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Abstract. The performance characteristics of the Hybrid Closed @i€aoling Tower
(HCCCT) have been investigated applying computationad fliyinamics (CFD). Widely
reported CFD techniques are applied to simulate the aiemtio phase flow inside
the HCCCT. The pressure drop and the cooling capacity weesiigated from several
perspectives. Three different transverse pitches wetedemd found that a pitch of
45 mm had lower pressure drop. The CFD simulation indicdtatiwhen air is supplied
from the side wall of the HCCCT, the pressure drop can be aestigted and the cooling
capacity can be under predicted mainly due to the non-unisor flow distribution across
the coil bank. The cooling capacity in wet mode have beerutatied with respect to
wet-bulb temperature (WBT) and cooling water to air mass flaigs for different spray
water volume flow rates and the results were compared to feriexental measurement
and found to conform well for the air supply from the bottomderhe differences of
the cooling capacity and pressure drop in between the CFDIafion and experimental
measurement in hybrid mode were less than 5% and 7 % resggdtiv the uniform air
flow distribution.

Keywords: hybrid closed circuit cooling tower, wet-bulb temperatusget mode
operation, dry mode operation, cooling capacity.

1 Introduction

Cooling towers are used to reject heat, cool buildings amidice the temperature of
water circulated through various heat rejection equipmeNYhen evaporative cooling
is produced, cooling towers are called wet tower whereasvkras dry tower when air
blast cooling is utilized. The HCCCT is a closed circuit dogltower which is capable
of working both in wet mode and in dry mode. Cooling or condiegsystem for fluids

operates as a dry cooler in winter and as an evaporativerdoadammer by spraying on
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the heat transfer surface [1]. HCCCT works well in dry moderyithe mid-season and
winter as long as ambient temperature remains béww4 °C, no plume and no freezing
and lower noise levels are ensured in the dry mode operatiG@CT operates smoothly
in wet mode while the ambient temperature goes ali@vé4 °C, water consumption by
HCCCT is lower than those of Wet Closed Cooling Tower (WCQTJ the process water
can be cooled down t°C above the wet-bulb temperature and can be packed in light an
compact bundle with optimized circuitry [2]. In the HCCCTatar is sprayed in summer
using spray nozzles from the top along with a counter-typaioflow in both summer
and winter from the bottom end. Pressure drop is an aspectvgdirectly related to the
economic operation of the cooling tower and will be investigl along with the cooling
capacity.

The objective of present study is to investigate cooling@find pressure drop of
HCCCT due to the variations of the coil's transverse pitdeation of the air inlet, air
inlet velocity and temperature as well as for different flates of cooling water and spray
water and, to demonstrate the validity of the numerical &itien comparing the results
with the experimental data for the prototype HCCCT. The wnvklves the prediction of
the performances in dry mode during the winter season afatét mode in summer.

2 Previousstudies

The basic theory of cooling tower operation was first progosg Walker et al. [3].
Merkel [4] combined the heat and water vapor transfer rdldi#erential equations in
an evaporative cooling tower using a number of simplifyirsguanptions. Fisenko et
al. [5] presented a mathematical model of the performaneeaafoling tower consisting
of two interdependent boundary-value problems, includif@DE and an algorithm of
self-consistent solution. Jameel-Ur-Rehman et al. [6bregal a model of counter flow
wet cooling towers, where they verified the authenticityhefitnodel comparing the values
of number of transfer units (NTU) and tower effectivenesthwlhe commonly described
models. Ala Hasan et al. [7] presented the theoretical arsaBnd computational mo-
deling of closed wet cooling towers. Jaber et al. [8] incogbed the effectiveness and
NTU definitions for heat exchanger design with those to theliog tower operating
conditions. Mizushima et al. [9] reported design equatifirsan evaporative cooler,
where fluid inside the tube is cooled by utilizing the latemthof vaporization. Optimum
utilization of the CFD for predicting the thermal perforncarof closed wet cooling towers
are reported by number authors including Gan et al. [10-TRis review indicates that
numerical results about performance characteristics dE&Tis lacking.

3 Experimental details of the prototype HCCCT

The dimension of prototype forced draft HCCCTLif4 m x 2.36 m x 3.2 m with a rated

capacity of30 RT. The copper coils havin$5.88 mm of outer diameter were used in
the heat exchanger in staggered arrangemert iows and22 columns. The transverse
pitch was45 mm and the length of each coil wass4 m. The performance of the HCCCT
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was experimentally tested at Daeil Aqua [13]. The maximumliog capacities in dry
and wet modes at the designed conditions wadIcal/h (37 kW in SI) and29.7 RT
(104 kW in SI) and the pressure drops w&:8 mmAqg and3.9 mmAq respectively.

