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1.0 EXECUTIVE SUMMARY

Industrial processes use mechanical draft cooling towers (MDCT's) to dissipate waste heat
by transferring heat from water to air via evaporative cooling, which causes air
humidification. The Savannah River Site (SRS) has a MDCT consisting of four independent
compartments called cells. Each cell has its own fan to help maximize heat transfer
between ambient air and circulated water. The primary objective of the work is to conduct a
parametric study for cooling tower performance under different fan speeds and ambient air
conditions.

The Savannah River National Laboratory (SRNL) developed a computational fluid dynamics
(CFD) model to achieve the objective. The model uses three-dimensional momentum,
energy, continuity equations, air-vapor species balance equation, and two-equation
turbulence as the basic governing equations. It was assumed that vapor phase is always
transported by the continuous air phase with no slip velocity. In this case, water droplet
component was considered as discrete phase for the interfacial heat and mass transfer via
Lagrangian approach. Thus, the air-vapor mixture model with discrete water droplet phase
is used for the analysis.

A series of the modeling calculations was performed to investigate the impact of ambient
and operating conditions on the thermal performance of the cooling tower when fans were
operating and when they were turned off. The model was benchmarked against the
literature data and the SRS test results for key parameters such as air temperature and
humidity at the tower exit and water temperature for given ambient conditions. Detailed
modeling and test results will be presented here.
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2.0 INTRODUCTION

Mechanical draft cooling towers are designed to cool process water via sensible and latent
heat transfer to air. Heat and mass transfer take place simultaneously. Heat is transferred
as sensible heat due to the temperature difference between liquid and gas phases, and as
the latent heat of the water as it evaporates. Mass of water vapor is transferred due to the
difference between the vapor pressure at the air-liquid interface and the partial pressure of
water vapor in the bulk of the air. Equations to govern these phenomena are discussed
here. The governing equations are solved by taking a computational fluid dynamics (CFD)
approach.

The purpose of the work is to develop a three-dimensional CFD model to evaluate the flow
patterns inside the cooling tower cell driven by cooling fan and wind, considering the cooling
fans to be on or off. Two types of the cooling towers are considered here. One is cross-flow
type cooling tower located in A-Area, and the other is counterflow type cooling tower located
in H-Area. The cooling tower located in A-Area is mechanical draft cooling tower (MDCT)
consisting of four compartment cells as shown in Fig. 1. Itis 13.7m wide, 36.8m long, and
9.4m high. Each cell has its own cooling fan and shroud without any flow communications
between two adjacent cells. There are water distribution decks on both sides of the fan
shroud. The deck floor has an array of about 25mm size holes through which water droplet
falls into the cell region cooled by the ambient air driven by fan and wind, and it is eventually
collected in basin area. As shown in Fig. 1, about 0.15-m thick drift eliminator allows
ambient air to be humidified through the evaporative cooling process without entrainment of
water droplets into the shroud exit. The H-Area cooling tower is about 7.3 m wide, 29.3 m
long, and 9.0 m high. Each cell has its own cooling fan and shroud, but each of two corner
cells has two panels to shield wind at the bottom of the cells. There is some degree of flow
communications between adjacent cells through the 9-in gap at the bottom of the tower cells
as shown in Fig. 2. Detailed geometrical dimensions for the H-Area tower configurations are
presented in the figure.

The model was benchmarked and verified against off-site and on-site test results. The
verified model was applied to the investigation of cooling fan and wind effects on water
cooling in cells when fans are off and on. This report will discuss the modeling and test
results.
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Figure 1. Geometry and dimensions for each of the four cells in A-area Mechanical Draft
Cooling Tower (MDCT).
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Figure 2. Geometry and dimensions for each of the four cells in H-area Mechanical Draft
Cooling Tower (MDCT).
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Figure 3. Top view showing cell boundary of H-area tower.
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(Cross-flow type MDCT in A-area) (Countercurrent flow type MDCT in H-area)

Figure 4. Three-dimensional computational models for A-area and H-area Mechanical Draft
Cooling Towers (MDCT) as used for the calculations.



SRNL-STI-2009-00137

3.0 MODELING APPROACH AND SOLUTION METHOD

The present work took a three-dimensional CFD approach. The modeling domain was
parallelepiped, and it was about 8 times larger than the actual size of the four-cell MDCT in
Fig. 1 to calculate the air flow patterns inside and outside the tower cells. Cooling fan of
each cell was modeled as momentum source at the shroud region since air velocity at
shroud exit was continuously measured (only in A-area). The air-vapor mixture model was
considered, assuming that vapor phase is always transported by the continuous air phase
with no slip. In this situation, water droplet component was considered as discrete phase for
the interfacial heat and mass transfer to air via Lagrangian approach as shown in Fig. 5.
The force balance for each droplet equates the particle inertia with forces acting on a
spherical particle of uniform size, d,. In this work, water distributions at the inlet of the wet
deck are assumed to be uniform for computational efficiency although about 20% of non-
uniform distributions are shown by the initial test results. Thus, the air-vapor mixture model
coupled with discrete water droplet phase is used for the analysis.

\V&ater droplet trajectory

Mass, momentum,

Computational cell boundary energy exchange

of continuous flow domain

Figure 5. Mass, momentum, and heat transfer between the continuous gas phase and
discrete water droplet.

The governing equations to be solved for the modeling domain are one air-vapor mixture
balance, three momentum conservations, one vapor species transport, along x-, y-, and z-
coordinate systems for the modeling domain, turbulence equations, and one air-vapor
mixture energy balance. x—& standard turbulence model is used for simulation of the
turbulent airflow. All governing equations and constitutive relations to be solved for the CFD
domain are shown in Egs. (1) to (28). Droplet momentum balance and heat and mass
transfer balance equations, Eq. (8) to (17), are solved by Lagrangian integral approach
along the particle trajectory from water droplet inlet to the exit. The modeling constants and
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gas properties are updated by the constitutive relations as provided by Eqgs. (18) to (28).
The solution method is summarized in Fig. 6.

