other heat-rejeetion equipment, by dircet contacl belween the water
" and 4 sircam of air,

A cooling tower cools water by a combinabion of heat and mass transler. The waler to
be cooled 15 distributed in the tower by spray nozzles, splash bars, or film-type fill, which '
exposcs 4 very large water surface to atmospheri¢ air. Atmospheric air is circulated by (1}
fans, (2) conveclive currents, {3) natural wind currents or {4) induction cflfcet from sprays. A
portion of the water absorhs hicat to changce heat from a liquid Lo a vapor al conslani pressure.
This heat of vaporilz.ation at atmospheric pressurc is transfcered from the water reMaining n

the liquid state into the air stream.

Cooling tower related widely used terny

The generic term coolng tower is uscd to describe both direct (open circwl) and
indirect {closed circuit) heat rejection equipment. Before giving a rigorous classificalion of
the fowers, some usclil terms those will be repeatedly used i this study are going lo be
discussed next.
Drift: Drifls are water droplets that arc carried out of the cooling tower wilh ihc exhaust air.
Drif droplets have the samlc concentration of umpurities us the water entering the tower. The
drift rate is typically reduced by employing baffic-like devices, called drifi eliminators,
through which the air must travel after leaving the fill and spray oncs of the tower.
Blow-oui: By blow-out we mean water droplets those are blown out of the cooling lower by
wind, generally at the air inlet openings. Tn the absence of wind, water may also b lost
{hrough splashing or misting, Devices such as windscreens, louvers, splash deflectors and
walet diverters and applied 1o reduce these losses,
Plume: Plume means the stream of ‘gaturated exhaust air leaving lhe cooling tower. The
plume is vistble when water vapor it conlains condenscs in contact with cooler ambicent ai,
like the saturated mir in one's breath fogs on a cold day. Under certun conditions, a cooling
tower plume may represetil fogging or icing hazards to ils surroundings. I can be mentioned
here that the water evaporative in the cooling process 1s "pure” walcr, in contrast to the very

smali percentage of drills droplets or water blown oul of the air inlets,
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Blow-down! By blow-down we mean the portion of the circulating water fow that 15
removed in order to maintain thal the amount of dissolved solids and other impuritics at an
acceplable level.

Noise: Noise 1s the sound encrgy cinitied by a cooling lower and heard (recorded) at a given
distance and dircetion. The sound 1s generated by (he impact of falling waler, by the
movement of air by fans, (he [an biades moving in the structure, and the molors, pearboxes

ot drive bells.

Types of cooling towers

There are two types of cooling towers, namely, dircet contuct or open cooling tower
that exposcs the water direcily to the aimosphere and transfers source heat load directly to
the air. The other type called closed aucuit cooling tower (CCCT), which maintains an
indirect contact between the Muid and the atmosphere. Cooling 1owers can he calegorized
from varous perspectives like depending on air circulahion, air and water Qow direction,
feat transfer mode ele. Depending on air circulation/dralt, towers are known as Atmospheric
type or Non-Mechanical Draft towers and, Mechanica! drall towats. Almosphene or nawral
draft towers utilize maturai convection, so it is devend of any fill and don't use anwy
meechanical device for air movement. Depending on the air and water flow, lowcers are called
crossflow type where air [lows in horizontal ditcetion across the downward fulling waler and
muntm flow type whero air llows verticolly upward (irough’ the {ill, counter to the falhng
wat-::r Depending on heat transferring mode, cooling towers are respeclively called wet
tower when evaporative cooling is used, dry lower when air blast cooling 1s utilized and wet-
dry lypc which has the simuitaneous characteristics of both dry and wel towers. Cooling
clTects in wet cooling towers arc partially brought about by the evapoerative condenser whete
a quota of lhe circulating water pets evaporated and partially by the sensible heat iransfer.
On the other hand, cooling effect is attained through convection and radiation heat transfer
from any hot metal surface to an ait stream moving across the surface and [inally dissipating

the heat into (he atmosphere.
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Review of the previous studies

The cooling tower related rescarch works can be broadly divided into two calcgorics

- namely, the experimental studics and the numerical simulations.

1.3 A look over the numerical studies and CFD simulations

Borgstrom et ab. [1] presented a fimie volume prediction for wind flow over an induced drall
counter Now-cooling tower where they implemented the cooling lowar structurc as 4 sEres
of internal boundaries for which the discrete transport equations are madificd to wvield the
appropriate boundary conditions for the velocity and pressure. Theit numencal prediclion
indicated that the wind significantly increascs the flow rate through the windward intake.
Bender ct al. [2] made predictions with the prolective wind wall and claimed that the
compulational code shows the wind to have a sigmficant effect on the cooling tower inlakes.
Bornoff et al. [3] presented (he results of a numerical investigation into the mteraction of twa
adjacent plumes in a.cross-flow. The compulations are performed for three-dimensional,
turbulent, buoyant and inlcracting plumes. They used a fow Reynolds number k- turbulence
modcl with hybrid and QUICK discritization sehemes.

Majumdar ct al. .[4] presented an advanced pressure model, which cc;mpulcs the two-
Jimensional distributions of air velociiy, temperature, pressure, and moisiure content; and
waler temperature. Their model is cmbodied into a compuler code, which is applicable for
the nature, and mechanical draft towers for both the crossflow and counterflow
arrangements.

Hawlader and Lin [5] reported the mathematical and physical models governing the flow,
mass and heat energy of moist for an cvaporative natural drafl-cooling towcer, The models
consider the effect of non-spherical shupe of waler drops on the How; hicat and mass transler
and (hey claimed Lhat the difference between the measured and the predicted outlet waler
Itempcrature 15 0.26°C. Their ssmulation proves {hat the main transfor processcs lahe place in
the fill region where the percentage of lalent heat transfer is predicted as 83%. They
predicted the hourly performance of a natural draft-cooling tower under the meteorological
condition of Singapore.

Dreyer and Erens [6] developed a mathematical model and a computer simulaton program

for the modeling of counterflow cooling tower splash pack (hermal performance and

6
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reported that the mode! predicts the correct trends [or both the transfer characteristics and the
pressurc drop across the packing malerial. '

Rehman et al. [7] reported a model of counter flow wet cooling towers where they verified
the aulhenticity of thc mode! comparing the values of number of transfer units (NTU} and
tower cffectivencss (g) with the commonly described madels. They reported an appreciable
difference in NTU and e values if the resistance to heat transfer in the waler film and noi-
unity of Lewis is number is considered.

Hasan and Guohui [8] presented the thooretical analysis and computational modehng of
closed wet cooling towers. They H.ISI{J showed that the maxinum diilerence in the caleulated
cooling water heat or air sensible heat between the two proposed simplificd methods and a
general computational model less than 19, and (hat CF[} results agreed well with the
analytical results when the air is supplied from the bottom of the towet.

Jaber and Webb [9] incorporated the cffeclivencss (g) and NTU's deflinition for heat
exchanger design with those to the cooling tower operating conditions. They ignored (he
heat transfer resistance in the air- water i;lterfacc and the effect of water cvaparative on the
air process states and used Merkel's approximation of replacing the sum of the single-phasc
hea! transfer from the water-air interface to the air. Optinum utilization of the CFI» for

prediction the thermal performance of closed wet cooling lowers has been reported by

- number authors including Gan et al, [10].

Eidessouky et al. [11] reporicd a theoretical investigation for the sicady-statc countcr [loc
wet cnoling'mwer, with modified definition for NTU and elfectivencss. They developed a

new relation armong the tower effcetiveness and the modificd NTU and the capacity rale

* ratio. They also outlined a procedure [or impﬁ:mcnting the modei in designing or rating

cooling towers.

Soylemez [12) developed fonnulae lor forced drall counter-current cooling lowers for the
best thermo economical performance as a design point and presented a thermo-hydraulic
performance pomt of counter cutrent mechanical drafl wet cooling towers using
ellcetivencss-NTU method along with (he derivation of psychrometric properties of moist air
hased on numerical approximation method.

Kloppers and Kroger [13] reported a detained derivation of the heai and mass transier

equations of evaporative cecling in wet-cooling lowers. The differcnces in the heal and mass

' ¥
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transfer analyses and solution (cchniques of the Merkel and Poppe methods are described m
terms of enthalpy diagrams and psychrometric charts and they extended the psychrometric
chart to accommodate ait in the supersaturated slate.

