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. INVESTIGATION OF THE DROPLET PROPERTIES ALONG THEIR TRAJECTORY IN THE COOLING TOWER
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Abstract—Water capacity is the most crucial thing in the
evaporation process in the cooling tower. Therefore, at the
initial setting, the manufacturer limited the load or the point of
equilibrium so that no drifting or mass transfer occurs during
the process. Mass transfer means that the cooling tower was
experiencing a water deficit. This experiment used a mechanical
draft wet cooling tower (MDWCT) with varying water
capacities between 0.5 — 18 litters per minute (Lpm). This study
changed air capacity also through variations in fan rotation
between 300 — 1500 rpm. In the previous calculation, the value
of 6 Lpm was obtained as the equilibrium capacity.
Mathematical modelling based on Reynolds Averaged Navier-
Stokes (RANS) was applied to simulate the interactions. It
presented heat and mass transfer by mass and temperature
charts, respectively, and their reductions. For low capacity (0.5
Lpm), water undergoes mass transfer, as proven by the mass
flow reduction graph value of 10-8 kg/(m.s). Meanwhile, for high
capacity (18 Lpm), water experiences heat transfer as evidenced
by the temperature difference graph value of 11°C.

Keywords—water capacity, evaporation process, point of
equilibrium, drifting process, heat and mass transfer.

Il. INTRODUCTION

Spraying process, it converts the liquid into droplets of
various sizes (radii) and includes polydispersed multiphase
flows [1]. And the complexity of this process is that the
formation of the spray by an atomizer involves many
mechanisms [2]. One of the modifications in the spraying
process was to include air induction at the nozzles. Sprayers
that used air-induced nozzles can reduce drift problems by
producing larger droplets than similar nozzles without air
induction [3].

Behind the complexity of the atomization process, droplets
store high latent heat during the evaporation process so that it
can be used in many applications such as cooling towers [4].
The multi droplet approach is more feasible to use than the
single droplet because it is closer to the experimental results
[5]. The widely used model in droplet heating, both
evaporating and non-evaporating, is a model that assumes an
infinitely large liquid thermal conductivity [6]. It means that
the droplets spend the heat absorbed to raise the droplet
temperature. Most of these models assume that the droplets
are spherical [7].

There are two distinguished stages of droplet heating [8].
The first is the stage where the temperature increases rapidly
throughout the droplet and, the second is the stage where the
temperature increases slowly to become quasi-steady [8-9].
During heating, heat and mass transfer occurs between the wet
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surface and dry air [9-10]. Also, the mass transfer interactions
between gases and liquids may depend on the physical
properties of the liquid or gas, process parameters, and system
geometry [11].

The results obtained by Santoso et al. [12] were that low
water capacity (0.5 Lpm) produced large droplet diameters
(103® m), and high capacity (18 Lpm) showed small droplet
diameters (1046 m) for 300 rpm fan rotation in the spray zone.
The higher the volume rate, the smaller the diameter. This
statement also applies to higher fan rotation. This study
examines the effect of changing droplet diameter on other
properties along the trajectory that cause heat and mass
transfer. The cooling tower scheme and the parameters used
are presented in Fig. 1 and Table 1, respectively.

«—
Water enters

Water exits

Fig. 1. The scheme of the cooling tower: (1) The suction fan, (2) The
pipeline, (3) The nozzles, (4) The stagnation zone, (5) The edge of the
stagnation zone, (6) The air enters, (7) The water collector, (8) The air exit.

Fig. 1 shows how the working fluid interaction pattern
takes place. Hot water entered the cooling tower through the
pipe above and was sprayed through the nozzle holes on the
pipe wall. The hot water then fell to the bottom of the cooling
tower due to gravity. At the same time, the air around the
cooling tower was sucked into it. Air enters the cooling tower
through the holes in the walls. The air moves up because of
the fan suction above the cooling tower. The interaction



between hot water and cold air occurs along with the cooling
tower.

TABLE I. THE COOLING TOWER PARAMETERS

No. _ _ Parameters :
Dimensions Value Units

1 Tower height (H) 0.56 m

2 Base diameter (L) 0.65 m

3 Roof area (A) 0.032 m?

4 Window height (h) 0.20 m

Nozzle diameter (dy) 0.001 m
6 Water capacity (Qu) 0.5-18° Lpm
7 Fan rotation (ny) 300-1500% rpm

2 Measurements are in steady state condition
I1l. METHODS

A. Numerical Model

This study divided the cooling tower height into three
zones of equal length. The three zones are spray, fill, and rain.
It was done because the elevation of the cooling tower was
relatively short as a prototype. For the fill zone, packing with
an S-wave of 1.25 m was used. Besides, the boundary
conditions of ambient pressure and temperature were 1 atm
and 30° Celsius, respectively. The wind speed around the test
site was almost non-existent because the experiment was done
indoors. So air movement was only due to the suction from
the fan that it was placed on the roof of the cooling tower.

