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ABSTRACT are from 4% to 34% at different distances from the tower
A homogeneous two-phase multi-group model of drift drop centerline). The predicted deposition fluxes are in agreement
plumes emerging from natural draft cooling towers has been with the experimental values within a factor of 1.5, which is
developed and validated using the experimental data obtained irwell within the industry acceptable error limits (a factor of 3).
the 1977 Chalk Point Dye Tracer Experiment (CPDTE). The The model developed is recommended for analyzing the drift
conservation equations for mass fractions of water droplets drop plumes under the conditions similar to CPDTE conditions
having different sizes are solved in addition to the standard of small Stokes numbers. It is easier to use and not less accurate
conservation equations for mixture mass, momentum, energy,than the multiphase Eulerian-Lagrangian CFD models used
water vapor mass fraction and turbulent quantities (turbulent recently by various researchers for modeling CPDTE plume.
kinetic energy and its dissipation rate). Extra terms are provided The model has a potential to supplant or complement the latter
to the conservation equations for mass fractions of liquid water in the computational analyses of gravitational phenomena in
to account for the drift of water drops due to their gravitational complex two-phase flows in engineering equipment and its
settling. Various formulations for drift velocity and terminal environment.
velocity have been tested and compared. The phase change
effects (condensation, evaporation, solidification and melting) INTRODUCTION
are assumed to be negligible due to specific conditions of the  Over the past three decades, CFD (see Versteeg and
experiment. The droplet-size distribution available at the Malalasekera (1995) for more details) has been increasingly
cooling tower exit and containing the 25 groups of drops is used as a predictive tool in the analyses of plumes emerging
simplified to 11 groups. Also, the 3-group and 1-group options from industrial settings such as cooling towers, etc. It is
are considered for comparison. The individual drop deposition becoming a validated and user-friendly computational tool in
fluxes and the total deposition flux are calculated and comparedthe environmental assessments of dispersion and deposition of
with the experimental data available at the sensors located onpollutants. The standard practice is to use the commercial
the 35° arcs at 500 and 1000 m from the cooling tower general-purpose CFD codes such as PHOENICS, ANSYS
centerline. The total deposition flux is calculated as a sum of FLUENT, ANSYS CFX, etc. for such analyses.
products of individual group mass concentrations of water In particular, Markatos et al. (1987) used the PHOENICS
drops and corresponding terminal velocities. The model has software for studying the behavior of cooling tower effluent
been incorporated into the commercial general-purpose under various environmental and operating conditions. They
Computational Fluid Dynamics (CFD) code, PHOENICS. The developed a customized homogeneous two-phase flow model
study has demonstrated a good agreement between the CFIxccounting for the water droplet drift via inclusion of additional
predictions and the experimental data on the water vapor plumesource terms into the conservation equations for mass
rise and the total drift deposition fluxes. In particular, the plume concentrations of water vapor and water droplets. The phase
rise predictions agree well with experimental values (the errors change effects were accounted for and the specific formulae
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were used for the terminal drop velocity and droplet size The homogeneous CFD model developed consists of the
growth. The turbulent model used in that paper was the simpleststandard conservation equations for mixture mass, momentum,
one, i.e. the constant effective turbulent viscosity was specified energy, water vapor mass fraction and turbulent quantities
in the whole computational domain. The authors concluded that (turbulent kinetic energy and its dissipation rate) and the
the ‘results obtained are qualitatively realistic’ but ‘there are additional conservation equations for mass fractions of water
still many uncertainties related to the model, e.g. turbulence anddroplets having different sizes. To account for the presence of
appropriate auxiliary correlations’. drops with different sizes a number of additional equations are
Brown et al. (2003) customized the ANSYS CFX software for used. The experimental droplet-size distribution available at the
CFD prediction of moisture-laden buoyant plumes by applying cooling tower exit and containing the 25 groups of drops is
the homogeneous two-phase mixture model with solving the simplified to 11 groups, 3 groups and 1 group (see next
additional conservation equations for mass fractions of water section). Extra terms are provided to the conservation equations
vapor and liquid water and providing the appropriate source for mass fractions of liquid water to account for the drift of
terms accounting for evaporation and condensation. No accountwater drops due to their gravitational settling. Various
was made to calculate the gravitational settling due to small formulations for drift velocity and terminal velocity have been
sizes of droplets considered. The kaodel of turbulence was  tested and compared (see Annex A). The phase change effects
applied with the buoyancy correction term includeg=(0. (condensation, evaporation, solidification and melting) are
Meroney (2006) and Lucas et al. (2010) used the FLUENT assumed to be negligible due to specific CTDTE conditions on
software for predicting the cooling tower plume rise and drift the night of June 16-17, 1977 (93% relative humidity of
deposition rates. They applied the Eulerian-Lagrangian ambient air). The total drift deposition flux is calculated as a
multiphase flow option and validated it using the experimental sum of products of individual group mass concentrations of
data obtained in the Chalk Point Dye Tracer Experiment water drops and corresponding terminal velocities.
(CPDTE) in Maryland, USA during the night of Junel6-17 in
1977. The standard «imodel of turbulence was used. These 2.0 MODEL VALIDATION with CPDTE DATA
researchers validated their predictive models using the highThe CFD model developed was validated using the CPDTE
quality CPDTE data on the sodium/water drift deposition fluxes data, that were used by Hanna (1978), Meroney (2006) and
at the measurement locations, i.e. on the 35° arcs at 500 and.ucas et al. (2010) for validating their models. The CTDTE
1000 m from the cooling tower centerline. Also, the CFD input data and the experimental values of drift deposition fluxes
predictions of plume rise were compared with the experimental on the 35° arcs at 500 and 1000 m from the cooling tower
data. The CTDTE data on drift deposition flux and plume rise centerline were taken from Hanna (1978), Hanna et al. (1982),
were available from Hanna (1978) and other papers and reportsMeroney (2006) and Lucas et al. (2010).
Meroney (2006) provided a comprehensive description of this
validation study. 2.1 Input Data in the CPDTE Case Study
In this paper, a homogeneous two-phase multi-group model of A tall natural-draft cooling tower (124 m tall, 114 m in base
drift drop plumes emerging from natural draft cooling towers diameter and 54.8 m in exit diameter) was used on the night of
has been developed and implemented into the PHOENICS CFDJune 16-17 in 1977 in CPDTRE in order to measure the drift
software (2011 version). The CPDTE data are used to validatedeposition rate at a few downwind locations. The drift is the
the  customized model developed and practical circulating cooling water drops escaping from the cooling
recommendations are made on its application for pragmatic tower. The water with drop sizes from 10 to 1400 micron was
prediction of water deposition from a typical natural draft carried out of the tower and its deposition was measured at the
cooling tower. The major model features are described in thedownwind distances of 500 and 1000 m from the tower
next section. The details of CPDTE case study are described incenterline. The exit liquid water mass flow rate was about 328
sections 2.0-2.8. It should be noted that PHOENICS was g/s as stated by Lucas et al. (2010) and the exit sodium mass
validated for gas release and dispersion applications by Agranatflow rate was 1.86 g/s as mentioned by Hanna (1978) and
et al. (2007), Tchouvelev et al. (2007) and Houri et al. (2011). Meroney (2006). The drop-size distribution at the tower exit is
available from Hanna (1978) and Hanna et al. (1982) (see Table

