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ABSTRACT

Numerical study for investigating the phase change behavior of a drift from a mechanical draft cooling tower is presented. A k-& turbulence model, discrete
phase model, species transport equations, and a heat-mass excchange model are solved simnltaneously to capture the beat andmass transfer effects of a drift
condensing and evaporating effects. The simulation result is compared to an available real scale test data and its limitation is also discussed. A parametric
Studyis carvied ont by varying the ambient dry bulb temperature, ambient relative humidity, wind speed, liguid droplet diameter, and the drift amount. 1t
is foundthat by combining the evaporation and condensation models, a drift phase change phenomena is accurately depicted. A parametric stndy reveals
that wind speed impact is affected by the ambient temperature and the number of liguid droplets and their sige play a critical role in the phase ¢change

phenomenon.

INTRODUCTION

Drift is small water droplets ranging from 10 to 2000 microns coming out of cooling tower that contain identical
chemicals and solids as the circulating water such as salt, bacteria, dirt, and debris. Even though drift eliminators can
reduce cooling water loss rate down to 5X10-5%, the escaped tiny droplets still cause health concerns such as
Legionella, pollutes nearby water sources, erosion of mechanical system, corrosion of steel structure, deposition on
nearby equipment, and water loss. Therefore, a drift trajectory prediction is one of many concerns for mechanical
draft cooling tower operation and design. Escaped drift from the cooling tower grows or diminishes by condensation
and evaporation and condensation. Moreover, its dynamic behavior is affected by various factors like fan, buoyancy,
ambient conditions, drift amount, liquid droplet size, as well as nearby topology such as buildings. These upper
mentioned complex physics are difficult barriers for analytical or theoretical approaches.

Liquid droplet evaporation modeling has been reported in various applications. For the defense application, it is
being used for lowering infrared signature (Han, 2014). It is also being applied to dry cooling systems in power
industry to compensate the power loss by spraying water (Han, 2016). Regarding condensation modeling work in a
mechanical wet cooling tower, many analytical approaches have been made (Hanna, 1972) to estimate plume rise
which is not suitable to a condition having the recirculation near the ground and in complex environmental
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conditions. A CFD approach was recently reported (Ershov et al., 2021) using the phase change mass fluxes
predicting equation derived from statistical mechanics as well as the thermodynamic states of the liquid and vapor
without considering heat transfer. More recently, a simple condensation prediction model using CFD (Han et al,,
2023) was developed based on psychrometric equations.

In this study, drift behavior from a mechanical cooling tower is studied with the assistance of a general purpose
CED software. The pre-established evaporation (Han, 2016) and condensation (Han etal., 2023) models track the
growth and decay of drift by considering relative humidity, wind speed, liquid droplet size and amount, and ambient
temperature. A subroutine is developed based on psychrometric equations and incorporates the phase change
phenomena.

NUMERICAL METHOD

The numerical analyses for a two-dimensional domain were carried out by simultaneously solving species
transport equations along with turbulence models, discrete phase models, the continuity equation, momentum
equations, energy equations, and heat/mass exchange models to track the phase change of liquid droplets. The
standard k-g model is adopted as the turbulence model. The mixing and transport of species are modeled by solving
conservation equations describing convection, diffusion, and reaction sources for each component species. The fluid
phase is treated as a continuum by solving the Navier-Stokes equations, while the dispersed phase is solved by
tracking a large number of liquid droplet particles throughout the calculated flow field. The dispersed phase exchanges
momentum, mass, and energy with the fluid phase. Considering the lower volume fraction of the dispersed second
phase, particle-particle interactions are neglected. The droplet trajectories are computed individually at specified
intervals (every 10 iterations) during the fluid phase calculation. The trajectory of a discrete phase patticle is predicted
by integrating the force balance on the particle. Heat and mass exchanges are modeled using heat and mass transfer
relationships. The moisture amount in the bulk gas is acquired from solution of the transport equation. Depending on
the humidity ratio, condensation and evaporation modes are switched. When the humidity ratio exceeds the saturated
value, droplet condensation is initiated. The exceeding moisture forms spherical liquid droplets, and the
corresponding latent energy is used as a source term in the energy equation. All psychrometric parameters like
saturation pressure and humidity ratio are calculated using the equations in ASHRAE fundamentals (2017). The
second order upwind scheme is used for density, momentum, species, and energy discretization. The coupled scheme
is introduced to pressure-velocity coupling. For turbulent kinetic energy and turbulent dissipation rate discretization,
the first order upwind scheme is applied. The set of coupled governing equations are solved using the commercial
CED software. The detailed equations and modeling descriptions can be found in the liquid droplet evaporation
modeling work (Han, 2016).