The cooling tower in this study was a counterflow type and
the working fluid used was liquid water and air. Because there
were two different fluid phases, stochastic analysis can be
used. This study considered the second one as a continuous
phase. It figured out using the Euler framework. Meanwhile,
another was counted as a discrete phase. It worked out with
the Lagrange framework. The following are the governing
equations for both analyzes.

B. Governing for Air Flow

Reynolds Averaged Navier-Stokes equation for steady-
state condition models the turbulent flow of continuous phase
which is a compressible flow [13-17] as

V- (pip —I,,Vp) =S, +5, (D

These are the air density p, the air velocity components uy, Uy
and u,, the dependent variables for air flow ¢ that gives the
value of 1 for the equation, the diffusion coefficient for air
variable I, also S,; and S, are the internal source and source
terms, respectively. To simplify calculations, air was
considered as ideal gas and water was considered as water
vapor.

Air density depends on the temperature where it is located.
The following equation calculates air density p [17, 18] as

p=pa/(5=T) @

My,

These are the ambient pressure p,, the air molecular weight
Mu, the universal gas constant R, and the air temperature T.

Based on continuity principle for the continuous phase
[19], the velocity of air on the z-axis u, is obtained as

u, = Q/(pL?) 3

These are the air capacity Q that is yielded from fan rotation
nt and the bottom side of the tower L.

C. Governing for Water Flow

The droplet moves downward so that gravity dominates its
movement. From the momentum equation for incompressible
flow [18, 20] obtained

duwz (pw—p)g fz

d(-2z) - Pwlwz myUwz (4)
These are the z-axis velocity of a droplet u,,, = Q,,/A,, that
is given from the water capacity Qw and the nozzle cross-
section area Ay, the gravitational acceleration g, the water
droplet mass my, and the water droplet resistance force f;
caused by the counter flow of air as

dpw
fo = CaReq ™ Uy, (5)

This is the dynamic viscosity of water u.

For the drag coefficient Cq [21], the droplet Reynolds
number Req [22], and the droplet diameter d [23] are given in
the Eq. (6), Eq. (7), and Eq. (8), respectively.

— 24 0.687 0.42
Ca = Reg (1+0.15Reg™) + 1+4.25x10%*Rey 11° (6)
Red — d(uwz—uz) (7)
Yw
d = Cha~YWe™1/3 8)

These are the kinematic viscosity of water w,, the
dimensionless constant C that is C = 1.95, the characteristic
length b that is b? ~ Ay, the density ratio o that is a = p/p,,.
and the Weber number We [23, 24] that is

We = pyuy,b/oy (€)]

where gy, is the surface tension of water.

Three zones, from the roof to bottom of the cooling tower,
are spray, fill, and rain. The first and third usually have the
same characteristics, so the modeling of these uses the same
approach.

D. Interaction between air and water in spray and rain

The interaction between water and air molecules is
depicted in Fig. 2. In the Lagrange framework for the discrete
phase, the coefficient of heat or mass transfer from the surface
of the droplet is calculated from the correlation of Nusselt and
Sherwood numbers [13-14, 17-18] as Eqg. (10) and Eq. (11),
respectively.

Nu = % = 2.0 + 0.6Re)/*Pr'/3 (10)
Sh="m% = 2.0 + 0.6Re}/*Sc'/? (11)
Dm



These are the Prandtl number of air Pr, the Schmidt number
of air Sc, the thermal conductivity of air k.., the water diffusion
coefficient in air Dy, the coefficient of heat transfer h, and the
coefficient of mass transfer hn.
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Fig. 2. The water droplet flow model falls in the forced air counterflow
stream.

Then the number of the droplet per unit volume Nq and the
surface area of the droplet Aq are as Eq. (12) and Eq. (13),
respectively.

6Qw
Nd = Uy md3 (12)
Ay = nd? (13)

Combining Eqg. (10) until Eq. (13) generates volumetric heat
Kn and mass K transfer coefficient [17, 18] as follows in
Equation (14) and Equation (15), respectively.