NOMENCLATURE 11.1 on page 78). It contains 25 groups of drops with different
Put nomenclature here. sizes and percentages of total mass flow rate. The vertical
plume velocity was 4.5 m/s and the plume temperature was

1.0 MODEL EQUATIONS 308.6 K, implying a virtual temperature of 315.3 K. The use of

Based on the estimates of Stokes number (see next section) ivirtual temperature enables to account for the air humidity.
was concluded that the homogeneous model approach (seeéiccording to Hanna (1978) the virtual temperature is equal to
definition in Kleinstreuer (2003)) to the CFD modeling of the the actual temperature times (1+0.61q), where q is the specific
gas-liquid flow of air with water droplets is applicable to the humidity. The ambient temperature was 293 K, the relative
CPDTE conditions on June 16-17 1997. humidity was 93% and the ambient virtual temperature was

295.3 K. The wind speed was 8 m/s above the height of 100 m
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and almost linear below the height of 100 m with the value of §

m/s at 50 m height.

The summary of major CPDTE input parameters required fo
CFD modeling is shown in Table 2.1 and more detailed
information on the drop size distribution is provided in Table

2.2,

Table 2.1 Input data summary

11 9 600-800 700 1.9
11 10 800-1000 900 1.6
11 11 1000-1200 1100 1.1
3 1 10-130 53 75.3
3 2 130-450 224 18.5
3 3 450-1200 771 6.2
1 1 10-1200 129 100

Input parameter name Symbol, unit Value/Formula
Height of tower above the ground H, m 124

Diameter of tower base Dp, m 114

Diameter of tower exit D, m 54.8

Plume vertical speed at tower exit W, m/s 4.5
\olumetric flow rate at tower exit Q, s 10,608

Wind speed at heights above 100 m U, m/s 8

Wind speed at heights below 100 m U, mis U=0.35232°7%
Virtual plume temperature Tw, °K 315.3

Virtual ambient temperature Tva, °K 295.3

Actual plume temperature Ty, °K 308.6

Actual ambient temperature T, °K 293
Buoyancy flux F, nf/s® 2102, eq. (3.1)
Gas density at tower exit Pgs kg/n? 1.11

Laminar kinematic viscosity of mixture | v, né/s 1.55E-5
Molecular weight of air M, kg/kmol 28.9

Ambient pressure P, kPa 101

Universal gas constant R, J/kmol/K 8314

Mass flow rate of water at tower exit wim Kg/s 0.328

Mass flow rate of sodium at tower exit s,mka/s 1.86E-3
Water mass concentration at tower exit | v, Eg/n? 3.09E-5
Sodium mass concentration at tower ex|t ¢, Kg/n? 1.75E-7

Mass fraction of water at tower exit wYkg/kg 2.78E-5

Mass fraction of sodium at tower exit s, Xg/kg 1.57E-7
Number of drop groups in drop-sizeN 25

distribution at tower exit

Range of drop diameters at tower exit mind0 Gnay , UM | 10 to 1400

2.2 Similarity Analysis

The input data listed in Tables 2.1 and 2.2 were used to estimate
the terminal velocities and Stokes numbers in the CPDTE case
study. Table 2.3 shows the values of terminal velocitiesakd