4 Mathematical models

The cooling capacity of the HCCCT mainly depends on the adgsiggameters and on the
operating conditions. A commercial CFD software Fluen{ [§4pplied to simulate the

air-water droplet’s two-phase flow. In the numerical sintiola, air flow is modeled as a

continuous phase and is solved using the Eulerian apprdater droplets are modeled
as the dispersed phase and Lagrangian approach is utitizedlite the water droplet

trajectory equations. The transport phenomenon betweeihnb phases is coupled to
incorporate the impact of the dispersed phase on the cantthphase. Details can be
found from Gan et al. [10-12], Hasan et al. [7].

4.1 Dry mode operation of theHCCCT

The transport equation of air includes the conservatioraggus for mass, momentum,
energy and turbulence. Among turbulence models namelgdatdi — ¢ model, RNG
(Renormalization Group) model and RSM (Reynolds StresstémuModels), standard
k — ¢ model is the simplest, widely validated and proven to preduetter performance
especially for the current simulation and, is applied faeddcting the turbulence effect.
The model equation for the steady state incompressible fowaes to

V(pVe—TyVe) = Sy + S5, 1)

whereg is the flow variable} is the mean air velocity (m/s),is the air density (kgm?),

k is the turbulent kinetic energy (his®), ¢ is the dissipation rate (ffs?®), I', is the
diffusion coefficient (Ngm?), S, is the source term for the continuous phase a@ds
the source term related to the interaction between the dittewater droplets. Control
volume method has been applied for the discretization aMPEEC algorithm [15] is
applied to handle the problem related to pressure-velatitipling. Pressure gradient
effects for the boundary layers around the coils of the heaha@nger have been taken
into account through the enhanced wall treatment option.

4.2 Thewet mode operation of the HCCCT

In wet mode operation, the spherical water droplets dissetiin the continuous gas
phase. The numerical simulation has been designed to centipaitvelocity and the
trajectories of the dispersed droplets. Utilizing the étmalance on the droplet, the
trajectory of a dispersed phase water droplet is predic@an et al. [10-12] reported
a numerical technique for evaluating the performance obsex wet cooling tower. The
equation of motion for a spherical water droplet can be giwen

dr
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wherer, is the trajectory and, is the instantaneous velocity of the droplet (m/s). The
force balance relates the droplet inertia to the forcesigain the droplet including the
drag force, the buoyancy force, the force needed to acteldra apparent mass of the
droplet relative to gas and the force due to the pressureeggraith the gas surrounding
the droplet. The droplet velocity,, can be written as

dv, 3pCplV -V, 1 d oP

g = Z%p”'(‘/ = Vo) +9(op —p) + 5p (V= Vp) + at ®3)
whereV is the instantaneous local velocity of air (8), dp is the droplet diameter (m),
p, is the droplet density (kgn®) and P is the static pressure of gas (Pa) aid is the
drag coefficient, a function of the relative Reynolds number

In the turbulent flows of air, the droplet trajectory is atfet by turbulence and the
effect is simulated using a stochastic droplet trackingnégue, where the instantaneous
air phase velocity/ is decomposed ag = V + V', whereV is the mean air velocity
and is derived from the solution of the gas phase equatidhs the fluctuating velocity
and is sampled randomly from a normal probability distiitmbf the gas phase velocity.
For an isotropic turbulent flowy/’ can be given by:

where( is a normally distributed random numbgiis the turbulent kinetic energy @ys?)
andrg is a unit vector.

4.3 Evaporative cooling of water droplets

In a mechanical draft HCCCT, the radius of droplets is a fiomodf the spray water flow
rate and temperature. The size of the water droplet deeeitle the increase of the
spray water flow rate. For a counter-flow type HCCCT, the maximand minimum radii
of droplets are categorized respectively, by splittingasfe droplets and carrying away
of small droplets by the air flow. The maximum diameter of tlater droplet falling with

a relative velocity v can be derived from the equality of thegiforce and surface tension
force. For non-broken droplets, the radius R can be giveri6y1[7]:

g

R<23—;,
PaV

(5)

whereo is the surface tension of water. In this CFD simulation, {hrag water is injected
through6 nozzles and the distribution was such that the horizontaipament of the
droplet velocity for each nozzle varied in such a way thatspey water could cover
the whole width of the coil bank. The mean diameter of the wdteplet is estimated
from the terminal velocity of the droplets at a mean veloaoityir flowing over the coil
bank. The air velocity at the inlet remains constans.atm/s. It has been observed
that the temperature of the coils increase a bit with theciase of the iteration due to
the assumption of the volumetric heat generation at theehedtanger. To overcome this
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difficulty, Gan et al. [11] suggested that a linear heat fluaudtl be distributed over the
heat exchanger for a cooling tower having relatively lonasling water flow rate. In the

present simulation, heat flux defined in equation (6) is &l improve the accuracy of
the prediction in HCCCT having higher cooling water flow rate

