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ABSTRACT

Splash fills are preferred in mechanical draft wet cooling towers commonly used in
power plants because they are much less susceptible to clogging and fouling due to debris,
algae, and salts compared to film fill. In cooling towers, the fill zone plays a predominant role
in heat and mass transfer compared to the spray and rain zones. Consequently, having a precise
understanding of the characteristics of the fill zone becomes essential. Challenges in testing v-
bar splash fills, their anisotropic flow resistance, and limited numerical modelling approaches
necessitate a detailed numerical model. This research evaluates v-bar splash fill’s performance
using three-dimensional (3-D) numerical analysis, validated against experimental data. In the
numerical model, the continuous air phase has been solved using the Eulerian approach, while
the stochastic gravity-driven droplet trajectory for the water phase has been predicted using the
Lagrangian approach. The study also employs the Eulerian wall film (EWF) model in
conjunction with the Discrete Phase Model (DPM) to forecast the formation and movement of
thin liquid films on splash fills. The computational cost and time associated with the complex
splash fill geometry have been reduced by geometry simplifications and judicious meshing
strategies. A parametric study has also been carried out to evaluate the impact of droplet
diameter and airflow rate on the thermal and hydraulic performance of the fill. It is found that
increasing droplet diameter from 2 mm to 4 mm decreases the fill Merkel number by 0.13 m™,

while the average fill loss coefficient reduces by 2.2 m™.

In the next part of the study, the impact of louvers on airflow distribution is investigated,
aiming to optimize the angle of air intake louvers for uniform airflow beneath the fill pack. The
airflow distribution within cooling towers significantly impacts their performance, and
achieving uniform airflow is crucial for establishing performance correlations. Area-weighted
and mass-weighted uniformity indices, along with the loss coefficient of the air inlet, are
utilized to gauge airflow uniformity and performance. CFD simulations investigate cooling
towers with and without louvers, assessing various louver angles including 30°, 50°, and 70°.
Among these angles, louvers set at a 50° angle demonstrate the most effective enhancement in

achieving relatively uniform airflow with minimal pressure drop.

To validate the numerical model, an experimental facility with v-bar splash fill is

created. A 500x500 mm? counter-flow test rig features an axial fan for airflow induction and a
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water distribution system for close to uniform water distribution. The facility includes
instrumentation for measuring air temperatures, pressure drops, water temperatures, and flow
rates. Validation of the tests depends on adhering to specified limits outlined in acceptance test
code for water cooling towers, ensuring consistent test conditions. The experimental setup
enables us to determine the Merkel number, including end effects, and the loss coefficient using
measured quantities. It also validates the detailed numerical methodology, which now includes
an induced draft configuration and more detailed geometric features compared to the previous
numerical model. The detailed numerical simulation incorporates axial fan geometry for
induced draft and modelled using the Multiple Reference Frame (MRF) approach. Grid
independence studies is discussed, ensuring accuracy and reliability of numerical simulations.
The experimental setup validates numerical predictions, showing errors below 5% across the
tested range. Numerical analysis of the test-rig zones highlights the significance of the spray
and rain zones, contributing approximately 17% to the overall heat and mass transfer.
Migration effects in v-bar splash fills are also analyzed, revealing non-uniform water

temperature distribution and recirculation zones.

Numerical correlations have been developed to calculate the fill Merkel number and fill
loss coefficient as measures of the fill's thermal and hydraulic performance, respectively. These
correlations, while independent of factors such as the heights of the spray zone and rain zone,
results in more standardized and accurate fill characteristic curves. However, it's important to
acknowledge that these factors may indirectly affect performance by influencing droplets sizes,
thereby impacting the overall heat and mass transfer rate Investigation into the impact of air
and water flow rates on fill performance reveals a non-linear relationship between flow rate
and performance, while hot water temperature (HWT) and wet-bulb temperature (WBT)
inversely affect thermal performance, with minimal impact on airflow resistance. The method
of least squares is utilized to correlate the numerically determined data, resulting in equations

for Mean and Kgn with high R? values of 0.984 and 0.996 respectively.