Vi, and Stokes numbers,; @tnd S, for different drop sizes.
Vi, and St were obtained with use of standard Stokes drag law,
which is valid in cases of small water drop sizes (d < 77 um)
where the drop Reynolds number jRe 1. In particular,
V,1=1000/p*g*d %/(18v) and St= V.1 /g*VIL. V, and St were
obtained with use of more general empirical correlations for
terminal velocity, i.e. Engelmann formulae available in Hanna
et al. (1982) (see formulae (11.17)) were used to calculgte V
and St = Vi, /g*V/L. The characteristic flow velocity, V, was
equal to the wind speed of 8 m/s and the characteristic length,
L, was equal to the exit diameter of 54.8 m. It should be noted
that St is equal to the standard Stokes number, St, defined for
small drop sizes in the literature (see definition in Kleinstreuer
(2003)) and Stis its generalization for arbitrary drop sizes. It is
seen from Table 2.3 that both Stokes numbersagd Sf, are
smaller than unity for all the drop sizes considered. In
particular, S{<0.062<<1 for all drop sizes. Using StzSor
large drops could lead to significant over-estimations of Stokes
number, e.g., at d=1100 um, & larger than S$tby one order

of magnitude. Based on the estimates of &d St the
application of homogeneous model of two-phase flow described
in section 2.0 was considered valid in this validation study as

The experimental drop-size distribution at the tower exit St<<1 for all drop sizes used in the model (see Table 2.2).
available from Hanna et al. (1982) (Table 11.1 on page 78) As a result, the differential equations for droplet velocities that
contains 25 groups of drops with sizes from 10 to 1400 um. It are solved in Eulerian-Lagrangian models were reduced at
was simplified to the 11-group distribution and then further St<<1 to algebraic equations linking the gas and liquid
simplified to 3-group and 1-group distributions as shown in velocities. In homogeneous model, the horizontal velocity
Table 2.2. The drops with sizes from 1200 to 1400 um were components of gas and liquid are equal and the difference
ignored as their mass contribution was only 0.2% of total mass. petween the corresponding vertical velocity components is

All three different drop-size distributions (11-, 3- and 1-group equal to terminal velocity. The gravitational settling of drops
options) were used in comparative CFD study.

Table 2.2 Simplified 11-, 3- and 1-group drop-size

distributions at cooling tower exit

Number Group Drop Diameter | Representative | Percent

of Groups | Number | Range (um) Drop size, um | of

in Model Total
Mass

11 1 10-50 30 42.6

11 2 50-90 70 22.3

11 3 90-130 110 10.4

11 4 130-210 170 10.2

11 5 210-270 240 4.0

11 6 270-350 300 2.7

11 7 350-450 400 1.6

11 8 450-600 500 1.6

was accounted for algebraically by providing additional source
terms in the conservation equations for mass fractions of water
drops.
Table 2.3 Estimates of terminal velocities and Sokes
numbersfor CPDTE case study

Drop Via Vi S 52
Diameter (m/s) (m/s)

(m)
7.00E-05 0.1552 0.1480 0.00231 0.00220
1.00E-04 0.3168 0.3017 0.00471 0.00449
5.00E-04 7.919 2.005 0.1178 0.0298
7.00E-04 15.52 2.964 0.2310] 0.0441
9.00E-04 25.66 3.575 0.3818 0.0532
1.10E-03 38.33 4.153 0.5704] 0.06140
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2.3 CFD Model Features
Based on the estimates of Stokes number the homogeneous twc
phase multi-group model was applied to model the CPDTE drift
drop plume. The 11-, 3- and 1-group drop-size distributions
shown in Table 2.2 were used to estimate the effect of number
of groups on the model predictions. The two turbulent models
were tested: the standarde knodel and the constant effective et
turbulent viscosity modelv{0.01 x half width x velocity
difference) of Markatos et al. (1987) were applied for
comparison. The two drift drop velocity options were compared L=
(see Annex A): the terminal drop velocity and the drift velocity
similar to the one used by Markatos et al. (1987). The phase
change effects were not accounted for as it was shown by il Folnt Tovar Homogenecus 14 rows
Meroney (2006) and Lucas et al. (2010) that these effects are
negligible for the ambient relative humidity of 93% observed Figure 2.1 CFD domain with cooling tower, ground, inlet
during the CPTDE measurements on the night of June 16-17,and outlet.
1977.
The computational domain (3000 m x 1000 m x 750 m), the 2.4 Water Vapor Plume Rise Prediction
cooling tower, the ground, the inlet and the outlet are shown in The first step in model validation was comparing the predicted
Figure 2.1. The cooling tower was located on the symmetry water vapor plume rise with the experimental values available at
plane at a distance of 500 m from the inlet. Its shape was50, 100 and 200 m from cooling tower centerline. Table 2.4
modeled using a cone frustum with a height of 124 m, base shows the results of comparison with use of different grid sizes.
diameter of 114 m and an exit diameter of 54.8 m. At the tower Also, the comparison was made with the estimates based on the
exit the constant vertical velocity of 4.5 m/s was specified and Briggs’ formula for buoyancy-dominated bent-over plumes
the turbulent intensity of 10% was used. The water drift was (equation (2.15) in Hanna et al. (1982) and equations (1) and
introduced by a proper drop size distribution from Table 2.2. (2) in Hanna (1978)). This standard plume rise formula is
The power law recommended by Lucas et al. (2010) was usedprovided below for convenience
to reproduce the experimental variable inlet velocity below 100 Az=1.6F"%(Ax)?3U, F=0.25gWB(Ty=Tua)/ Tup (2.1)
m and the constant velocity of 8 m/s was applied above 100 mwhere Az is the plume rise above the tower exi is the
(see Table 2.1). The turbulent intensity of 10% was specified at downwind distance from tower centerline, U is the wind speed,
the inlet. The virtual temperatures of 315.3 °K and 295.3 °K F s the initial buoyancy flux, g is the acceleration due to
were used at the tower exit and the inlet, respectively. The fixed gravity, W is the initial plume vertical speed, D is the exit
pressure condition was applied at the outlet. Based on thediameter, T is the virtual temperature (in °K) and subscripts p
findings of Meroney (2006) and Lucas et al. (2010) the side and a refer to initial plume and ambient air. Under the CPDTE
boundaries and the top boundary were considered as symmetrgonditions (Table 2.1), U=8 m/s and F=2102/gh As
planes. The no-slip condition and the smooth turbulent wall mentioned by Hanna et al. (1982), the coefficient 1.6 in (2.1) is
functions were applied on the ground plane. It should be notedexpected to be accurate within +40% with variations due to
that an increase of effective ground surface roughness heightdownwash or local terrain effects.
form 0 to 0.02 m did not show any significant change in the The plume rise was calculated as the vertical position (relative
modeling results. The probe (red pencil with yellow end) in to the tower exit height of 124 m) of the local maximum of
Figure 2.1 shows a position on the symmetry plane at 500 mpredicted relative water vapor mass fraction, C1, at the vertical
from the tower centerline (one of the measurement locations).  symmetry plane. It plays an important role in the calculations of
Three computational grids were considered to analyse the gridmaximum ground concentration (Hanna et al (1982)). Table 2.4
sensitivity: a base grid of 212,500 cells, an intermediate grid of shows that the CFD predictions of plume rise agree well with
387,000 cells and a fine grid of 778,050 of cells. The grid size the experimental values available at 50, 100 and 200 m from the
was smaller near the tower and the ground with cell dimensionstower centerline (Figure 8 in Hanna (1978)) and with the
ranging from 1-3 m (near solid surfaces) to 35-60 m (near Briggs's formula predictions at 50, 100, 200, 500 and 1000 m.
domain boundaries). Most of the results were obtained with the The percentages show agreement with experimental data at
base grid as the grid refinement does not result in a significantdistances of 50, 100 and 200 m and with Briggs's formula
improvement in the model accuracy. predictions at distances of 500 and 1000 m where the
experimental data were not available. The predictions with k-
model are more accurate than those with the constant turbulent
viscosity model. The increase in computational grid density
does not improve the predictions. The CFD predictions are