22N +i—2
qi = g(ﬁ)un (6)

whereN is the number of coil rows; is the coil row,q; is the heat flux for tube row
(W/m?) andg,, is the mean heat flux. The heat flux given in equation (6) isshasethe
assumption that for a fixed overall sensible heat trandfertransfer rate at the top coil
row is approximately .5 times that of the bottom coil row.

4.4 Simplifying assumptions

Length of the HCCCT is much larger than the correspondinghwiso the fluid flow is
assumed to be @-dimensional. Moreover, due to the geometrical symmettii@tower,
only the one half of the tower with respect to the verticalteefine will be used as the
computational domain. HCCCT is considered to be an adiabatrice with negligible
heat losses or gains from the surroundings and that fluideeosenpressible.

The temperature variation of the cooling water flowing ieside tube is a function
of the cooling load and the flow rate of the cooling water. Tiiees in the heat exchanger
become separate entities at the vertical cross-sectioneoHCCCT and every tube is
modeled as a smooth circular solid cylinder with heat gar@raThe rate of heat transfer
from the heat exchanger to the air works as a source of heatafén and it could either
be obtained from the total cooling load measured experiatigratr from the models of the
thermal performance of the HCCCT [7,10-12]. The inlet launstalled at the caching of
the tower has an opening ef45° with the horizontal axis. When a water droplet reaches
at the tube coil, water droplets reflect as well as changetsindrmal and tangential
velocities. Water droplets are assumed to reflect perfettifie side walls as well as on
the symmetry plane and when droplets fall down to the watsinb&hose escape and that
the sticking droplet at the top wall is carried over by thefaiced by fan. The nominal
simulating condition is given in Table 1. Fig. 1 shows theesohtic of the HCCCT along
with part of the meshed coil bank.

Table 1. The simulating conditions of the HCCCT

Wet-bulb temperatureC] 27

Air
Mass flow rate [kgs] 8.0
Volume flow rate [mi/h] 33
Spray water
TemperatureqC] 29.0

Inlet temperature’C] 37.0

Cooling water .
Volume flow rate [mi/h] 24
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Fig. 1. Schematic and the meshed computational domain ¢i@@CT.

5 Resultsand discussion

5.1 Resultson dry mode operation

Pressure drop is one of the prime concerns while dealingint¢nal flow in pipe or duct
because the power required by the pump or fan is directlygitmmal to the pressure
drop. Pressure drop is investigated from three perspsaiseiscussed next.

The pressure drop at the internal part of the HCCCT is a fanatif the inlet air
velocity. We investigated several cases of pressure driprespect to (w.r.t.) a variable
air inlet velocity ranging from .5—4.0 m/s. Comparative pressured drop with a variable
inlet air velocity with different air inlet temperature is@wvn in the left panel of Fig. 2.

The pressure drop across the coil bank is seen to increalsegheitincrease of the
inlet air velocity and temperature. At an air velocity 2l m/s and at a temperature
of 15°C, the pressured drop is found to $p84 mmAg. This could be compared to the
experimental pressure drop 288 mmAg. The pressure drop result from the experiment
is available for the lower range than that has been invdstigm this study as can be
inferred from this figure.

The coil pitch plays an important role for increasing/desieg the rate of the pas-
sing air and water flow through heat exchanger in a HCCCT. Toallspacing between
the coils can reduce the velocity of the air and water andethethe heat transfer ef-
ficiency could be lower as well. At the air side, more pressliop causes even more
power requirement by the fan. Thus the operational costlggteer. In the simulation,
the pressure distribution having pitches3af 40 and45 mm were investigated. It was
found that pressure drops decreased with the increase obtfetransverse pitches. For
all cases, the air velocities at the inlet were kept constetit m/s. Right panel of Fig. 2
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shows that the coil having higher pitch has lower pressuop dnd vice versa and all
three cases has similar pressure at the lowest coil due tootigtant inlet air flow rate.
Coil having a transverse pitch @6 mm produced lowest pressure drop which was about
2.14 mmAg. Increasing the pitches at will is not a wise idea onhytlfe sake of reducing
pressure drop because minimizing the pressure drop andothedte of the fluids can
minimize operating cost but it can maximize the size of thatlexchanger and thus the
initial cost.