As seen in Figure 1, a numerical domain with a 4000 ft (1200 m) length and 2000 ft (600 m) height is constructed
with 16.40 ft (5 m) squared meshes majorly, whereas 3.28 ft (1 m) size square cells are placed in the vicinity of a
cooling tower. The cooling tower width and height are both 60 ft (18 m) and is located 1300 ft (400 m) from the left
velocity inlet. A fan boundary is placed inside the cooling tower to depict the air motion near the cooling tower and
predetermined air-water droplet mixtures are discharged from the top coolingtowe ropening having 31ft (9.5m)
diameter.
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Figurel Numerical domain and boundary settings

The grid dependency is checked using three different meshes having 27,802, 44,728, and 79,160 cells. The
averaged relative humidity on the ground level and air sides varies within -1.7% and 1% as meshes. The averaged
temperature change as grid density is within -0.07% and 0.36%. These small variations as grid density are ignorable
when it considers the result fluctuation in tables 1 and 2. Hence, a computational domain having 27,802 cells is
selected for this analysis.

Figure 1 also shows the grids along with boundary conditions. Velocity inlet and pressure outlet boundaries are
placed on the vertical boundary lines whereas a symmetry boundary is assigned on the top line to reduce backflow and
improve convergence. Additionally, a no-slip boundary condition, with a zero-roughness height, is applied to the
ground and walls of the cooling tower. For an open terrain with scattered obstructions having heights generally less
than 30 ft (9 m), a velocity profile is proposed per ASHRAE handbook (ASHRAE Fundamentals, 2017).

Un=1.58632Una(H/10)014 )

A typical meterological tower height is assumed to be 33 ft (10 m). The default wind velocity at meteorological
tower is the half of the averaged fan air velocity 30 ft (9.12 m/s). The atmosphetic temperature is height dependent
and has a gradient of -0.003567°F/ft (-0.0065 K/m) as per the ASHRAE handbook (ASHRAE Fundaments, 2017).
Moisture amount is initialized with the identical value for the entire numerical domain because water vapor amount
does not vary with altitude up to 9900 ft (3 km) according to ASHRAE handbook (ASHRAE HVAC Applications,
2019).

RESULTS

To validate the numerical model, an actual field measurement (Meyer, 1974) is compared with the CFD results.
Velocity and temperature profile from the actual test is introduced to the validation model. The selected ambient
condition is 30°F (-1°C) dry bulb temperature, 50% relative humidity, and 16.73 ft/s (5.1 m/s) wind speed. Air flow
rate of the fan is 23,200 ft3/s (657 m3/s). Dty bulb temperature and relative humidity of air coming out of the cooling
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tower are 81.5°F (27.5¢C) and 98%. The liquid droplet diameter and the drift flow rate are assumed as 0.004 inch (0.1
mm) and 0.0008 Ibm/hr (1.0x10-7 kg/s) consideting typical droplet size and modem drift eliminator performance.

The actual temperature profile measurement at 1200 ft (365 m) altitude is compared to CFD in Figure 2 where a
temperature difference is noticeable near the cooling tower location. This temperature inversion in the field test trial
was caused by the mixing of two air flows having different wind directions at 1000 ft (300 m) altitude. This illustrates
the difficulty of the atmospheric modeling in CFD, especially for two-dimensional geometty.
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Figure2 Compartison of temperature between the actual field test trial and CFD.

A simple comparison illustrates the simultaneous condensation/evaporation effect compared to evaporation ot
condensation only scenarios. When only condensation is allowed for Case 5, condensation flux (kg/s) increases 0.12%
on the ground level while 0.1% decrease in air compared to a case including both phase change phenomena. In case
only evaporation is activated, condensation does not occur at all as it should be. This illustrates that both evaporation
and condensation should be considered in a model.

For the humidity and ambient dry bulb temperature impact on condensation and evaporation, total nine cases
composing of three different dry bulb temperatures and three relative humidity are established as Table 1. Due to the
lack of the mechanical cooling tower operating data, the plume status coming out of the tower is estimated using a
simple energy balance.

mw,icp,wTw,i + ma,i,\vetha,i = mw,ocp,wT\v,o + ma,o,weth 2,0 (2)

Dry air mass can be assumed as wet air mass when the small amount of water vapor mass is considered. After
dividing the energy equation with the air mass, the cooling tower outlet air enthalpy can be expressed with the
circulating water temperature difference and other known values. It is assumed that the fan delivers the constant air
flow rate.



ha,o:ha,i+ (mw,i/ ma,dry) X ( Tw,i‘TW,o) (3)

If the generated heat from a boiler is constant, water side temperature difference does not change as the ambient
condition because water mass flow rate and specific heat of water do not vary much with temperature. In this way,
exit air temperature from the cooling tower can be calculated by assuming fully saturated condition and the obtained
exit enthalpy from the equation above.