Computational Domain: 3000 m x 1000 m x 750 m
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more conservative than Briggs's formula predictions as they
produce smaller values of plume rise and, as a result, largerThe contour of ground-level relative mass fraction of water
values of maximum ground concentration are predicted with vapor is shown in Figure 2.3. The maximum is predicted at a

CFD model. distance of about 1480 m from the cooling tower base.
Table 2.4 Predicted and measured plume rise at various .o e 1
distances from tower centerline ey ot
Distance Experimental | Briggs’s 213K grid, 778K grid, oo verage value
from plume rise Formula k-¢ model k-¢ model |y 7.26m2
centerline | (m) plumerise | (Prr=1.0) (Pre=1.0) 11 6.75E-4
(m) (m) plume rise plume riSe : :2:22:: Ground-level relative mass fraction of water vapor

(m) (m) f[ 5.000E-4
50 30 35 (17%) 32 (7%) 40 (33%) e
100 50 55 (10%) | 48 (-4%) 48 (-4%) i
200 100 87 (_13%) 66 (_34%) 72 (-28%) 5 5001 1480 m from cooling tower base
500 Not available [ 160 106 (-34%) | 121 (-25%) L
1000 Not available| 254 198 (-22%) 193 (-24%) 620085

0.000000

Figure 2.2 shows the 1% and 0.1% iso-surfaces of relative mass
fraction of water vapor, C1, obtained with use of standazd k-
turbulent model on a grid of 212,500 cells. The 1% iso-surface —
does not touch the ground and the 0.1% iso-surface almost

strikes it at a distance of about 1480 m from the tower base.

Chalk Point Tover:Homogensous 11 groups

Figure 2.3 Contour of ground-level relative mass fraction of

c1 Sweep 2598

0.999973 Probe value water vapor.
I 0.937475 0.405390
0.874977 Surface value
[] 0.812478 . .
| P The dependence of ground-level relative mass fraction of water
U e erns 1 6 esce vapor, C1, at symmetry plane on the downwind distance from
[ gtins the tower base is shown in Figure 2.4. The maximum of about
[ oo 9.8E-4 is predicted at a distance of about 1480 m. It should be
mentioned that the maximum is sensitive to the value of
0.249993
0.187155 turbulent Prandtl number, Pused in the transport equation for
0.12499
case C1: the values of 3.9E-4, 9.8E-4 and 1.9E-3 are predicted at Pr
‘ values of 1.25, 1.0 and 0.8, respectively.
1E-03
Chalk Point Tower:Homogeneous 11 groups
BE-04
c1 Sweep 2598
0.999973 Probe value
I 0.937475 0.405590
0.874977 Surface value 6.E-04
[ 0.812478 1.000E-3
[ 0.749980
[]0.687482 0.1% Cl1 iso-surface
[ 0.624983
Herrover AE-D4
s
0.312492
0.249993
0.187495 2E'D4
0.124997
0.062498
0.000000
— 0.E+00 : : :
0 500 1000 1500 2000
Chalk Point Tower:Homogeneous 11 groups

Figure 2.4 Dependence of ground-level relative mass

Figure 2.2 Water vapor plume: 1% and 0.1% iso-surfaces of fraction of water vapor, C1, on downwind distance (in m).