Kaiscr et al. [14] developed a numerical madel for studying the evaporative cooling
processcs that take place in a hydrosolar roof type cooling lower which present lower droplet
fall and uscs renewablc energy instead of [ans to gencrate the air mass flow within ihc tower,
The ninerical results showed the strong influence of the average waler drop size on
efficicney of the system ad revel the effect of other vaniables Including temperature gap
between water inlet temperature wet bulb temperature,

Kunxiong and Shiming [15] presented a method for evaluating the heat and mass transler
characteristios in a counter-flow reversibly used walcr cooling tower and reporicd that the
method developed could be used to evaluate the thermal performance wilh an acceptable
ACCUracy.

Tbrahim et al, [16] presented a model for a failing film type-cooling tower to nvestigale the
elTect of tower paramcters and the effect of hyuid side thermal resistance on the tower
performance. They used energy equation to determune the temperature distribution across the
liquid film and the heat and mass trans{er processes hetween the liquid [l and air bulk are
deseribed using three ordinary differential cquations. They showed thal an increase in lower
characteristies KaV/L under the same conditions improves the tower performance.

Baker ef al. {17] examined the elfect of some of the approximations and suggested the means
of minimizing ihe ctrors in predicling cooling tower performance. They also gave detall-
deriving stéps of Merkel's equation.

Webb and R L. [18] performed a unified theorelical treatment for the thermal analysis of
cooling towers, cvaporalive condenscs and evaporative [uid coolers outlining the specilic
calculation pmccdlures for si<ing and rating each type of evaporative cxchanger.

‘Webb and Villacres [19] reporicd computer algorithms for performing rating calculations of
three evaporatively cooled heat exchangers. The algorithms are particularly useful for rating
commcrcially avalable heat exchangers-at off-design conditions. The heat und mass transter
characteristics of a particular heat exchanger is dorived from the manufacturce’s rating data at

the design point.
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Al-Nimr [20] proposed a simple mathematical model to describe the dynamic thermal
hehavior of a counter-low cooling lower taking into account both the sensible and latent
heal cooling eficets on the tower performance. He apphed simple porturbation technigue o
solve the govemning cyuations.

Makkincjad [21] devcloped a new micthod 1o d{:scnbc an acceplable mathematical solution
for conling towers, taking inte account the main 1n Aucncing paramelers, the liquid to gas
ratio (L/G) and the actual liuid and gas interface. He showed that the exit gas temperalure is
strongly influenced by the hiquid inlet temperalure. In case of closcd loop and counter
current systerus, this liquid inlet tempcrature 15 more or less close to the adiabatic saluration
temperature of the incoming gases.

Pascal and Dominique [22] prescnted a simplified model for mmdirect cooling towers
behavior fulfifling several criteria such as simplicity of paramelctization, accuracy,
possibility to model the equipment under vatious operation conditions and shorl compulation
time. The model numduces only two parameters, air-side and watcr-side heat- transier
cocfficients and aliows one to estimate energy and water consumptions under different

operating conditions such as variable wet-bulb temperaturcs or variable airflow raics.

1.4 'The concept of hybrid closed circuit cooling tower

The concept of the ¢closed cireuit cooling tower, which combines the function of a
cooling tower and heat cxchanger onlo one piece of equipment, was developed initially in
the early 1930's and the work has continued, although somewhat sporadically, to this date.
Such heat exchangers are basically wetted tube bundles whosc design depend on the lype of
application, that is, the cooling ol water, (luids other than water, or condensing refrigerant or
other- vapors. The closed circuit cooling lowers used to coo! Huids are known variousky us
wel surface air coolers, closed circuil coclers or indusirial process coolers, while (hose uscd
(o condense vapors known as evaporative condensers or wel surface vapor condensers. In all -
cases, the fluid in the tubes nover comes in contact with the aimosphere and, iherefore, there
1 no possibilily of contamination of the Nuid with airborne dirt and impurities or, on the
other hand, contamination of the air by the fuid.

The hybrid closed circuit cooling tower (HCCCT) is a CCCT, which is capable of
working both in wet mode and 1w dry mode. As the word hybrid indicates, this cooling or

condcnsing system for fluids operates as a dry cooler in winter and as an ¢vaporative cooler
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Fig. 1.1 hcunceptml HCCCT

in summer by spraying on the heat transfer surface. Pumps are integrated in the product (o
transport waler from ihe lower collection basin to the upper distribution basins or sprays.
The internal coils can be fubricated from any of several materials, but galvanized steel
copper’ predominate. HCCCT require a bundle closed-circuil heat exchanger (usually tubalar
serpentine coi} bundles) that is exposed to airfwater caseades similar 1o the fller of a cooling
tower. Some types include supplemental film or splash fill scetions to augment the external
heat exchange surface area. There are drawbacks associated with closed-loop systems ‘as
well. Recirculating wet-cooling towers have an energy penalty aesociated with the additional
pumps, fans, and auxiliary equipmeni and can also Tequire more extensive water lreatment.
A conceptual hybrid closed circuit cooling tower is shown in Fig. 1.1 and a complete model
has been shown in Fig. 1.2, In a IICCCT, process fluid remains compietely isolated from the
atmosphere, so the qualily of the process fluid is protecled, and air horne contaminants arc
prevented from entering and fouling the system and thereby reduce system maintenance,
provide operational [lexibility.

HCCCT can help in protecting legionella discase. Legionclla is a bacterial disease
which may cause pneumonia, and whose reproduction is especially favored in warm water of
temperatures between 20°C and 45°C, The arowth of legionella is promoted by inadequate

water Mow, such as in water stagnation in pipes that are only scldom used. Legionclla
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Fig. 1.2 A schematic model of HCCCT

bacteria are widely distributed in the chviropment, especiaily in hot and cold water systerhs,
waler in air conditioning cooling towers. The disease 15 spread through the air from a waler
source. Breathing in aerosels from contaminated water systems are ihe most likely route of
iransmission of infection. Sinee the process fluid remains confined at ITCCCT, so legionella
hacteria cant be spread 1o the environment. HCCCT can provide clean process uid to the
system and thus could extend the life of other companents like condenser bundles,
compressors, ete in the system and the need to shut down the system periodicaily to clean the
heat exchanger could be dramatically reduced, HCCCT reduces system maintenance Coss
and water treatment costs for evaporative equipment, The dry fmode operation can conserve
water, prevent icing and plume and allows for variable speed pumping and thereby

CONSETYITLE ChELEY.

"

HCCCT can be used at a number of chemical and process industries. In dying industries,
most of the chemicals and their alloys are very sensible to temperature and humidity,
HCCCT can be applied to supply the cooling effect through precisely maintaining the
humidity and the temperature at the desired fevel. In cooling buildings especially the
computer centers and other laboratories where heat is pencrated almost regularly, 1ICCCT

can be very uscful due to the fact that, during the summer when the cooling requirements are

11
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higher, HCCCT can be operated in wet mode using the spray water 1o supply the maximuwmn
cooling effect. On the other hand, in winier, the cooling requircments are lower; therefore,
HCCCT can be operated 1n dry mode maintaining a lewer operating cost. As a source of
glean cooling effect, HCCCT can be used at the hospitals keeping the sound level at a
tolerable limit. The importance and the purpose for (he developing of HCCCT can be made
© cven more evident if we closely look at the critical operating condilions and requirements for

the smooth functioning of HCCCT in winter and summer separately as explained next.

The typical working conditions of dry niode in winter:
‘'« HCOCCT would work well in dry mode during the niid-sgason and winter as soon as
ambient temperature remain below 12°C
+ In dry mode, no spray water, so no freezing ensures the smooth functioning of the
HCCCT. '
s  There is no plume irz winter operation,
» The power consumption by HCCCT is lower.

+ Uncomforiablc noise level is lower (than most dry cooler.

The typical working conditions of wet mode in summer:

+ HCCCT would operale smoothly in wet mode during the sumumer while the ambient
iempcrature is above 12°C

» The water consumpti;an by HCCCT is lower in wet made.