Effect of distribution of droplet sizes is studied next using a hybrid Volume of Fluid
(VOF)-Discrete Phase Model (DPM) simulation and their impact on cooling tower
performance under conditions of non-uniform water distribution. The methodology involves
simulating the nozzle behaviour to obtain droplet size and water flow distributions, followed

by an evaluation of v-bar splash fill performance using the obtained data. Experimental
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validation is conducted, including a mesh independent study to ascertain model reliability.
Results indicate that the droplet size distribution follows a Rosin-Rammler distribution, with a
mean diameter of 1.15 mm and a spread parameter (n) of 3. Comparison of cooling tower
performance under uniform and non-uniform water distribution conditions provides insights
into the impact of distribution variation. While thermal performance decreases by
approximately 8.9% under non-uniform water distribution, hydraulic performance remains
minimally affected. The absence of drift eliminators led to a substantial drift loss of
approximately 0.58% of the total water flow rate in the test rig. Hence, the study highlights the
importance of drift eliminators in mitigating drift loss, especially with small droplet sizes below

0.3 mm.

Overall, the above investigations explore challenges in testing and modelling v-bar
splash fills, employing a numerical methodology validated against experimental data.
Furthermore, it establishes numerical correlations for calculating fill performance and

compares fill performance under conditions of non-uniform distribution.
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it e de HiehT <rad H Wil fir e &1 IUFNT AR TR UIaR Wiey H fara
ST 8 Fiifer g8 fhed fha &t gaT # Has, Qard 3R dauT & HRUT faRiee 3R et
T 9gd HH YHIFAd BId g1 BT ey #, fihat o gic iR A St H T Yfiee
fyTaT 8, STafe B 3R X9 S &1 ga & 38! Yy it it 81 g9, fovd SiF
&1 faRrarsit & e THg BT A=y § | d1-aR Wi fOhed o1 aiequr gRifor, 3!
TfeiUe ual IoRET SR it Teed ArsfeiT @ & HRU T fawd
TRATHS Hisd BI TGS gl ¢ | 39 MY H, I-aR T fha &t ve= &1 i
FH-3mar (3-2Y) TS TIN5 ST B fooaT 7T 8, S Ui Se1 & favg
A foan T 3 | ST Ared H, FARAR arg wRUT &1 gaiad eI &l ITaNT dRd
& foraT T ], Siafs STd TRUT & o Widbfed Afact-anferd giueie colaes! &l auiforad
DD BT IUIAN b YA haT T 31 31eg H, JaikaH afdl fhed (SS&gu)
HSd BT SUTN HRh Wi e WR ydell R fhed! & fafor 3R 1fd &1 galgae &
¥ o fewpie ol Aisd (SHUA) & I1Y o a1 g1 Sfed e fvd sonfafa @ 99
UHT ANTT 3R THT B AT TRAHR0T 3R Ifod Siret fHafor Iorifaar grt &4
foaT a1 1 Siucic SN SR a1 YaT8 &) & ¥Hd R gEeifad UeRH W UHd &I
Tedie B o o T Riifees sieqa i fovan mar g | a8 uran a1 o iucie g &l
2 forft @ 4 ot 9op 9gm O T U T H 0.13 m! B HH gl 8, SaP 39 bt
TR TN | 2.2 m! B HH BIe g |

LT & 3FT HIT H, I YaTE fAaR0 R FaR & YT BT 3av0 fhar 7 3,
T 3e=d fthat U o e T a1g 4T & ot arg 3¢ ar & HIvT Bl G erd
AT 5 | BT Tray | a1 UdTe faaRl &1 UeRiF R Ayl wHE Usdr g, 3R JHH arg
TaTg YTt AT UeRi- qggadl &l R H1 & it Agaqul ¢ | arg UaTg SHHar 3R
TR &1 AT HRA & g &F- 1R 3R SoqaH-HIRd U Jadhids, 1Y gl arg 3die
BT AN UM BT SUTANT bl T 8 | WU et Rgave fafis ok S1o1 afed Tex & Yy
3R fomT e eradf & 3rawur e &, SR 300, 500, 3R 70° =M €1 37 I H, 50°
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& PV IR I AR V& THd UM IR TaTg Dl AdH GaTd MU & H1Y Y] H- T Jay
JUTdT YR &d B