relative mass fraction of water vapor.
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2.5 Water/Sodium Deposition Flux Prediction
The CFD model developed was applied to calculate the tower centerline. The error factors are shown in bold. The best
maximum and average deposition fluxes of water/sodium and results were obtained in the 3-group case on a coarse grid of
these predictions were compared with the experimental values212,500 cells: the error factor is 0.9 at 500 m and 1.27 at 1000
available at the measurement stations located on 35° arcs at 50@n. These results are better than the best results obtained by
and 1000 m from the cooling tower centerline.
The experimental sodium/water deposition fluxes are shown in grid of 165,000 cells (in a domain of 2000 m long, 1000 m wide
Table 2.5. It should be noted that Hanna (1978) and Meroneyand 500 m high): his error factors were 0.75 and 0.5 at 500 and
(2006) were comparing their predictions with the experimental 1000 m respectively. The best results in the 11-group case were
average sodium deposition rates and Lucas et al. (2010) wereobtained on a grid of 778,050 cells: the error factor is 0.82 at
validating their FLUENT model based on the average water 500 m and it is 1.51 at 1000 m. These results are comparable to
deposition rates. Table 2.5 shows both sodium and waterthe results reported by Meroney (2006). The 1-group results

deposition fluxes.

Table 2.5 Experimental sodium/water deposition fluxes at
500 and 1000 m from tower centerline

Deposition flux

Unit

Value

Source

Average sodium
deposition flux at
500 m on 35° arc

kg/kn?/mo

1080

Hanna (1978)

Maximum sodium
deposition flux at
500 m on 35° arc

kg/km?/mo

2000

Hanna (1978)

Average sodium
deposition flux at
1000 m on 35° arc

kg/kn?/mo

330

Hanna (1978)

Maximum sodium
deposition flux at
1000 m on 35° arc

kg/km?/mo

667

Hanna (1978)

Average sodium
deposition flux at
500 m on 35° arc

kg/m?/s

4.17E-10

1080*3.86E-13

Maximum sodium
deposition flux at
500 m on 35° arc

kg/nls

7.72E-10

2000*3.86E-13

Average sodium
deposition flux at
1000 m on 35° arc

kg/m?/s

1.27E-10

330*3.86E-13

Maximum sodium
deposition flux at
1000 m on 35° arc

kg/nls

2.57E-10

667*3.86E-13

Average water
deposition flux at
500 m on 35° arc

kg/m?/s

7.35E-8

4.17E-10%(@img)

Maximum water
deposition flux at
500 m on 35° arc

kg/nls

1.36E-7

7.72E-10%(@imy)

Average water
deposition flux at
1000 m on 35° arc

kg/m?ls

2.24 E-8

1.27E-10%( fimy)

Maximum water
deposition flux at
1000 m on 35° arc

kg/nls

4.52E-8

2.57E-10%(@imy)

In the CFD model, the water deposition fluxes were calculateg
at a height of 1 m above the ground at downwind distances g
500 and 1000 m. In particular, the maximum deposition fluxe
were calculated as the values at the plume symmetry plane ani

maximum water deposition fluxes at 500 and 1000 m from the

Meroney (2006) with use of Eulerian-Lagrangian model on a

(with a representative drop diameter of 129 micron) are
acceptable at 1000 m (with error factor of 1.22), but these
results could not be considered as acceptable at 500 m as the
error factor of 0.29 at 500 m is slightly outside of acceptable
range (from 1/3 to 3).

Table 2.6 Predicted and measured maximum water
deposition fluxes at 500 and 1000 m from tower centerline

Grid Location | CFD flux | CFD flux | CFD flux | Experimental

Size (m) (N=1) (N=3) (N=11) maximum flux

(Number (ka/sinf) | (kaisinf) | (kg/sinf) | (kg/s/nf)

of Cells)

212,500 | 500 4.13E-8 | 1.22E-7 1.37E-7 1.36E-7
(0.30) (0.90) (1.01)

212,500 1000 5.65E-8 | 5.72E-8 7.71E-8 4.52E-8
(1.25) (1.27) (1.71)

778,050 | 500 3.97E-8 | 7.96E-8 1.12E-7 1.36E-7
(0.29) (0.59) (0.82)

778,050 1000 5.51E-8 | 5.1E-8 6.81E-8 4.52E-8
(1.22) (1.13) (1.51)

Table 2.7 shows the comparison of experimental water
deposition fluxes averaged along the 35 arcs with the CFD
values averaged along the corresponding chords (for simplicity)
and obtained on a grid of 212,500 cells. The error factors are
shown in bold. The agreement is acceptable for 3-group
predictions (with error factors of 0.58 and 1.03) and for 11-
group predictions (with error factors of 0.65 and 1.35). The
error factors of 0.22 and 1.07 were obtained with the 1-group
model at distances of 500 and 1000 m. This model is slightly
insufficient for accurate predictions (with factors from 1/3 to 3).