» Therc is possibility to cool the process water down 1o 4°C above the wel bulb
temperature.

+ 1t can be packed in light and compact bundle design with optimized circuitry.

In the HCCCT, water will be sprayed in summer using squared form and wide angle
spray nozzles from the top of the tower along with a counter-type of air flow in both summer
and winter from the botmmlpart. In general, wealher is warmer in summer, so both spray
waler and counteriype air Mow wil! be utilized to get the expected cooling effect. During the
sumnmer operation, no plume formation is expected due to the higher ambient temperature

and higher dew-point temperature. In winter, only the cooled air from the bottom will be

¥
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used to get (he cooling effect and plumc [rec state is predicted once more because the local

winter ament air contain lower moister.

1.5 Objective of the study
In few highly developed couniries, the cocling tower technlogy is gelling more and
more importance day by d:aj.r due lo lhe ceology related concems like green housc effect,
ODP/GWP effects. In USA, cooling tower is being uscd in many of the power und chemical
plats for effectively rcjecting heat. In East Asia, the technology and (he rescarch related to
cooling tower is sparse in the relevant literature and thal of HCCCT s really missing 1n
greater scale. The objective of this rescarch is to deveiop the coolng tower technology. The
cooling towers arc in use to this dale can operate without lorming plume during the mid-
season and winter when ambient terperature is below 12°C. Our objective is to present the
design information relaled to HCCCT, which would have the ability {o operate in plume [ree
moede until 15°C in dl:}' mode. Proposed HCCCT would have a rated capacity of 2 RT.
To accomplish them, the following specific tasks have been sct out:
¢ Derivation of the basic equations in controf volume method using generalized non-
orthogonal coordinate system and the hybrid scheme embodicd in SIMPLE {Scini-
Implicit Mcthod for Pressure Linked Equation) algoritlun of Patankar [23].
 Investigation ol pressure drop from differcnt perspectives like considering (he coil’s
{ransverse pilch, variable air velocities ete. Reporling the effect of both the nozzle
number and the air supply from the bollom and from the sidewall on cooling
capacity and pressurc drop.
e Numerical simulation of the cooling capacity and the pressure drop for the HCCCT
having a rated capacity of ZRT.
* Investigation of the performance and 1o make sure that the HCCCT works well in
plume free mode when the temperature is lower (han or equal to 15°C in dry mode.
The detailed computational procedurcs and the resulls of the above mentioned tasks are

discussed in the subsequent chapters.
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Chapter Two

Discretization equation for the hybrid closed circuit cooling tower

2.1 Introduction

Numetical models are used to solve problems in a wide variety of areas including sci-
ence and engineering. Many of these models consist of ordinary algebraic equations, differ-
en}ial equalions, systemms of cquations and 50 on and the methods for solving such equalions
that can be implemented in a computer program arc kuown as numerical methods. The
analysis and application of such numcrical methods are the prime focus in this chapter. To
analyze the flow charactenistics and the heat transfer inside the hybrid closed circuit cooling
tower (HICCCT), it is imperative to derive lhe basic equations in generalized non-orihogonal

coordinate. The firsl aspect is being discussed next.

2.1.1 Basic equations in generalized coordinate

The govemning equations of the fluid mechanics arc descnbed here suppressing the con-
plete derivation, The equations are presented in the descending order of complexity and the
classical forms of the cquations ar(; given first and other forms specially formulated for the
computational purposes follow later on. Two main problems arisc while applyg compula-
tional methods to practical Mlow situations, first one is the geomctrical complexity of the do-
mains in which the most practical flow occurs and the second one 13 the degree of physical
‘comiplexity of the flow. The first aspect is the main focus of this section and the second one
will be handled next.

Since the dimeasion along the HCC:CT, length is large compared to the width, steady
and stabilized sprayed water (low from the squared form and wide-angled spray nozzles can
be considered 1o have the 2-dimensoional flow without the loss of gencrality. To caplure the
geometrical complexity of the HCCCT, we have to solve (he 2-dimensional Navier-Stokes
(N-8) equations using the body-fitted coordinate system. The control Volume Mcthod was
used for discretizing he partial differcntial equations and SIMPLE (Semi-Tmplicit Mcthod
for Pressure Linked Equations) algorithm of Patankar [23] was followed to overcome:the
difficulties related to pressure-velocity coupling. A but of details of the procedurcs are given

- in subsequent seclions,

14



Clmplm: Twor

General form of a mnscrvaﬁdﬁ-laﬁ' in two-lflimcnsiunal contexts
* The basic equations of Fluid dynamics are bascd on the three following universal laws of
conservation:
e Conscrvation of Mass
e Counservation of Momenium

& (onscrvation of Encrgy

Compact.form of the conservation equations:

It is required to combine all the basic eguations and e pul in a compact veclor form to
facilitate the computation with the help of some numenical ulgﬂr‘ith]l-l. Using veclor notation,
the compressible Navier-Stokes (N-3) equations in Cartesian coordinates can be written as

o oF . oF _OF, N aF, .

2T s (2.1.1)
S By x oy

where (J=[p pu ,c:w]j and the inviscid-Mlux veetor termis E, F are given by

pi oY
E=|p’+P|, F=| pw {2.1.2)
pav | | g P

Ilere, ihe [irst row of (he vector equation corresponds Lo the continuity cquation and sccond
and third rows arc the momentumn cqualions. It is oflen easicr to code the desired numerical
algorithm when N-8 equation is written in thus compact veclor-matrix notalion. The viscous-

flux vectors B, and F, arc expressed as

0 0
E=lz | F=|r, (2.1.3)
T—"?' TD

The symmelric stress tensors 7, arc written as follows

L i
o3 3y

4 v 2w

g 214
P 3#5}1 3 ax { : )
S .t
B 'u'ﬁx oy
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7., 7,,can also be written alternatively as

T =2p——— i ———
2 'E::'Jx 3.13}; BF”
du 2 [dw Oy
=2 —==p| —+— 2.1.5
He 3’£[ax ayJ {2.1.5)
du 2 —
=2pu———puVell
}E}I 3F
dv 2 e 2 ov
T, =2 —

=2,'uﬁ-3 LU ' (2.1.6)
& 3

~

where [/ = ui +v 7 Equation {2.1.1) without any source torm can be rewnlicn in compact

form as
a0 & oy O .
Ay (E-EV+—(#£-F)=0 2.1.7
ot B b (F-R) (21.7)
::.UQ+?0W=I] (2.1.8)

of .

where W = (£ - EP)J::+(F - F)} . Integrating eqn. {2.1.8), we have
j@a’v + [Veiav=0 (2.1.9)
o

With the help of Gauss Divergence theorem, we {inally get

j%?dwr [ uds =0 (2.1.10)

¥ 4
where # is the normal vector il the oubward dircction to the surface d%; S is the whole sur-

face that bounds the control volume (CV).

2 1.2 Numerical treatment: Nomenclature of the cell

The cell and the surface orientation is given nexl. A control volume is referred 1o as cell

and bounding line or curves ar¢ being called surlaces. Line or curve would have beon more
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appropriate in place of surface for two-dimensional cases, yet the word surface has been
usecd to facililate the extension of the concept to the Lhree-dimensional casc where we should
have six 2-dimensional surfaces. It may be notcd that 1o a two-dimensional cell, there are

four surfaces of unit width. A typical ccll ind along with its surfaces arc shown in Fig 2.1,

A cell

(——— Spurface

Fig. 2.1 A typical cell view along with surfaces

Numbering system of the cell

In Fig 2.2, the numbering system of ccll and the surfaccs are shown. Here n is located at

tight upper comer of a typical cell or surface. Therefore, n-ii is located just left of n and ntii

is positioned at right of n in F-direclion.

L
P!

r e
L "
- T—u

-4

Fig. 2.2 Cell and surface numbenng

Similar argumcnts apply for the components in 7-direction,
2.1.3 Need for the transformation
Sn;_- far, the basic equations of fluid mechanics have been expressed in termis of a Carle-

siun coordinale system and typicatly the computational demain is considered to be rectangu-

lar in shape. Unfortunately, most of the physical domains of inlerest arc non-rectangular.