TRATHD ATSA B! AT B b 7Y, I1-9R Wi Ohdt & 1Y U WD giae
15 T8 81 500%500 mm? HIER-T! ¥ R & a1 vdTe URUT & forg U sfefia o 3R
TTHIT YA STt faaRu & ol Tep STt faaRor yorelt § | 39 gfaen & arg aTadH=, gaTd 314,
ST Ao, 3R UdTE &1 &1 AT o oIt U1 IS g | IR0 BT HT=IaT ofd BieT
TTad & forg Wil Rieu dis | IfcaRad FfEy darsft &1 ured - R MR et g,
ST TR SR&o7 fRUf &1 GfEa et 8 | TTafies Sesd g4 U1 1T AEnsil &1 SudiT
P Hobdl T 3R A i Y RefRa o & Gew sH1a1 B 1 98 favgd Semeis
STV @ Ht 77 HRar 8, S 3@ e IRkd gTue HIRpRA 3R e Wees
Ared &t gaT H S1fie favgd Snfirdia faivdme 2nfie € | faga Tearers Rmgeaes oA
STUe & foTe stefig tRa &) Snfafa o) 2nfire #ar § 3R 38 Ao 19d Yy ThH (TH3RUW)
DI BT ITINT TP Hisd [hal T/ §| WA WAl T R T BT T8 5, Sl
HBIAS R &1 Geloar SR fayaiaar &1 gRfyd o=ar g1 e desm
TP GalJHM! DI AR Rl 5, Ol UI&01 ft U H 5% ¥ Ffed! &l axifdr g
e -1 S BT TReATH faaiwor W 3R ¥ S & Hgd & ISR HRdl §, Sl 1 ic
3R AN TR | T 17% TNTEM HRd & | d1-aR Wi fired § A= gumat &1 +ft
far=eryor foran 7 B, Ford e STet aToHT faaRon SR gRTac SiiF e 3§

TATHAS Tegae B! fhd Aeha TeT SR O A T[uridh Bt 0T & ford fassfRyd
far mar ], o U fiFd & yHd iR g12g I UeRH & SUr g | T T, T & SR
¥ SF B SHargdl o HRS! Y WaF 8id g, 3PS AFGIed 3R Gl hd fagmar
Ioh! & URUTRGEU g1d § | gTdlifar, T8 WHR HRA1 Hg@yul § fh T SRS IIde BRI
& gUIfad HRP USRH Bl 3ue TU F YHIAd HR Tahd 8, o $d gic 8k A9
TR &} R Y19 TS ]

Irg 3R e YT &I & i U= IR gHTa & ofie ¥ UaTe &R 3R UeRF & &
RIS Y& H1 T I &, STafds TH Ui BT o= (Tassegel) 3R e se araae
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(Sgateh) yHd UeR & ufded U J YHIfdd $Rd §, Stafds arg vaTe UfaRlY IR gAdH
TUTd USdT g | <gAdH a1 1 fafY 1 IUTNT eards & ¥ (uia Ser &1 esfed
A & o foan T g, Forge uRumRaeT Mefill 3R Kfill % T 3= R2 AT & 1Y
FHIHRUT UTd §T ©, ST v 0.984 37 0.996 B |

SITae PR & fAaRUT &1 YU SRIHM ST [daRul &t Rufadl & dgd HichT eraR
TR TR I YT BT LT PR & (oY dlegd 3 Fqss (drenuh)-fSxpie
Tisd (SIUTeH) RAARM &1 ITANT SR T 7T § | ST H Iaae $HR 3R 5d
AT fadR0T UTed A & 7T FIoTel SHa8R BT 3ehRUT R AMA &, 3P o1 U Il
BT ITANT IR A-TR T b U= o1 Jeuier foran man g | Irifies A &1 7S &,
o Afed fay-ad gHfEa = & T e SiTa ad=rar seaa =M ¢ | aRomd £
Hd & b SITAT ATHR TR0 b ARTH-AER faaRur T R0 vl &, foranT sivrd
1Y 1.15 fordt 3R g TRifteR (n) 3 81 THH 3R SR e faaror &) Rufadl & dgd
HIHT TR U&= B gaT faavor fddr & THTd & Sfdef® UM ol ¢ | STafdh SR
S fAdRUT & dgd YHd TR § T 8.9% BT HHI Bl 8, TIRSID U&= IR JAdH
TUTT TSl g1 <X N1 H T 0.58% Hd o1 UaTg &R HI U Ayl fue arg gl
MY, 3¢90 BIC SITdC BRI & Y ST AN & HH oA H fgre Tl &

Hedd DI ISR Bl %l

$ TR, SIRITd Sid dt-aR T foved & ieror 3R Afsfem o gAfaal &1
TdT AT §, Teh TRSATH D HTIYUITC! b SUTNT Bt & Sl UITh ST & [a9g A gial
S| 39P 3T, g b TSR Pl TUMT & folw TBITds Tedey RIfUd Hdt § 3R
3T faaRur & fRufadt & dgd fthat U= &t o sl 8|
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Symbols
A
d
(o
C
C1,Cy, Cy, 0y, O¢
Cp