Table 2.7 Predicted and measured aver age water deposition
fluxes at 500 and 1000 m from tower centerline

Location | CFD flux CFD flux CFD flux Experimental
(m) (N=1) (N=3) (N=11) average flux
(kg/sint) (ka/s/nf) (kg/s/nt) (ka/s/nf)
500 1.60E-8 4.24E-8 4.78E-8 7.35E-8
" (0.22) (0.58) (0.65)
f1000 2.40E-8 2.31E-8 3.03E-8 2.24E-8
(1.07) (1.03) (1.35)

Figure 2.5 shows the contour of total ground-level water

the average deposition fluxes were calculated along the Chordsdeposition mass flux predicted with 1l-group drop size
corresponding to the 35° arcs (for simplicity). Table 2.6 shows distribution using ke model on a base grid of 212,500 cells. A

the comparison of CFD predictions with experimental

value of 1.37E-7 kg/s/fris shown by the probe (red pencil with
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yellow end) on the symmetry plane at a downwind distance of

1300 Sweep 4000

500 m from the tower centerline. This value agrees well with oo robe value
. . . IU‘QlﬂGGG 0.323086
the experimental maximum water deposition flux value of [l suetace vatuo
. . [10.789244
1.36E-7 kg/s/rhmeasured at this location (see Table 2.5). [giee oo
[10.667822
[10.607111
[] 0-346400 Relat: fract: £ 300-3 daroplet:
. - [ o-useo slative mass fraction of 0-micron croplets
3.000E-7 Probe value Il 0.424578
o — 0.364266
RUET ) 1.3708-1 0. 30395
2.6258-7 lverage value 0.242844
I 2.438E-7 6.5758-9 0.182133
H 2.9508-7 0.121422
| . 0.060711
2.063E-7 0.000000
H 1.875E-7 Total ground-level water deposition mass flux
r 1.688E-7
f 1.500E-7
I 1.3138-7
1.1258-7 Chalk Point Tover:Homogeneous 11 groups
9. 37588 500 m from cooling tower centerlinef
7.500E-8
5.625E-8
3.750E-8 S
1.875E-8 Y900 Sweep 4000
0.000000 0.761224 Probe value
I 0.713647 0.168789
0.666071 surface value
[] 0-ELeasd 0.010000
[ 0.570918
[ 0.523341
[ 0.475765
o H 0.428188 Relative mass fraction of 900-micron droplets
Chalk Point Tewer:Homogeneous 11 groups |
I 0.333035
0.285459
0.237882
0.190306
. e 0.142729
Figure 2.5 Contour of total ground-level water deposition o.0ss159
0.047376
mass flux. o000 1

Figure 2.6 shows the 1% iso-surfaces of relative mass fractions
of 110, 300, and 900-um drops (11-group model). It is seen that
the 1% iso-surface for 100--um drops (top picture) is close to 7R Folnk Tover fosogensors 11 groms

the corresponding iso-surface of relative mass fraction of water

vapor shown in Figure 2.2. This could be explained by the Figure 2.6 1% iso-surfaces of relative mass fractions of 110-,
insignificant gravitational settling of these small drops within 300-, and 900-micron drops (11-group distribution).
computational domain of 3000 m long. The effect of

gravitational settling becomes significant for larger drops with 2.6 Effect of Number of Groups on Model Predictions

sizes of 300 and 900 pum (second and third pictures in Figure|n order to analyze the effect of number of drop groups on the

2.6). accuracy of CFD predictions, the maximum water depositions
s 0 fluxes were calculated with 1-group, 3-group and 11-group
e probe valoe distributions on a base grid of 212,500 cells usirgrkedel.

H & eosans suriace caioe The predictions are compared in Figure 2.7. It shows that the
H e predictions with 3 groups and 11 groups are close at all the
Retstion asas exsction of 10-sicron axapiets distances from the tower centerline. However, the 1-group

|§‘;§§’f§: predictions close to the 3-group and 11-group predictions only
b at the distances larger than about 700 m. This is an indication of
orane insufficient accuracy of 1-group model. The 3-group run was

e also made with using Minstead of V) in the source terms of

conservation equations in order to estimate the effect of drift
— velocity model. This effect is described in the next section

Chalx Point Tover:Honogonsous 11 groups below.
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7 00E-07 fluxes at 500 and 1000 m from the tower centerline, i.e. all the
' drop-size options (1-, 3- and 11-group options) result in the
= Igroup acceptable error factors shown in bold (in a range from 1/3 to
6.00E-07 =% 3).
\ Table 2.8 Predicted and measured maximum water
>.00E-07 3groups deposition fluxes at 500 and 1000 m from tower centerline
\ (constant turbulent viscosity model)
4.00E-07 Location | CFD CFD CFD Experimental
\ 11groups (m) flux flux flux maximum
30007 L\ \ (N=1) (N=3) (N=11) | flux
: (kg/sinf) | (kg/sinf) | (kg/s/nf) | (kg/s/nf)
) 500 6.65E-8 | 1.15E-7 | 1.34E-7 | 1.36E-7
2.00E-07 \ ~——23groups with (0.49) (0.85) (0.99)
\ \\UDR”'—' 1000 7.16E-8 | 6.10E-8 | 7.75E-8 | 4.52E-8
1.00E-07 N ~— (1.58) (1.35) (1.72)
e — = -:h_.
GO L= 3.0 CONCLUSIONS
0 500 1000 1500 2000 1. A homogeneous two-phase multi-group m(?del of dnft
, drop plume has been developed and validated using
Figure 2.7 Dependence of water deposition flux (in kg/m“s) the CPDTE data obtained in Maryland, USA in 1977.
on @stance f“’”? the tower (in m) predicted with different 2. The study has demonstrated a good agreement between
options of multi-group model (11-group, 3-group and 1- .- .
: the CFD predictions and the experimental data on the
group options). ] T o
water vapor plume rise and the liquid water deposition
2.7 Effect of Drift Velocity Model on Model Predictions rates. No model tuning was made for validation
Comparison of water deposition fluxes predicted with using the purposes.
two different formulations of drift velocities (terminal velocity, 3. In particular, the plume rise predictions agree well
Vi and drift velocity, V) in the source terms of the with experimental values and with the standard
conservation equations for relative mass fractions of drops was Lo .
. ; : Briggs's formula for plume rise.
made in the 3-group case with use of krodel on a base grid ) . ) )
of 212,500 cells. The values of water deposition fluxes 4. The predicted deposition fluxes are in agreement with
predicted with use of Ywere 3.75E-7 kg/s/mand 1.56E-7 the experimental values within a factor of 1.5, which is
kg/s/nf at 500 and 1000 m respectively. These values are about well within the industry acceptable error limits (a
3 times the values of 1.22E-7 kg/$/rand 5.65E-8kg/s/nt factor of 3).
predicted with use of V Figure 2.7 illustrates this difference. 5. The model developed is recommended for analyzing
The comparison Of two modeling options suggests that the use the drift drop plumes under the conditions similar to
of V, is preferred with respect to use qf V CPDTE diti f Il Stok b It i
It should be noted that, in the 1-group case, the usegyof V i conditions ot sma OKES NUMDETS. _ IS
(instead of \) in the source terms results in the values of 4.03E- easier to use a}nd as accurate as the multiphase
8 kg/s/nf and 5.49E-8 kg/s/frat 500 and 1000 m, respectively. Eulerian-Lagrangian CFD models recently used for
These values are close to the values of 4.13E-8 Kgku modeling the CPDTE plume.
5.65E-8 kg/s/tobtained with use of v/ 6. The model developed has an advantage of being in a
. ; bul del del dicti form of fully compatible with methods widely used in
28E ecto Turbulence MO.? on Mode Pre_ ctions CFD practice. The algebraic nature of the model
Comparison of water deposition fluxes predicted with two lationshi Kes i bringi h . h
different turbulent models (k-model and constant turbulent relationships makes It easy bringing them into the
viscosity model) was made in order to estimate the potential use computational loops of available predictive tools.
of the simplest turbulent models in practical CFD applications. . . ) )
The effective turbulent viscosity model recommended by 7. From practical point of view, the CFD results obtained