17
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Iig.2.3 Grid reproseniation (a) physical plane, (b) compuiational plane

Imposing a rectangular computational domain on such a physical domain necds some sort of
intcrpolation in order to implement the boundary condition. Boundary conditions have im-
portant influence on the solution of the equations and inaccuracies especially in case of the
higher sensitivity could arise due 1o such interpolation. Movcover, uncqual grid spacing near
the boundaries creates fudher complications, To overcome these difTicultics, mapping of
wansforming_the physical domain (o a computational domain is reguired. This is accoin-
plished by specifying a generalized coordinate system that maps the nonrectangular grid sys-
wim from the physical space Lo the rectangular grid spacing in the compulalional space. A
typical physical and a computational domain are shown in Fig. 2.3 where a computational
+ dowain is derived by deforming the physical domain. 1t may be noted here that the form and
the type of the transformed equation remains the same as that of the original equation. The
numerical gencration of curvilinear coordinate systems is widely considercd as one of the
primary pacing items in CFD.
A body-fitied coordinate sysiem is a curvilincar coordinate system having some coordi-
nate ling coincident with each segment of the boundary of a region . Let us introduce the
general transformation, to define the rclations belween the physical and the compulational

spaces, as follows:

§=;(J’:_}"]
n=n{xy}
18
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~_= .

Then for a two dimensional cell, we should have

50, (= .- _
jﬁdvi:[ﬂ’ o n s, + ;[I*th”dsq =10 (2.1.11)

W

where the terms having subscripls £ and 7 tepresent quanltics along the strcam wisc and
cross-siream wise directions respectively. The outward-drawn unit nonnal vectors as shown

in Fig, 2.4 & Fig. 2.5 can be writlen as
E =(S~:,E"'S¢T})/]S—-:l
n,=(s,i+5, )5

The surface vectors S, , §, as shown in Fig. 2.5 can be given by

(2.1.12)

- "~
f i

ER TR Sl

={» —y4)E—{x3—x4}}=Sq-j?+S¢J ;

It a sinular fashion

— S__

.- X

Fig. 2.4 Unit normal vectors on the corresponding surfaces
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Fig. 2.5 Surface vectors it terms of components

" It ¢an be noled here that § o5 S

i,

3, can never be ncgative since these represcht

real lengths in 2 physical domain. The magnitudes of thesc vectors are given by

(2.1.13)

1

> | m =5,
\s’,\ 4S5, 48,7 =5,
2.1.4 Area of the cell

The vector area of a quadrilateral is half the cross product of the diagonal veciors. The
coll scalar area is cqnal to'the onc half of (he magnitude of the outer produet of the ling vee-
lors which link opposite vertices of the cell. Thus the scalar arca of the cell shown in Fig.2.0

can be given by

ﬂ,v=lx3‘x1 .5"3_}'1‘
2%, -x, ¥imw
o .
& ~5
“1 \
("E:JJ) ﬁ-‘;‘\'
I 'I\"I:I‘.L
g

Fig. 2.6 Area ofa typical ccll
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2.2 Discretization equaiions

Exact/Analylical solutions of some of the partial differential equations can be found
which mainly involve closed-form expressions/function that give the continuous variation of
lhe dependent variables within the domain of definition. In many instances, especially in
most physical problems, either the exact solulion can not be derived or is too cumbersome.
In these situations, numerical solutions can bec of great help. Numerical analysis can
give  values at disci‘ctc pﬂimsl in the domain, called pgnd points. In many
Computational Fluid Dynamics (CFD) applications, involving numerncal solulions uscs uni-
formlby spaced grids in a cerlain direction mainly becausce it can remarkably simplify the pro-
gramming difficulties and can save memoty spaces of the computer. The uniform spacing
ol necessarily has to happen in physical space due 1o the fact that the calculations are car-
ried out in a transformed computational space which has uniferm spacing. Discretization can
be defined as the process of replacing I.hi:—:. partial differcntial cquations (PDEs) into a sel of

Algebraic equalions thercby called Discretization equation.

Now in order to discretize eqn. (2.1.10), let’s rewnife it with the help of cyns (2.1.11) &

(2.1.12), as follows
a4

ot

av+ {5, (8-£)+8, (F-F)] /5, } ds,

= [{[5,(5-.+3, (F=£)]f5,} a5, =0

¥

(2.2.1}

In egn. (2.2.1), inviscid [lux terms arc written as EE:(S{IE +S§TF] /SE,

£, = (SJhE +5, F ) /Sq . Expanding it further, we have the details as given below

E§=(s¢r5+sfr‘;r)fsf

pu Fed :
= {8, |’ + P+ S, | pu o
oy m1+P H
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p(ﬁ'flu +8y v)
p(Sh.Juz +8, vu)+ S, P
p[S;IuH Sfrv2)+ S; P

1
S-f

pi
Thercfore, E, =| put, +0I'S; /.5' . (2.2.2)
P'PH{ + PSf} /S;

where contravariant u-component velocity u,, is defined as (S'Lu +8 g_v] /S ¢ - Similarly,
F = (SE‘E +§, F ) /S,, can be written as

pvl‘j
F =|puv, +FS, [S, (2.2.3)
pvv, + P8 /.‘5'?I

where the contravariant v-component velocity, v, is delined as(Sqru +va) / 5, - Now rewril-

ing Ihe contravariant velocities, we have

n =(S,u+8,v)/S,

( ) {2.2.4)

v, = (S,i.;ur+.5',I_v]/.5'rJ

Nexl, viscous fluxes have the notalions E, . F, and can be written explicilly as given be-
low:’

(2.2.5)

0
= 87, t5, 7

[ PP
s o v,
-:‘xrx>+ ~§;T.Ir.lr‘
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-

£, =(S,E+5,F)/S,

(2.2.6)
]
] hy S
= Ta thy Tx.r + m, Tyx
N .
bm Tyt S . For
In the generalized coordinate, we can rewrite the conservation law as [ollows
o0 . .
JEJV + S!'(Lf — £, )dS; + J(F; ~F, ].:ﬁ,,‘_ 0 (2.2.7)

The notation and the symbols have altcady been defined previously. Now, we are going to

derive the x components explicitly.

2.3 Discretization equation for u
The discretization of the integral equations is called finite volume (F¥). Tn finite volume

method, the conservation principles are applied to a fixed region n space known as control
volume, Control Volume Methed (CVM) will be uscd for our discretization purposcs. CVM
has been opted of other technique because it's not only a mathematical approximation; but
also i1 has a clear physical significance, Discrctization cquations denved by CVM preserve
the conservation law for the relevant property for each control volume and thereby over the
whole calculation domain. Perfect overall balance of mass, encrgy and momentum can’t be
ensured by other methods. The key step of the [inite volume method is the integration of the

governing equalion over a control volume to produce a discrelize cquations at its nodal point.

The x-component of the conservation equation
The x-component of the conservation equabion (2.2.7) can be writien 2s

I D, + PS{JS; _SL{(S-_E.TH + Slfyr}.:)}lﬂ'f +

e {2.3.1)
.1 AL
{l puat, + P55, HE—[S,,;H +5,7, )}Jbu =0
5L "
Now calculating the third term under the first integral, that is
(S, 7.+ 5,7, 1S, (23.2)

5
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Subshiluting T

I _|.z

from eqns (2.1.4-53) into cqn (2.3.2}, we have,

fls. [an——h,u"ﬁ' V]+.5 ;;[”—Hﬂ i,
5 che &y

= I;{Sﬂ%h‘% ﬂ}Jﬂ"f+
5 ae Tdy) c
Lo ., vy 2 - {2.3.3)
Sjj{y[hﬂ 'a:_"‘s’f, a] —g,uS:a (‘F-V)}ISF.