The predicted air flow through tube bank having an air inlébei¢éy of 3.1 m/s and
pitch of 45 mm is shown in Fig. 3, where (a) shows the vectors with air Bufspm the
bottom end and that of (b) from the side wall. The air flow iedide heat exchanger could
be claimed to be more uniform for the air supply from the botend than that from the
side wall.

5 5 16 .
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| == ir inlet temp = 18 [ 'C] g =] L .
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Q. 7 L
o - - 9
—E » e = 8r
2 _z - 2 8h 7t
o - S 6l
= < -
=] = e = 5
A - = - —
S 1 g~ 1 ‘3 4r
8 o — U 3t
=% 26
0 : ‘ : : 0 1 e ——
1.5 2.0 2.5 3.0 3.5 4.0 10 15 20 25 30 35 40 45 5.
Air velocity [m/s] Pressure Distribution [mmAq]
@) (b)

Fig. 2. Pressure drop w.r.t. air inlet velocity (a); w.railgitch (b).

Fig. 3. Predicted air flow for air supply from (a) bottom; (lijeswall.

The temperature distribution along the coil height for aipgly from both the side
wall and from the bottom end is shown at the left panel in FigThe temperature drop
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at the first five to six rows are seen to be sharper than othdrdtr cases. The wakes
shed by the first row produce a high level of free stream teroeg for the second row
of tubes, thereby increasing the heat transfer coefficienthfe second row. This effect
moderates after about the fifth row in the coil bank, so the traasfer coefficients for
tubes beyond the fifth row seems to differ little. The rangeenfiperature, calculated
subtracting the temperature of the bottom row from the tog, @ras about .4 °C for the
air supply from the bottom and was abdut7 °C for the air supply from the side wall.
Therefore, the cooling capacity of the HCCCT having air $ufom the bottom end for
the dry mode operation w&8.6 Mcal/h (39 kW in Sl). This capacity could be compared
to the measured capacity 8 Mcal/h (37 kW).

16 140 x1000

%Z —  Air supply from side wall = — — - CWIT =41[°C]
L) . O~
o 131l === Airsupply from bottom % 120 CWIT = 39 [O(]
S 2100 —— CWIT =37[°C]
2 97t = S~ - = CWIT=35[°C]
2 10t es 2 80 k S~ L = Experiemntal result
= 00 ; 2 |
2 8t 7’ =} ~
o7 77 g 00
g ¢ . S
= 5t ,/ = 40
3 4r 7 =
O 3t L 8 20 -

2+ ’ ]

1 L . L L L L L 0 L L L L L

354 35.6 35.8 36.0 36.2 364 36.6 36.8 37.( -5 0 5 10 15 20 25

st s o
Temperature distribution [°C] Air inlet temperature [ C]
(a) (b)

Fig. 4. Temperature distribution w.r.t. air inlet locati¢a); cooling capacity w.r.t. air
inlet temperature (b).

For the dry mode, the cooling capacity depends on the infapégatures of the
cooling water and the surrounding air. The effects of aietitdmperature having diffe-
rent Cooling Water Inlet Temperature (CWIT) ranging fr8f+41 °C were investigated.
The comparative cooling capacities are shown at the righelpaf Fig. 4. The cooling
capacities were found to increase drastically with theekese of the air inlet temperature.
The increasing CWIT augmented the increase of the coolipgaity as well. Although
cooling capacity can be increased with higher CWIT, theedwtboling water tempera-
tures in such cases are also high which is undesirable. Tgeriexental cooling capacity
which is measured at a bit different range was found to confeell to the numerically
calculated one.

Performance of the HCCCT can be substantially improved lifgpvater is used
along with the air from the bottom and this aspect is disalisst.

5.2 Thewet mode operation

The predicted trajectories of the water droplets insideHRECT are shown in Fig. 5,
where the left panel shows the injection of the spray watenf3 nozzles and the right
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panel gives a clearer view of the bouncing pattern of thelsidgoplet trajectory which

bounces several times before reaching the water basin. trmede, the temperature
drop of the cooling water flowing inside the coil mainly degeron the air wet-bulb

temperature and the spray water temperature followed byldherates of the cooling

water and the spray water as discussed next.