Markatos et al. (1987)v£0.01 x half width x velocity
difference) was applied with three modeling options (11-, 3-
and 1- group options) on a base grid of 212,500 cells. Table 2.8
shows the predicted and measured maximum deposition fluxes.
It is seen that the use of constant turbulent viscosity model is
sufficient for accurate predictions of maximum depositions

with using 3- and 11- group models are acceptable for
all three computational grids considered. The details of
grid comparison study are shown in Tables 2.4 and
2.6. Theoretically speaking, a more comprehensive
grid sensitivity study could be useful and it will be
conducted in future.

Copyright © 2014 by ASME



8.

The novelty of presented work (in comparison to

previous CFD studies by Markatos et al. (1987),

Brown et al. (2003), Meroney (2006) and Lucas et al.
(2010)) is in developing and validating a new two-

phase multi-group CFD model of water droplet

transport and deposition. The new model is easier to
use and not less accurate than the previous models.

ACKNOWLEDGMENTS

The authors

would like to acknowledge helpful

communications and information provided by Dr. Steven Hanna
(Hanna Consultants), Prof. Robert Meroney (Colorado State
University) and Jeffrey Weil (Research Applications Laboratory
at the National Center for Atmospheric Research).

REFERENCES

1.

Agranat, V.M., Tchouvelev, A\V., Cheng, Z., and
Zhubrin, S.V. (2007)CFD Modeling of Gas Release
and Dispersion: Prediction of Flammable Gas Clouds,

In  “Advanced Combustion and Aerothermal
Technologies”, Syred, N., and Khalatov, A., editors,
Springer, Dordrecht, Netherlands, pp. 179-195.

Brown, GJ., and Fletcher, D.F. (2003CFD
Prediction of Odour Dispersion and Plume Misibility
for Alumina Refinery Calciner Sacks, Proceedings of
Third International Conference on CFD in the
Minerals and Process Industries, CSIRO, Melbourne,
Australia, 10-12 December 2003, pp. 111-120.

Clift, R., Grace, J.R., and Weber, M.E. (1978),
Bubbles, Drops and Particles. Academic Press, New
York, USA.

Gunn, R., and Kinzer, G.D. (1949The Terminal
Velocity of Fall for Water Droplets in Stagnant Air,
Journal of Meteorology, 6, 243-248.

Hanna, S.R. (1978)A simple drift deposition model
applied to the Chalk Point dye tracer experiment,
Environmental Effects of Cooling Tower Plumes,
Symposium on, May 2-4, 1978, U. of Maryland, llI-
105-111-118.

Hanna, S.R., Briggs, G.A., and Hoster, R.P. Jr. (1982),
Cooling Tower Plumes and Drift Deposition, Chapter
11 of Handbook on Atmospheric DiffusiotJ.S.
Department of Energy, DOE/TIC-1123
(DE82002045), pp.74-80.

Hourri, A., Angers, B., Bénard, P., Tchouvelev, A., and

Agranat, V. (2011),Numerical investigation of the

flammable extent of semi-confined hydrogen and
methane jets, International Journal of Hydrogen
Energy 36 (3), 2567-2572.

10.

11.

12.

13.

14.

15.

16.

Kleinstreuer, C., (2003)lwo-Phase Flow: Theory and
Applications, Taylor & Francis Books, Inc., New York.
USA.

Lucas, M., Martinez, P.J., Ruiz, J., Sanchez-Kaiser, A.,
and Viedma, A. (2010),0n the influence of
psychrometric ambient conditions on cooling tower
drift deposition, International Journal of Heat and
Mass Transfer 53 (4), 594-604.