Table 1 presents the ambient air-dry bulb temperature and relative humidity impacts in terms of phase change
mass source (kg/s), m,. Negative number means condensation occurs and positive number indicates evaporation is
dominant. Magnitude represents the phase change mass flow rate. For a given dry bulb temperature, condensation is
strengthened with the ambient relative humidity. For a given relative humidity, evaporation increases with ambient dry
bulb temperature because the increased temperature allows air to hold more moisture. Even though evaporation is
dominant in hot air condition (35°C dry bulb temperature), condensation still happens when the relative humidity is
high (90%). Interestingly, the condensation and the evaporation are balanced on the ground level for Case 7.
However, it should be noted that the condensation modeling parameter needs to be tuned to correlate CFD data to
actual condition. In general, phase change intensity of the ground level is stronger than that of air due to the
recirculation of plume. The plume coming out of the cooling tower mostly resides the ground level as Figure 3 shows.
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Figure3  (a) Temperature (b) Relative humidity contours of Case 5.
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Figure4 Liquid droplet mass for Case5.
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Table 1. Mass source as ambient conditions

m; on the ground

Case Ta [°C] RH [%] level [ke/s] ms in air [kg/s]
1 -1 20 -8.11E-07 -4.22E-08
2 -1 55 -1.17E-06 -6.34E-08
3 -1 90 -1.46E-06 -8.24E-08
4 18 20 -1.52E-07 -1.79E-09
5 18 55 -2.37E-07 -5.14E-09
6 18 90 -9.84E-07 -4.38E-08
7 35 20 0 4.54E-12
8 35 55 5.26E-11 4.50E-12
9 35 90 -1.10E-06 -8.74E-09

Case 5 is a good example showing simultaneous condensation and evaporation of drift. The released liquid
droplet mass increases initially by condensation and gradually reduces as flow path by evaporation. Hence, this case is
used to investigate the impact of other parameters like wind speed, liquid droplet diameter, and drift mass flow rate as
summarized in Table 2. 50% reduced wind velocity reduces the recirculation zone and augments condensation which
is different from the previous study (Han et al., 2023). In cold environment (Han et al., 2023), strong wind strengthens
the condensation by enlarging the mixing zone with lower ambient temperature air. For a mild ambient condition like
Case 5, evaporation and condensation balances differently as wind speed. Regarding the particle size impact, the
number of droplets increase with reducing droplet diameter because the total drift flow rateis fixed. Smaller droplet
enhances phase change by increasing the surface area and having more interacting chance with water vapor molecules.
As it can be easily predicted, drift amount increase helps the phase change phenomenon by providing increased
number of droplets.

Table 2. Relative change of mass source as wind and drift

Case Wind speed qul.nd droplet Driftamount m; on the ground m; in air
diameter level
10 -50% - - 75% 242%
11 50% - - -80% -82%
12 - 10% - 6563% 4605%
13 - 1000% - -100% -100%
14 - - 50% 49% 49%
15 - - -50% -50% -50%
CONCLUSION

A parametric study is carried out to investigate the drift phase change behavior using computational fluid
dynamics coupled with a subroutine to model evaporation and condensation at the same time. A set of turbulence
models, discrete phase models, heat and mass transfer models, and species transport equations are solved
simultaneously. The overall behaviors of drift phase change as ambient temperature and relative humidity agree well
with a common physical understanding. The role of wind speed and the recirculation zone varies as ambient condition
and further study to correlate their impact on evaporation and condensation is required. Reducing liquid droplet size
intensifies phase change phenomenon of drift by enlarging the surface area and increasing the number of particles.
The effort to reducing drift amount should be persisted when its linear correlation to phase change is considered.
Finally, a comparison with the available experimental data illustrates the atmospheric modeling difficulty.



ACKNOWLEDGMENTS

“This work was produced by Battelle Savannah River Alliance, LLC under Contract No. 8§9303321CEMO000080
with the U.S. Department of Energy. Publisher acknowledges the U.S. Government license to provide public access
under the DOE Public Access Plan (http://energy.cov/downloads/doe-public-access-plan).”

NOMENCLATURE

¢w = specificheat [J/kg/K]

h = enthalpy[J/kg]

H = altitude[m]

m mass flow rate [kg/s]

T Temperature [K]

U = velocity[m/s]
Subscripts

a = air

dry = dryair

H = Height

i = inlet

met = meteorological

0o = outlet

s = source

w = water

wel = moistair
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