@) (b)

Fig. 5. Injection from3 nozzles (a); single particle trajectory (b).

5.2.1 The temperature drop of the cooling water with respeetet-bulb temperature

The cooling capacity has been investigated for WBZ4Hf27 and30 °C and the compara-
tive temperature distribution is shown in Fig. 6, where #maperature is found to decrease
with the increase of the WBT and vice versa. At the nominatatien condition, i.e. ata
WRBT 27 °C, the predicted temperature difference from the top rol¢daottom is about
4.85, therefore, the cooling capacity of HCCCT was found to2be8 RT (104.8 kW)
which compares well with the measured capacitg®f RT (104 kW).

5.2.2 The cooling capacity w.r.t. cooling water to air massifrates

The temperature drop as well as the cooling capacity of th€EClargely depends on
the mass flow rates of the cooling water (W), air (G) and thayspsater (L). Fig. 7 shows
the cooling capacity with regard to the cooling water to aassflow rates for different
spray water volume flow rates. It may be mentioned that, theags flow rates is kept
constant at the simulation condition. Spray water flow rafez5-37 m3/h are studied

and found that, the cooling capacity increases with thesimge of the cooling water flow
rates and spray water flow rates. The flat pattern of the cumdésates that the increasing
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rate of the cooling capacity for the higher cooling water fi@te is rather slow and for
the W/G ratio greater that.8, there is no appreciable increase of the cooling capacity
for any further increase of the cooling water flow rate. It nadgo be noted that the rate
of the increase of the cooling capacity becomes slower hi¢hincrease of the spray
water volume flow rate. This could be due to the fact that winenspray water flow
rate increases excessively, the evaporation of the watgletrat the contact surface of
the coil bank can't continue that smoothly. For the sprayewiow rate of33 m?/h and

at W/G = 0.8, the cooling capacity was calculated to @5 RT (103.7 kW) which
conforms well to the measured capacity.

16 T T T T T T
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Fig. 6. Temperature drop along coil height w.r.t. wet-b@imperature.
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Fig. 7. Cooling capacity w.r.t. cooling water to air mass flate for different spray
water volume flow rates.
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5.2.3 Pressure drop with respect to air inlet velocity

Fig. 8 shows the pressure distribution with respect to daoigy. It's evident that the pres-
sure decreases almost exponentially with the increasmegticity along the height of
the coil. At the nominal simulating condition, the pressdrep was around.11 mmAq
which can be compared to the experimental pressure drdf® ohimAg.

16
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3 6t 1
O sl E

4l |

3+ g

2t T

1 1 I I »—. T

0 1 2 3 4 5 6 7 8

Pressure distribution [mmAq]

Fig. 8. Pressure drop along the coil height by air inlet viéyoc

6 Conclusions

The numerical simulation of the performance charactegstf the HCCCT has been stud-
ied in this paper. Different coil pitches, cooling water floates, spray water flow rates
and air inlet velocity and temperature have been investéhédr devising the optimum
designed HCCCT so that air and water consumption as welitéed Bnd operational cost
can be minimized. Characteristics have also been inveéstidgeaving the air inlet at the
side wall as well as at the bottom end for the dry mode and felhatboth pressure drop
and the cooling capacity conformed well with the experiraérgsult for the air supply
from the bottom which facilitated a uniform air distributi@ver the coil bank. Cooling
capacity for dry mode was studied with respect to air inletgerature for different air
inlet velocity and noted that the capacity increased reataykwith the decrease of the
air inlet temperature. The maximum cooling capacity of t&d€CT in dry mode-winter
operation was 39kW which conformed well to the experimentgacity. This CFD
simulation indicated that pressure drop in a HCCCT can leetdtl by the coil’s pitch, air
inlet velocity, location of the air inlet and spray water floates. In wet mode operation,
cooling capacity and pressure drop was investigated haimgupply from the bottom
end only. The cooling capacities in wet mode were studiel kgispect to WBT, flow rates
of cooling water, spray water and air. The maximum capanityét mode wag04.8 kW
that was also in good agreement with the experimental cgpactce again. It may be
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mentioned that the increasing rate of the cooling capatityesd down perceptibly for
the very high flow rates. The current study demonstratedtttia simplifications made
for the sake of simulation are applied sensibly and the arbatance for that are done
properly, then a CFD package can be utilized to predict tiBopaance characteristics
of HCCCT.
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