13
L 1

exira terms

First of all, we arc going to derive discretization cquation for ihe incompressible Now, which
means the equation without extra terms. The problem (hat we are involved has flow of in-
compressible (ype. Now the x-component of the incompressible Now from eqn (2.3.1) can be

wrillen as

',u du
fl puu§+PS::/Sf-S‘[ g S 3] 143, +

N (2.3.4)
;ﬂ puv, + PS5, {5, —5_—”[ "o +5, -ﬁ;J Jds, =0

The numerical trealments of every term sequentially it order lo implant those in the program
dre given next:

Discretization of the terms involving conservation of mass, i c.,

_l-puuéa'é- + Ipm ds,

(pufS) (pug £l oH, +( ) -(pv”h"”)‘ 1, (2.3 5)

Hﬂ%% _w ] l

[{p-r:wf) u,~(p- r:VX) u, |+[(o+ {’VL) u,~{ 0+ CVE) u, |
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where,
CHX =5, u+8, v
CVE=S,u+3,v
Discretization of the pressure terms

8, s,
JP?”(J:S{ " J‘Pﬁfufsa (2.3.0)
¥

£ 8y b

- (PS% ) -(PS}J ) +(PSW ) -(Ps, )

e 2(S,),2.(5,), +R(5,), -2 (5.,

[

Discretization of terms involving u velocity gradienis over the £ surfaec, i.c.,

\
- ['“ s, Py, B S, (2.3.7)
S8 o Yoy

We first discretize the velecity involving tenn. Applying an alternate form of the Gauss Di- -

vergence Theorem followed by the utilization of the integral delinition of divergence, we can

approximate the derivative as follows:

i S L T N R
& C AV Idk AV

¥

S, S,
= | [u2Eds, + [ustds,
&S S, S

g i
8 .8, s V(s
_ L = e | —lu—mS | U =S, | | 28,
svil’ s, f) U, ) Us, ) Us )
: @—i[s (4, —u,)+5, (u,~n.)] (2.3.8)
Cac aybi st Tl T “

where[Sﬂ )g = (S:" )‘ =8 s (qu ]” = [Sr:, ), =3, , d¥is the volume element enclosed by the

surface S and # is the outward drawn normal Lo the surface S and is given by cqn (2.1. 12}.

Applying exactly similar steps, we have
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i |

Ezﬁ[s":*‘ (u“ _u“‘}+Sf.'., (u” _ua)] (2.3.9)

From egn (2.3.7}, we have
j'.ff,[gg ﬁ.,.g{ @].ﬂ{ = Ii‘{’f a_”d:?: + I ! S, @ng
* dy N S, 70

S{SE * ﬂl‘ S:L{ Eir 5.: 5

Substituting eqns (2.3.8) & (2.3.9) into the abdve eqn we have

1
“ Sgr.ﬁ[(u,—u S, +(,~1,)S, ] N
'S L : , :
% 90| 48, 'E?{[”“ —u, }S, +{u, —uf}.S,f}}

= S‘[?ﬁ[[sgf +8, " Ju -1 )4(5, S, 5,8, )z, _”*ﬂ s

3 ¢ .
Now performing the integration, keeping in mind that upper case letters denole gnd points

and lower case letters denote the interface of the CV as shown in Fig, 2.7, we have

s, n-{ st es. )] )

H
, O ;
i 1
1
‘. !

i In .
—————— T—————-————rle==——-
| |
| |
! I

b
I
W ¥ o € O E
i ' -
1
l i
| |
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I ) !
' I
: |
[}
K & 1
s

Fig. 2.7 An internal control volume with interior
arid point P along wilth four neighbors

20



Chapter Lwo:

-Thcrcfmc,j S, il +8, & ds,
b'f 5‘.1: 'I

g a) * (2.3.10)
=D, (u, ~u, )~ D, (s, =0, }+C, (u, —-u,)e ~C, (4, ~u,}
where
/ agg oy o
D, = {ﬁ(s +5, )}ﬁ_aﬂ, Dw_{w(sé +S, ]}w—aw (2.3.11)
Y | H
C,—{E[SLSWng_SHF]}G C, = {d (S S, +5, 5, )} (2.3.12)
Discretization of the ¥ velocity gradient terms over the 5 surface,
ji(ls,h Xy, ﬁ}fs
j d.S' j s, 2.3.13)

"y

Again substiluting eqns {2.3.10} & (2.3.11) into Lhe above egn (2.3.13}, we have,

PRy

i

f£ S gl ), +lu )3,
8 s s, o ons

Finally, [£ [s %y, a—”st
USJJ, ' gy

=C, (v, —u,), —C,(u,—w), +D,{uy ~u,)= D (1, —uy)

(2.3.14)
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where
L L _JIH 7. - 2t _
Dr: _{E(Sh‘, +S‘f, )}” _ﬂﬂr: D* = {E(Jﬁm +I'Sr|rl, )}I‘ _a."? {2_3‘15]
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With the help of eqns (2.3.5), (2.3.0), (2.3.12) & (2.3.14), eqn. {2.3.4) reduces Lo
Ayt = Qpli + iy + Jyity + Gglg + 5, (2.3.17)

where

Gp =ty +ay +a, +d;- 8,

and S, is the source term given by S, =S, +Sw, with S.=cp*uln)-dpdxe |
Sp=-cp =‘—Max[[{!, smp]] and smp is (he nel oulflow from the controf volume (mass source).

Here Sp represents all the ierms those can not be approximated by values of # at the five
points E, W, N, § and P.

2.4 Discretization equation for v

" Now, we wanl to derive the discretization cquation for v. Tn order to do that, wc luve to
calculate the y-components of the N-3 c}qualiuns just as we did calculated the x-component
while deriving the discretization equation for u. For the sake of brevily, we arc presenting
the final form of the diseretized cquation, Therelore, the [inal discretizalion cquation for v

cain be wrillen as

Q¥ =agVe +a,V, +ayv, +agve +.5, (2.4.1) -
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where

where 3, ts the source term given by S, =8, + 5.y, 5. =cp* v} —dpdx | Sp repesents all
the terms those can not be approximaled by values of v at the fve points E, W, N, 5 and P.

All other symbels and notations used in this section have lopically similar fonn and conven-

ional meamng as thal of u defined in the earlicr section ol the samic chapter.

2.5 Discretization of the energy equation

The cncrgy cquation for an incompressible Now having constanl properties 1s decoupled
from the continuily and momentum equations. Thercfore, the cnergy cqualion can be solved
subsequent lo the computation of the velocily field to provide the temperature disinibution.
For Newtonian Mud withoul any heat generation and having constont propertics along with
the Fouricr heat conduction law and [or a iwo-dimensional meompressible flow, the conser-
vative fonn of the energy equation is expressed as

ar a b
(T +—{vT) | = &¥'T 251
pcﬂ[m = [ ) ay{v ]1 +;f¢ | (2.5.1)

where & 15 the thermal conductivity and g is the viscosity and ¢ denote the viscous dissipa-

1 1 o 2 -
4= EHﬁ) +[@] }{‘?“ +ﬂ} (2.5.2)
. & dy v ox
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For laminar-boundary Tayer, cyn. (2.5.1) can equivalently be writlen as follows

a—j+ua—f+va—T=a\?2f' (2.5.3)
& o dy

where ¢ and v are the thermal difTusivity and the kinematic viscosity given by

ao kL 2:54)
ac, 2
In dimensionless fonn, energy cquation can bo written as
of  dr  dr 1 {&T &'T
E—+u—+v—= u 7 +E}| 3 {2.5.5}
& g &y PrRel ax°  ay
where Re is the Reynolds number and I'r 1s the Prandt! number and are given by
¢
pr=2 Ko (2.5.6)
a ok

1t is evident that the encrgy equation i§ lincar, Therelore, the procedure desenbed previously
for solving lhe momenium equalion can alse be utilized to solve the energy equation. Hence,
ihe discretized linal equation is presented next

al,=a, T, +a,T, +a, T, +a,T, +5, (2.5.7}

where

g, = {mﬁ(&; + Sfyl)}

w
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a {Prfi e S’”ZJ} ,.
t, = |}?§E[8""2 +th1]}

Ap =y by, tay, ta, ~8,

8, =¢pxifu)

Here prl is the laminar Prandt] number and ¢p has (ke identical representation as defined [or

u and v. Here, 5 is the source term given by §, = &+ 50, , §p represents all the terms those

can not be approximated by values of ¢ at the five points E, W, N, § and P. All other symbels
and notations used in this section have logically similar form and conventional meuning as
thqsc of u and v defined in the earlier sections of the same Gl‘léllplﬁt’. All the calculation sicps
invelved in solving the N-8 equations In non-orthogonal peneralized coordinate can be visu-

alized shortly with the help of the flowchart. The flowehart for the computation of the Mlow
ficld and the temperature disiribution using a non-orthogonal generalized coordinates syslem

has Trcen shown in Fig 2.8.nex1.
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Fig. 2.8 Flowcharl of the program hased on gencralized non-orthogonal coordinale
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2.6 Relaxation and convergence criteria

Numerical meliods used to solve the equations for Nuid (ow and heat ransfer most ol-
ten cinplay one or more iteration procedures. The ileralive solution methods require conver-
gence criteria thal are used to deeide when the iterations can be terminated. In the program

code, we used L-2 nornt of error 4s a Convergence ¢n lerion defined below:

A Pl

[(mn)-mm)/ }

My <o

Wo. of grd peoints

lere gir) & ¢, (n)are the values of the dependent variable at the curreni and previous

steps/itcrations respectively.