Cp

NOMENCLATURE

Description
Area
Pack density, surface area per unit volume
Constant, or coefficient
Molar mass
Standard k-¢ turbulent model constants
Drag coefficient
Specific heat at constant pressure
Diameter
Average droplet diameter
Differential advection term
Equivalent diameter for structured packing
Diffusion coefficient
Effectiveness
Internal energy
Drag force
Mass flux or flow rate of air
Gravitational acceleration
Production of turbulent kinetic energy
Heat transfer coefficient
Height of droplets fall
Mass transfer coefficient
Film thickness
Latent heat of water vaporization
Enthalpy
Cartesian coordinate directions or phases
Loss coefficient
Turbulent kinetic energy

Mass transfer coefficient

xviii

g/mol

J/kg.K

pum

m?/s

Jkg

kg/m?.s

m/s
W/m?.K
kg/m’.s

Jkg

Jkg

m?/s?

kW/m2.K



qimp

Flow rate of water

Lewis factor

Droplet mass

Mass flow rate

Mass source per unit wall area
Mass vaporization rate
Merkel number

slope

Nusselt number

Pressure

Turbulent Prandtl number
Source term of heat

Water flow rate

Reynold’s number

Source term of energy
Source term of momentum
Source term of mass
Turbulent Schmidt number
Stage number of packing
Temperature

ambient temperature of continuous phase at
domain inlet

Average film temperature
Film half depth temperature
Film surface temperature
Film wall temperature
Velocity

Fill volume

Mean film velocity
Humidity ratio

Weber number

Mass fraction of a species

X1X

kg/m®.s

kg/s

kg/s

N/m?

W/m?
m3/h

W/m?
kg/m?.s?
kg/m>.s

°Cor K

°CorK
°CorK
°CorK
°CorK
m/s
3

m

m/s

kg/kg dry air



Subscripts
d
fd
fi or fill

fr
i

m
(0]
p
S

total

wb

adb
op

ref

Greek Symbols

A

U
p
o

Packing thickness

Air

Frictional and drag effect

Fill

Frontal

inlet

Mean or moist

Outlet

Particle (water droplet)

saturation

All zones (spray, fill and rain zones)
Vapour

Wet bulb

Coordinate

Coordinate

Coordinate

Air dry bulb

Operating

Reference point, considered to be at 10 m above

ground level

Differential

Dynamic viscosity

Density

Surface tension

Volume fraction

Area weighted uniformity index
Mass weighted uniformity index

Volumetric heat transfer coefficient

XX

kg/m.s
kg/m?
N/m

W/m3.K



Acronym
CFD
CFL
CWT
DPM
EWF
GRG
HCP

HVAC
HWT
IDCT

LP

MDWCT
MRF
NB

NDWCT
NTU
PID
PISO
PVC

RANS
RNG

Efficiency

Turbulent dissipation rate
Dynamic viscosity
Turbulent dynamic viscosity
Specific rate of dissipation
Viscous dissipation

Mean stress tensor

Mean strain tensor

Kinematic viscosity

Description

Computational Fluid Dynamics
Courant Friedrichs Lewy

Cold Water Temperature

Discrete Phase Model

Eulerian Wall Film

Generalized Reduced Gradient
Horizontal Corrugated Packing
Heating , Ventilation and Air Conditioning
Hot Water Temperature

Induced Draft Cooling Tower

Linear Programming

Mechanical Draft Wet Cooling Towers
Multiple Reference Frame

Nominal Bore

Natural Draft Wet Cooling Towers
Number of Transfer Units

Proportional Integral Derivative

Pressure Implicit With Splitting Of Operators

Polyvinyl Chloride
Reynolds-Averaged Navier-Stokes

Renormalization Group

xx1

m?/s>

kg/m.s
kg/m.s
m?/s>

W/m?
kg/m? s

m?/s



RTD
SIMPLE
SIMPLEC
TDS
VCP
VOF
WBT

Resistance Temperature Detector

Semi-Implicit Method for Pressure Linked Equations
SIMPLE Consistent

Total Dissolved Solids

Vertical Corrugated Packing

Volume Of Fluid

Wet Bulb Temperature
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