Kh = NdAdh (14)
Ko = NgAghy (15)
The water evaporation rate S,, water-energy rate Swe, and

air heat rate S equations [18, 25] are mentioned in Eq. (16),
Eg. (17), and Eq. (18), respectively.

_ Py Py
Sm = Ka (RTW RT) My (16)
Swe = Kn(Ty, = T) + Sp7iy (17)
Sae = Kn(Tyy —T) + Spcpy (T, — T) (18)

These are the saturated vapor pressurep, , the partial
pressure of vapor py, the universal gas constant R, the droplet
temperature Ty, the air temperature T, the molecular weight of
droplet My, the latent heat of droplet r, and the specific heat
of droplet at constant pressure Cpy.

E. Interaction of air-water in fill

Fill is an area where it extends contact between water and
air, and because the flow of water is so complex that the
formulation for this zone is an empirical equation from the

experimental results. Usually recommended one is Merkel's
method [15, 18, 26] to get the mass transfer coefficient K,

Ko = Bgq'Q" (19)

These are the experimental coefficients that are B, m, and n.
Meanwhile, ga and Q are air velocity and capacity,
respectively. The values of the coefficients depend on the
width of the S-wave used. For 1.5 m widths, the values of 1.48,
0.69, and 0.3 are for B, m, and n, respectively. As for the width
of 1.25 m, the values of 1.8639, 0.60, and 0.34 are for B, m,
and n, respectively.

The water evaporation rate Sy, equation [18, 26] is
S = Ka(xy — x4) (20)

These are the ratio of the humidity of moist air in saturated
condition x, that is x, =0.622p,/(p —p,) at water
temperature Ty, the ratio of the humidity of moist air in
ambient x, that is x, = w,, /(1 — w,,), and the fraction of the
vapor mass wy.

The heat transfer coefficient in volumetric Ky [18, 26] is
calculated by

Ky, = K, - Le; 1)

The Lewis factor Ley is given by the Bo$njakovi¢ formula [27]
that is

Ley = 0.865%/% (2 _ 1) / m(2)] (22

Xqt+j Xa+]j

The ratio between Les and j is assumed constant at 0.865 and,
the ratio j between the molecular weight of water and air is
0.622. The water-energy rate Swe and the air heat rate Sae
equations in this zone are as same as in the other zones.

F. Parameter’s Measurement

From the energy balance equation, assuming the Lewis
number is 1 [28], an equation is obtained to estimate the
change in droplet temperature as

dTy, hm
By O (e —Tom) (23)

dz CpvPwlwzd

The following are the enthalpy of saturated water rmw, humid
air rm, and vapor r, [28] as in Eq. (24), Eq. (25), and Eq. (26),
respectively.

Tow = CppTw + Xy (24)
T = T + X4 (Two — ¢ T) (25)
Ty = Tywo + CppTw (26)

These are the specific heat of air at constant pressure cp, the
enthalpy of water at 0°C ruo, and the temperature of air T.

The process of mass transfer causes droplet mass to
decrease when traversing. To get the mass difference
equation, it is derived from the mass balance equation by
combining the velocity [28] so



2
dmy _ p nd” d(d) (27)

dz W 2 dz

where the diameter difference [28] along the tower is

(@@ _ th(X;v—Xa) (28)

dz Pwlwz

Meanwhile, the humidity ratio equation along with the height
of the tower was derived from the mass balance equation [28]
as

dwa _ (ﬂ) 6hm (¥w—%a) (29)

dz Ma Pwliwzd

Calculation of cooling tower effectiveness ¢ [29] is the
same as the calculation of heat exchanger performance as

Twi—Th
e = w,i”w,0 (30)
Tw,i_wa,i

These are the temperature of inlet water Ty, the temperature
of outlet water Ty, and the temperature of the wet-bulb Typ,i.