2.7 Pressure equation; Pressure based algorithm-SIMPLE

The existing algorithms 1o-solve the Navier-Stokes cyuations can be generally classilied
as density-based methods and pressure-based methods, For these mcthods, the velogily feld
is normally specificd usiug the momentum cquations. The pressure bascd methods, initially
developed for incompressible [low regimics, ohlain (he pressure (icld via a pressurc or i pres-
sure cortection equation which is formulated by manipulating the continuity and momentum
equations {23]. The solution procedure is conventionally sequentiat in nature. The pressurc-
based methods can be extended te compressible flows by taking the dependence ol density
on pressure, via Lhe cquabion of slate, into acceunt, Mere delails in lTus respecl ¢an be found

om [23-24].

2.8 Code validation

The developed FORTRAN source codes need o be validated through reproducing the
publishcd results in identical working/boundary conditions. A tymeal problem that has wall
houndarics surrounding the whole computational domain is the driven cavity problem as il-
lustrated in Fig. 2.9. In the shown squared cavity, the incompressible viscous [low s driven
by the uniform translation of the upper lid. The Jid-driven cavity [low has becn playing as an

enriched source for piongcering research i CFD. Thus far, cavity flow is an arca of con-

33



\..-:Il.m-l!{ L Wi

fl
==
=
=

= =
1l

[ 1 —

u=0,v=40
Fig. 2.9 A lid driven square cavity
along wilh boundary condiiions
tinuing interest and was regarded as a benchmark study in some major works, The geometri-
cal simphcity of the cavity lacillaies expenmental cafibrations or nwmncrical implementa-
tions, thus providing benchmark data for comparison and validation. Howcver, the (low
physics inswle the cavily is by no means simple. Comprehensive numicrical vestigation off
the [low physics inside a lid-driven cavity for various Reynolds numbers (Re) have been
done by scveral rescarchers. The availability of the accurate numerical solutions (or the lid-
driven cavity Mow established itself as the benchmark for the asscssment ol numencal meth-
ods and the validation of Navier—Stokes codes. In this seclion, we are gowng o valdale the
applicability of the developed model FORTARN code in simulating the stcady basc [low
within a lid-driven cavity by earrying out a comparison tesl. In the abscnce ol bedy forees,

the dimensionless equations have the following tensor fonm {or a piven Aot
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where 1, j = 1, 2 comresponds to xfn), v} coordinates(velocities) in two-dimensions respec-
tively, p is the static pressure and Re is the Reynolds number defined by R =/, D /v, where
v is the kinematic viscosity. In Fup. 2.9, D, the height/width of the squared cavity, and lid-
driven velocity, Uy are specified as the umit length and velocily respectively. Boundary con-
ditions for the velocity field are the hd-driven umil velocity al the top-wall aid no-ship condi-

tious for velocity components al all the rest walls, These are given by

w==1, v=I0 y=1]

o x=r=0xr=

Verlical cenlerline velocity with Re = 1000

1.
ve |
06 F
-
04 |
—— Botella ctal, [25] result
—— NResult from cureent stdy
LI
114 _;—4—4—4_4_4_4_4_44_4‘/11.{ L1

A s w6 B4 02 9D 62 L4 A6
Li
Fig. 2.10 Comparative u-velocity at vertical centerhine of the cavily

Re = 1000 is [requently chosen as a standard test condition as we do here as well, [or the
comparison of the results oblained from dilferent methods/schemes. Two-dimensional nu-
merical results are available from numerous sources. Now we are presenting the velocily
profiies only at the verlical centerline is shown in Fig .2.10. Fromy [iguee 2,10, 1t can be
claimed that the resull obtained from our model codes match very well with that of Botella

[25].
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2.9 Conclusion

The basic equation in conscrvative form has been derived in this chapter using general-
ized non-otthogonal eoordinate system. The equalions wore then discretized using the finite
volume methed utilizing the nen-staggered grids. Momentum equition was solved using (e
hybrid scheme. SIMPLE algerithm was used to handle the pressurc-veloeity coupling. The
codes were verificd with Lhe published resulls and found to produce satisfaclory resulls when
applied to the lid driven cavity flow. Flow chuactenistics and the heat transfer inside the

HCCCT 15 investigated at the third chapter.
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Chapter Three

Numerical simulation of the hybrid closed circuit cooling tower

3.1 Introduction

CFD can facilitate better and laster design and analysis of the HCCCT, which could lead
to shorter design cycles. Therclore time, money and energy can be saved substantially. Se-
lecting the best designed HCCCT based on the optinm performance from the numerical

analysis, equipment improvements could be built and installed with minimal downtime.

.3.2 Numerical study of the cooling tower in dry mode
The (hermal capacities and the [lows inside the coolimg lowers are function of complex
heat and mass transfer phenomenon among three Mwds: (he process [uid within the tube
bundles, the spray water and the air. The highly complex nature of Lhe relationships lLas
maile accurate performance prediction virtually impossible based on simple analysis. To
keep the task as sunple as possible without sacrilicing the generality, the whole simulating
works can be broadly divided into two main calegorics namcly the characicristics bascd on
the dry mode operation anld that of the operation bascd on wel mode. For the dry node op-
eration, the performance characteristics of HCCCT having a rated capacity of 2 RT are in-
vestigated nexl,
3.2.1 Simulation of the HCCCT having a rated capacity of 2 RT
The schemalie of the HCCCT is shown in Fig 3.1, Table 3.0 shows the geometrical pa-
ramelers used in this simufation. Table 3.2 shows (e basic/initial operating condition n or-

der for deriving the proper operating condition to select the best perlormance of the HCCCT.

Table 3.1 Geometric parameters of the 2 RT BCCCT

Lenglh of the heat exchanger [in] 0.7

Widlh of the heat exchanger [m] 0.63

Hcight of the heat cxchanger [mn] 1.12
Number of coils ; heat exchanger [-] 16x7
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Tahle 3.2 Simulation condition lor the 2 RT HCCCT

) Mass flow raie |kg/h] | 1000~ 1700
Process fluid :
Inlet temperalure 1°CY 37
Spray water Mass flow rate [ka/hl | 1600 ~ 2500
Al Velocity [mm/s] 1.5~40
ir
Inlet wet-bulb temperature 1%¢] 15 ~32
Air outlet
4444 .
/‘: Pl Cooling watcr
\___ in
FEFT“--"""‘--I‘""‘ Coall Ba R B Rl B ]

¢

7]
| s Y
5 eat exchanger o <\x .Tyi Y i
L S
{;D ( ‘/‘.// :z"../ ,-(’J / -//VI, >,-;J
§ ‘ Cooling water \\*‘“Q}):‘\r T T
':_=' ( out L\I/\-z |‘_‘|/"> 151"’ :__{f;- ,{/}
2 —-— ! *Q;:} N N, N
= d A AN S
- P
o ‘é Airinlet LT S _
A section of the coil bank

3.2.2 The Now characteristics inside HCCCT with a capacity of 2 RT

The internal flow behavior is being checked in this section starting with the velocity vee-
tors. The inlct is located at the botiom cnd of the tower and three passes are used for foreing
the air into the tower. Fig. 3.2 gives the veloeity vector's partern where the right one gives a
magnified view of the predicted air flow through the heat cxchanger. The veloaily of the air

was found to he higher around the air inlct and several turbulences have been formed
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Fig. 3.2 Velocity vector mside 2 RT IICCCT

over there. The predicted air flow at the bottom parl of the tower is seen 10 be a bil non upi-
form but as the [low approaches the heat exchanger, it gets more and more uniform and oght

" at ¢oil bank, il could be claimed that the air (low is uniform.