Markatos, N.C., Pericleous, K., and Simitovic, R.
(1987), A Hydrometeorological, Three-Dimensional
Model of Thermal Energy Releases into
Environmental Media, International Journal for
Numerical Methods in Fluids, 7, 263-276.

Meroney, R.N. (2006)CFD Prediction of Cooling
Tower Drift, Journal of Wind Engineering and
Industrial Aerodynamics, 94 (6), 463-490.

PHOENICS  On-Line  Information
www.cham.co.uk/ChmSupport/polis.php.

System:

Radosavljevic, D. (1990)Numerical Smulation of
Direct-Contact Natural-Draught Cooling Tower
Performance under the Influence of Cross Wind, PhD
Thesis, Imperial College of Science and Technology,
London, UK.

Reist, P.C. (1984),Introduction to Aerosol Science,
MacMillan Publishing Company, New York, New
York, USA.

Tchouvelev, A.V., Cheng, Z., Agranat, V.M., and
Zhubrin, S.V. (2007)Effectiveness of Small Barriers

as Means to Reduce Clearance Distances,
International Journal of Hydrogen Energy, 32 (10-11),
1409-1415.

Versteeg, H.K.,and Malalasekera, W. (1995An
inroduction to computational  fluid dynamics,
Longman, Harlow, UK.

Copyright © 2014 by ASME



ANNEX A
PARTICLE/DROPLET VELOCITY CALCULATION AT SMALL STOKES NUMBERS

The equations of motion of individual liquid particle/droplet (of

diameter d) are the following: C. Re
1 ., dulyp 1 ) o 1 s oP f :—D24 P =% 0.15Rep 0687 4 :)403 15
Em Py ot :ngDm Re, wd (ul—ul’p)—gm ™ I 425*10 Re,

1) Re, <3.*10°

l 3 1’p _ 1 2 -1 l 3 aP (7)
gfd Py o ngDl'd Re,vd = (v, -V, ,) _gfd EV Under the conditions of small Stokes numbers 3t), the
y equations (4)-(6) are reduced to the algebraic equations:

1 dw. 1 (2) Upp =t (8)
—mip —2P == pC_m?Re vd H(w, —w, ) vV, =V 9)
6 Podt g~ P P L 1p V1
3 B} ;
—irdsp ((l—ﬁ)g +i6_P) w, ,=w, -V f 1(1—£) Ow, -V, f™ (10)
6 P . p, 0z P

It follows from equations (8)-(10) that Re d | u, -u Ifv =

Neglecting the pressure gradient force, these equations could b?dv p/v)f'l In the Stokes regime (Rel), f=1 and Rg =
t, . y 1T -

represented in the following dimensionless form:

dV,v= dgt/v=gd®p,/(18pv?). In a case of water drops in air
Sklf -1 d(Ul,p) =(U,-U,.) 4) (under standard conditions), Re 1 if d < 80 um. For d < 80
1 Lp pm, correlation (7) is simplified to f=1. In case of larger drops
d(\/ ) (d >80 um), equation (7) needs to be solved by iterations with
Sk, f -1 1p/ _ v, -V, ) (5) respect to factor, f, while using Re (dV;/v)f™*in (7).
dr 1t The following correlations were used in most CFD runs to

d(VVl ) 0 calculate the last term in the vertical velocity component (10):
-1 P/ _ — — N1l L

St 7= = WL, ) -V, f VL pp) ®) gd’ (0, - p)

In the above equations, t is the time, 1s;= t/ty is the v f (1_£) _ 18pv (11)
dimensionless time;st= L/V is the characteristic time of gas tp - logo Cp Re,?)

flow system, s; L is the characteristic length of gas flow system, P ~10 1% *

m; V is the characteristic velocity of gas flow system, m/s; Stk

= tfts is the classical dimensionless Stokes number;

tp:ppd2/(18pv) is the classical particle/droplet relaxation time, s; d <800°m , 4 gds(,op - ,0)
U=w/V, V,=vi/V and Wi=v,/V are the dimensionless velocity 0" s CpRe" = 3 o
components of gas mixture flow, m/s; Bu, JV, Vi 7=viV d>810"m P

and Wy ~w, 4V are the dimensionless velocity components of The first correlation in (11), which is applicable for d < 80 pum,

particle/droplet, m/s; ¢=9.81 ni/sis the gravitational is the Stokes law correlation and the second one, which is valid
acceleration;p,, is the particle/droplet density, kginCp is the for d > 80 umjs an approximation of empirical data presented
drag coefficient; f=GRe/24 is the dimensionless ratio of drag in Figure 4.3 in Reist (1984).

coefficient to the Stokes law drag coefficient, 24/Reeg, =d Also, in a few CFD sensitivity runs, an approach similar to that
Iup -u Ifv is the particle Reynolds numbernu, -u | is the used by Markatos et al. (1987) was tested. In particular, the
magnitude of relative particle/droplet velocity vector with term, V™, in the third equation (10) was replaced by the ‘drift
respect to the gas flow velocity, m/s; ¥ gi, is the terminal velocity’, Vp, defined by the equation:

velocity of particle calculated under the assumptions of small V, = H 0.0,Vt ; f1 _” 00, Wl”” (12)

Reynolds numbers (Bel).

The factor, f, is calculated based on empirical correlations \yhere symbcﬂ H stands for the largest of the quantities
dependent on the particle Reynolds number, Bae of the ) o
commonly used correlations for calculating f is available in Ccontained within it.

Clift et al. (1978):
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