IV. RESULTS AND DISCUSSIONS

Before this study discusses the calculation results, it is
needed to return to the purpose, which is to investigate the
droplet heating process in the cooling tower. In the heating
process, heat and mass transfer occurs in the droplets, which
are the main study in this discussion. Therefore, all graphs
were based on the droplet trajectory axis (z-axis), which had a
starting point (z = 0) at the nozzle outlets and an endpoint (z =
H) on the water surface in the water collector.
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This study compared the dimensionless numbers from the
experiment that it was being currently done to the attempt
conducted by [2]. They used a nozzle 1 mm in diameter and
were the same as the experiment this study was currently

doing. The results of this comparison were presented in
logarithms, as shown in Fig. 3.
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The capacity of water through the nozzle strongly
influenced the formulation of the Reynold and Weber
numbers. The greater the water capacity, the greater the
Reynold and Weber number. The capacity limit of our
flowmeter was only up to 0.5 Lpm and could not read for
lower capacities. Therefore, this study was in a turbulent
region only in contrast to that of Dhivyaraja et al. [2] did it
where it was in two zones, laminar (inside the red dotted line)
and turbulent. It caused our Reynold and Weber number
results to be larger than them.
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Fig. 6. The velocity of the droplet.

The diameter and diameter reduction along with the tower
are discussed first because the diameter is directly related to
the process of mass and heat transfer. As shown in Fig. 4, low
capacity tends to have a large diameter, contrary to the high
one tends to have a small diameter. The large diameter has a
large surface area that facilitates the diffusion process between
droplets and air, causing windage or water loss. The windage
process is the same as the mass transfer because a lot of water
is carried by exit air in the form of a liquid phase.
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Fig. 7. The velocity reduction of the droplet.

Graphs in Fig. 5 are the result of the derivation of Fig. 4
where the lowest capacity gives the highest reduction. For the



high one, the graph appears constant because of the diameter
reduction getting lower.
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Droplet velocity along the tower height is given by Fig. 6.
High capacity provides high speed for the same cross-
sectional area, which is the principle of continuity. Gravity has
a small effect on velocity because of the high initial speed. It
was obtained from the spraying process. In Fig. 7, overall
velocity reduction is of small value because the influence of
the upward moving air drag force is also relatively small
compared to the initial droplet velocity.
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An interesting phenomenon is given by droplet mass flow
graphs, as shown in Fig. 8 and the mass flow reduction graphs
in Fig. 9. The lowest capacity has the smallest mass flow,
while the reduction graph shows the highest value. It indicates
that some droplet masses which were carried by air as losses.
Towards the bottom of the tower, the reduction gets lower,
which represents the mass loss in this section is lower than in
the tower roof. It is possible because the air velocity at the
bottom is lower than on the ceiling.
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The opposite of the mass phenomenon occurs in droplet
temperature graphs, as described in Fig. 10, and temperature
reduction graphs, as figured in Fig. 11. This cooling tower is
part of the system for heat dissipation so that the inlet

temperature of the cooling tower varies. The intake
temperature tends to be high for high capacities because the
mass flow rate that carries heat is also high, whereas the low
one is the opposite. The highest capacity has the lowest
temperature, whereas the temperature reduction is highest. It
denotes a high performance of heat transfer, which causes the
highest reduction of the droplet temperature. The heat transfer
is comparable to the degradation in it. The higher the
degradation, the greater the heat transfer.
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Fig. 11. Droplet temperature reduction.

In line with the droplet temperature, humidity graphs, as
seen in Fig. 12, and humidity reduction graphs, as found in
Fig. 13, have the same phenomenon. The highest capacity has
the lowest humidity, which means that the water content in the
air at that time was little, and most of the water has turned into
steam. It results in the highest humidity reduction for the
highest one, as shown in Fig. 13.
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The proof of all the discussion above is summarized in the
performance graphs, as shown in Fig. 14. The highest water
capacity and the highest fan rotation produce the highest
effectiveness, although there is a limit of ambient temperature,
which prevents graphs from value 1.
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CONCLUSIONS

For a capacity of 0.5 Lpm, the diameter had decreased due
to the influence of the drag force. However, it cannot be
immediately assumed that this reduction in diameter
represented a reduction in mass. If it was compared with the
mass flow reduction graph, for a capacity of 0.5 Lpm, there
was a reduction in this along the path. It also happened for
other ones but at a lower value. From this graph, it can be
concluded that in all water capacities, there was a reduction in
mass due to the influence of the drag force of the air flowing
upwards. However, for a load of 18 Lpm, the mass reduction
was smaller than for a capacity of 0.5 Lpm.

For a capacity of 18 Lpm, the temperature had the largest
decrease, and the temperature reduction graph reinforced this,
which showed the highest reduction value. From this
information, it cannot be avoided that a high-temperature
difference indicates a high heat transfer. Therefore, it can be
concluded that heat and mass transfer processes occur in the
droplet heating process. But it can be chosen which was more
dominant between these by applying low or high capacity.
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