3.2.3 Temperature distribution in 2 RT tower w.r.t. air inlet velocity

In dry mode, only air is uscd from the bottom to cool the coils and the velocily of the air
plays an imporiant role both for the ﬁreasur-:: drop and cooling capacity. We checked the in-
fluchce of the air veloeity for 4 different cases namely for an inlet velocity of 1.5, 2,2.75 and
3 m/s. The temperature of the cooling water is seen to decrease with the increase of the air
velocity. Tn the simulation, a constant air temperature of 15°C and 2 constant cooling water
temperature of 37°C were used for all the cases with a cooling waler mass flow rate of 1600
kg A comparative temperature distribution along the coil height is given in Fig. 3.3. The
row number 16 in Fig. 3.3 implies the highest clovation of the heat exchanger and row 1 |
means thctlowest par{ of the coil bank. The temperature of the cooling waler is seen to de-
crease almost linearly for the increase of the air velocily and fer the highest air velocity of 3
ms, the temperature drop is the highest which is aboul 1.48°C and af a simulation condition
of 2.75 m/fs, the temperaturc drop is 1.37 “C. Therefore, (he cooling capacity of the 2 RT

CECCCT s about 2192 keal/h,
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Fig. 3.3 Temperature distribution w.ri. air inlet velocity

3.2.4 Temperature drop w.r.t. cooling water inlef temperature
The cooling waler inlct temperature can bring notable difference in the cooling capacity.
The influcnces of the cooling water inlet temperature for 5 dilferent cases of 30, 35, 37, 40

and 43°C have been investigated. This time, a constant inlet air temperature of 15°C and o
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Fig. 3.4 Temperature drop w.r.t. cooling waler inlel temperature,
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coustant cooling water mass flow ratc of 1000 ka/h were used. The tempernture 15 scen o
deercase more rapidly for the cooling waler baving higher inlel lemperature. A comparative
temperature distnbulion along the coil height is shown in Fig. 3.4. The temperature 15 scen Lo
decrease almost linearly. The lemperature drop, which is calculated subtracting ihe tempera-
ture of the lowest coil from that of the top most coil, 1s seen to be higher for the cooling wa-
ter having temperature of 43°C. Although the higher cooling cffoct can be obtained having
high mlet cooling water temperaturc but the outlet cooling waler temperature 15 also ugh for
higher inlet cooling water temperature which is undesirable. At the simulation condition of

3?0(3, the temperature drop is 1.35°C. Therefore, the cooling capacily 1s about 2160 keal/h.

3.2,53 Temperature drop with respect to air inlet temperature

The air inlet temperature can influcnee (e cooling capacily. The impact is especially
noteworlhy for the dry mode operation of the HCCCT. The influences of the air inlet tem-
peraturs for 4 diffcrent cases of 5, 10, 12, and 15°C have been studied. A comparative lem-
perature disbribution along the coul height s given in Fig. 3.5. The temperature is seen to de-
crease almost linearly along the coil height. The temperature drop is scen to be higher for the
lower air inlet temperature. At the simulation condition of 15°C, the temperature drop is

1.37°C. The cooling capacily is about 2192 kcal/h,

16 . ’
Ll e Afr inlet teompreraturle of Ry
BT —— airinla temperaturte of 10°C
i3r Alr inler temperaturte of 1270
= 27— Aur inler temperaturte of 15°C
g utl
E L
= .9
L
2 7t
5 6
L st
“r
ST
2k
[ PN Lty ey /. N A B R
345 350 153 3l s E¥all

" Tempetature drop [7C]

Fig. 3.5 Temperature distnibulion w.r.t. air inlet temperature
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3.2.6 Pressurc drop due to different arrangement of coil pitch having the

air inlet at the side wall

The coul pileh plays a very important role for rmsing the heat transfer broughl about by
the passing air and water NMow through heat eachanger in a [ICCCT. Too small spacing be-
tween the coils can reduce the velocity o hic air and water and thereby the heat transfer cffi-
ciency can be lower as well, Especially, at the air side, more presswre drop causcs cven morc
powct requircment by the fan. Pressure drops decrcased with the increase of the ¢oll’s trans-
verse pitchies as expecled. For 32, 40, and 45 mm pitches, the air velocities al the inlet were
mainlained to remain constani at 3.1 m/s. From Fig. 3.6, it is clear that the coils having
higher pitch has lewer pressure drop and vice versa and that alf three cases has similar pres-
sure at the lowesl coil duc to the constant inlet air flow rate. Coil having a transverse piich of
45 mm produced lower pressure drop which was about 2.05 nunAq. Increasing ihe pitches
arc not a wise idea only for the sake of reducing the pressure drop because minimizing the
pressure drop and the [ow rate of the fluids can minimize the opcrating cost but it can

maximize the size of the heat exchanger and thus the initial cost,

——  [tch 37
=% Pitch 410
—h- Pilch 45

Cotil height [row no] ‘

— phw b o LA Sy =] 00 D
T T T 1

Pressure distribution [mmag]
Fig. 3.6 Pressure distribution with respeet to the coil pitch
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3.3 Numerical Study of the wet closed cooliog tower

The performance of the HCCCT {or the wet mode operation during the summer 1s inves-
tigated in this seclion, The air llow 15 solved as a conlinuous phase using the Fulerian ap-
proach whercas the droplet trajectorics arc solved as the dispersed phase using the Lagran-

gian approach . The gas phase flow has already been solved in the previous seclion and now

the water droplet trajectory equations as are being handled.

Water droplets trajectory cquation

In wet mode operation, the spherical water droplets disseininate in the continuous gas

phasc. The particle trajectorics are solved as the dispersed phase using the Lagrangian ap-
Iproach. The numerical simulation here has becn designed to compute the velocity and ihe
trajectonies of the dispersed droplets. Utilizing the lorce balance on the droplet, the trajectory
of a dispcrscd phase water ﬂroplct is predicted. Gan et al. [10] has reporied a numerical tech-
. migue for evalualing the performance of a closed wel cooling lower for the iwo-plase [low of
gas and water droplets and they have shown that the equation of motion for a spherical walcr

droplet which relales Lhe velocily to the trajectory can be given by

d
ﬁ%=ﬂ (3.1)

u.lrhera ¥p is the trajeclory and Fp 15 the instantancous velocity of the droplet {(m/s). The drop-
let velocity is obtained from the force balance. The lorce balance relates the dioplet inerha Lo
the forces acting on the- droplet including the drag foree, the buoyancy force, the force
~ needed to accelerate the apparent mass of the droplet relative to gas and the force due (o the
pressure gradicnt in the gas surrounding the droplet, The droplet velocity, ¥p can be written

a5

av, _3 PGl )
== V-V -
pp At 4 d,p ( P)+g[‘ﬂ" "G} (3 2}
"1 d &P '
il
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where V is the inslantaneous local velocity of air (m/s}, Cp 18 the drag cocilicient, &, 1» the
droplet diameter (m), p, is the droplct density (ke/m’) and P is the stalic pressure of gaus
{(Pa). Cp, the drag coeflicient, is a function of the relative Reynolds number given by:
C,=a+a,/Re+a /R’ (3.3)
where ay, a; and a3 are constants which apply over several ranges of relative Reynolds nuin-

ber Re, The relative Reynolds number is defined as

pd, |V |
H

Re= (3.4)

Here p is the molccular viscosily of gas (kg/ms). The water droplet trajectory inside HCCCT
15 allected by the furbulent air Nows, the effect is simulated using a stochaslic droplet track-
ing methed. In ihis methed, the instantancous gas phase velocily is deeomposed into a meun

and fuctuating component given by
Vi + (3.5)

V|, the mean gas velocily is delermined solving the air phase continuous [low defined carlicr.
The fluctuating velocity #*is sampled randomly from a Gaussian probability disinbution of

ihe gas phasc velocity. For an isoropic turbulent fow, it is given by

= 3;5 (3.6)

where £ is a normally disiribuled random number, & 15 the turbulent kinctic energy I[mlfsz}
and #,is a unit vector, The normal distribution is applicd for the charucteristic life-time of
" the gas cddy, defined as

-3t
ol b (3.7

V2 ¢
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where s is the dissipation rale (m?s’). The momentuti transfer from the conlinuous phase to
the dispersed phase is cqual to the change in mementum of droplels passing through cach

conbrol volumne as follows

3C,plV, -V

F=2 4p,d

—{¥, =¥ ) A (3.8)
,

where 1, is the mass MNow rate of the dispersed phase (kg/s) and At is the time step {s).

To catry out the simulation in HCCCT, nol only the water spray digtribution syslem but the
simplification of the opcration al the internal and extemal parl of the cooling tower is re-

quired as well,

The spray waier 15 injected into the tower through nossles from the top of the tower and the
distribution of the water was such that the horizontal component of the dreplet velocity for
each nozzle varied in such a way that the spray waler could cover the whole widih of the coil
bank. The mean diameter of the witler droplet is cstimated [rom the terminal velocity of the
droplels at a mean velecity of air owing over the coil bank.. The air velocity at the inlel re-
mais constant at 3.1 m/s, 1 has been observed that the temperature of the coils increases &
bit wilh the increase of the iteration due 1o the assumption of the volumetlne heat generation
al the heat exchanger. To overcome this difficulty, Gan ot al. [10] sugpested thal a linear heat
flux should be disiributed over the heat exchanger based on the assumption that, for swmc
overall sensible heat ransler, the heat transfer rate varics in such a way that (he transier rate

at the lop row is twice that at the boitom row,

Boundary conditions

When & waler droplet reaches into a boundary ccll, the following boundary conditions
are used at the tube coll, water droplets reflcet as well as changes in its normal and tangential
velocitics. The coils are modeled as conduciing walls with velumetric heat generation. Water
droplets arc assumced to reflect perfectly al the sidewalls of the HCCCT as well as on the

syminetry plane. It is further assiwmed that when droplets full down to the water basin at the
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bottom, thosc cscape and that the sticking droplet 1o the top wall is carricd over by the air

forced by fan.

The temperature range of the cooling water w.r.t. wet bulb femperature
The variation of the temperature range of the cooling waler with respect o wet buib
temperature having a variable cooling waler Now rale is shown in Fig. 3.7. The heal ex-
changer’s common feature/irend that the temperalure range decreases with hoth the increases
of the WBT and the cooling waler flow rate and vice versa as can be seen from this figure as

well. In the standard condition, the temperature range found is around 4°C at WBT 27°C,

2r | m w=1200kem
A& w=1600kgh
1ot o W=]920kg

AT °C)

0 25 M 35
WBT {°C)

Fig 3.7 The iemperature range of the cooling water w.t.lo WBT

The cooling capacity in wet mode operation w.r.t. WBT

The cooling capacity in wet mode operation of the HCCCT w.rd. WBT having difTerent
cooling waler flow rate has been shown in Fig 3.8. Tt can be seen that the cooling capacity
increascs with Lhe increasce of the cooling waler flow rate but deercases with the increase of
the WBT followed by lhe decrease of the cooling water (low rate. Al the design condition,
the capacity at a WBT of 27°C was about 6400 kcalth, which is 18% lower than the raled

one. The assumed cooling waler mass flow rate of 1600 kg'h conld be a reason.
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The pressure drop with variable airflow rate

The pressure drop inside the heat exchanger of ihe HCCCT with respect to WBT having
variable airflow ratc has been shown in Fig. 3.9, Pressurc drop is scen 1o increase with the
increase of both the sairflow rale and the WIT. For the standard condilion, thal is, al an air-
flow of 2,75 m/s and at WBT = 279C, static pressure drop was to be 2.2 mmAg and the
about 3.3 mmAq for the air velocily of 3.1 m/fs,

. 3.4 Conclusion

Numerical simulation has been performed [or the HCCCT having rated capacity of 2 RT.

The lemperature distribulion 15 seen 1o decrease almost linearly for (he increase of ihe air
velocity and for the highest air velocity of 3 m/s, the temperature drop is the highest which is
about 1,48°C and at a simulation condilion of 2.75 m/s, the temperature drop is 1.37 °C,
Therefore, the cooling capacity of the 2 RT 1ICCCT is about 2192 kcal/h. At the simulation

condition of 37°C, the temperature drop with respect to cooling water inlct temperature is

1.35C. Thercfore, the cooling capacity 1s about 2160 keal/h, At the simulation vondition of

15°C, the temperature drop with respect’ to air inlet temperature is 1.37°C. The cooling ca-
pacily 1% about 2192 ‘kcalf‘h. The air inlet al the side wall coil having a transverse pitch of 45
mm produced lower pressure drop which was about 2.05 mmAg, In the slandard condition,
the lemperature range of the cooling ';water found {s around 4°C at WBT 27°C. At the design
condition, the cooling capacity in wet mode oporation at a WBT of 27°C was aboul 6400
kecalfh, which is 18% Iow;r than the expecled one. The assumed copling waler tass Mow
rute of 1600 ke h could be a reason, For ihe stundard condition, that is, at an airflow o[ 2.75
/s and ot WBT = 27°C, slalic pressure drop was 1o be 2.2 mmAg and ihe about 3.3 mmAg
for the air velocily of 3.1 m/s.
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Chapter Four

Conclusion

Tn this Ninal chapter, the summary of the whole study has been discussed followed by a

roadmap for extending the work lurihcr.

4.1 Summary of the thesis

In this thesis, the numerical study on the hybrid closed circuit cooling tower having a
rated capacity of 2RT has been done. In this ilwcsliglaliun, flow charactenstics have been
analyzed using the gencralized non-orthogonal coordinate system. The intemal flow fields
have been numerically studicd by solving the laminar type viscous model and problems re-
lated to pressure—velncit}rlc'c-upling were handled using the SIMPLE algorithm. The govem-
ing equations were discretized by means of control volume method and the discretized cglia-

tions were solved by the tri-diagonal matrix algorithin,

In chapler 1, concepl and the background of (he hybrid closed circuit cooling fower were

discussed.

In chapter 2, the basic cquations in conservalive form have beon derived using general-
ized non-orthogonal coordinate system. The codes were verified with the pubhshed results

and found to produce satisfactory results when upplicd to the lid driven cavity [low,

In chapter 3, numeneal simulation has beon performed for the HCCCT. In diy mode, at a
simulalion condition, that is al an air velocity of 2.75 m/s, the temperalure drop was 1.37 C.
“Therefore, the cooling capacity of the HCCCT was about 2192 keal/h. The temnperature drop
with respeel to cooling water inlel temperature was 1.35°C and hence ihe cooling capacity
was about 2160 keal®h. The temporature drop wilh respect to air inlet tcmperature was

1.379C and the capacity was about 2192 kealh.

In wet mode operation, (he temperature range of (he cooling waler found was around
4°C at WBT 27°C and hence at the nominal simulatmg condition, the cooling capacily was

ahout 6400 kcal/h, which is 18% lower than the rated one.
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When the air inlet was located at the side wall of ihe HCCCT and having a transverse
piteh of 45 mm produced lowest pressure drop 1 both modes. In dry mode, the pressure
drop at an wr velocily of 3.1 wfs was about 2.05 mnAg and in wet mode, the pressure drop

was 2.2 mmAg and 3.3 mmay for the wr veloeily of 2.75 m/s and 3.1 n1/s respechively.

The mesults obtained from (he numencal study of the performance characteristics of
HCCCT is expected to scrve ag basic data that could be referred [or the optimunt design of

ihe hybrd type closed eircuil cocling lower.
4.2 Future work

Hcere arc some ideas to form the basis of fulure work:

Two dimensional [fow ficld as well as temperalure distribution have been studicd in this
work. Futurc study can be extended to include the related phenomenon for three dunensional
cases. The design parameters can be adjusied/changed to analyze the thermal performance of
HCCCT having a rated capacity as high as 60 RT which can be applicd in moderale sived
establishments. Change of working Muid could open another galeway (o ihe new horizon,

Compressible flow can also be explored in future works.
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