The finite volume method with the adoption of an iterative procedure based on semi-implicit
method for pressure-linked equations (SIMPLE) of pressure-velocity coupling is used in the
present study. The gird distribution was non-uniform with smaller mesh size for the cell
regions of the cooling tower as shown in Fig. 7. The present solution is not sensitive to the
grid size when the number of total cells is higher than 3 x 10° for the A-Area tower and 2.5 x
10° for the H-Area tower. The iterative solution is considered as converged when the
normalized residual errors of all the independent variables solved are reduced at least by
three orders and the average exit air temperature is changed less than 0.01 °C. The values
of other variables have also been monitored during the iteration to make sure the
convergent solution of all the variables at the end of iteration process.

Mass conservation equation:

VO(pV):SV 1)

Momentum conservation equation:

Ve(piv)=-Vp+Ve(r)+pg+F (2)

Enerqgy conservation equation:

V e 7l phy, + 0.5 1=V o (ko VT i, d, ) 3)

Turbulence equations based on two-equation model:

= H ——You; | 1 ﬁpj u [T
Velpkv)=V e LIVk |- qutl—L | -= = g L — 4
(pkv) [[/HUJ } p(u, u’{ax,j p(@T pg, Pr, | ox + pe 4)

setpit=o [ 25 (52 o33 o5 ool )

(5)
Species Transport Equation:
Conservation equation for vapor species is governed by
V-(pvY,)=-V-J, + S, (6)

Y, is local mass fraction of vapor in the continuous air. J, is diffusion flux of vapor species.

S, in the equation is a source term of vapor species added to the air due to the evaporation
of the dispersed water droplets. The diffusion flux of water vapor under turbulent air flow is
computed by

J, = —[pDv + ﬂ]vyv (7)
Sc;
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D, is molecular diffusion coefficient of water vapor in the continuous air medium.

Momentum Balance for Discrete Water Droplet

Force balance for droplet is considered along the particle trajectory in a Lagrangian
reference frame. The force balance equates the particle inertia with forces acting on a
spherical particle of uniform size, d,.

d
Eu”: Fpi + Fg + Fmx + Fpgyx

_ (8)
_ 3 c Re pp P F F
- Z D ppdp2 |U - up| + pp Ox + vm,x + pg.x

In the above equation, Re and F,,, care Reynolds number based on particle diameter d, and
additional force due to virtual mass effect, respectively. Coefficient Cp in the first term of the
right-hand side is drag coefficient on the droplet surface due to the upward air motion. The
drag coefficient for the spherical droplet particle as used by FLUENT (Morsi and Alexander,
1972) was applied to the calculations. The lastterm F,,, is lift force due to pressure

gradient in the fluid side. That is,

g, X

Re:M (9)
H
Fomx :%i%(u—up) ~0 since p, is much larger than the air density p. (10)
Pp
P ou
Fpg.x :p_pup ox (11)

Heat and Mass Balance for Discrete Droplet

The droplet temperature is updated along the particle trajectory according to a heat balance
with no radiation cooling,

For Tvap <Tp < Thoiing

aT, am
m.C, Ttp —hA,(T-T, )+ dt"

hy (12)

Heat transfer coefficient h in the above equation is calculated from a literature correlation
[Kessler and Greenkorn, 1999].

hd
Nu =—2- = 2.0+0.6Re,>® pr/s (13)

kh,eff
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Nusselt number, Nu, in Eq. (13) is defined as the ratio of local average convective transfer
to conduction-controlled heat transfer, which is very similar to a mass-transfer Sherwood
number, Sh, as will be discussed later. Heat transfer coefficient, h, for convective heat flux,
the first term in the right-hand-side of Eq. (12), is calculated by the literature correlation Eq.
(13). Reynolds number Req is based on the particle diameter d, and the relative velocity as
define by Eq. (9). Prandtl number Pr is defined as the ratio of viscous diffusion to
conduction for the continuous air phase (Cp/k).

Rate of evaporation % in Eq. (12) is computed from the mass transfer equation. Mass

transfer at the surface of water droplet is governed by the concentration gradient. The mass
flux ¢ at the surface of each droplet is given by

¢ = km(Cvp _Cv) (14)

In this case the mass concentration of vapor at the droplet surface, C,,, is estimated by
assuming that the partial pressure of vapor at the interface is equal to the saturated vapor
pressure, Psa, at the droplet temperature, Tp,.

C :psL(Tp) , Where R is universal gas constant. (15)

*  RT,

The concentration of vapor in the bulk gas, C,, is known from solution of the transport
equation for vapor species when local mole fraction of vapor species is given by X, at local
pressure p and temperature T.

Cv :MHZOXV % (16)

where My, = molecular weight of water (kg/kgmol)

Mass transfer coefficient k,, in the above equation is calculated from a literature correlation
by using the analogy between heat transfer and mass transfer [Kessler and Greenkorn,
1999].

k,,d
Sh =—""P - 2.0+0.6Re,”’ Sc’s (17)
D,

v

where Sherwood number, Sh, is defined as the ratio of local average mass transfer to
diffusion-controlled mass transfer, which is sometimes called a mass-transfer Nusselt
number, Nu. The non-dimensional number, Sc, in the equation is defined as the ratio of
viscous to mass diffusion, /pD,, where D, is diffusion coefficient of vapor in the bulk. Using
the mass transfer coefficient, k,, calculated by Eq. (17), vapor mass flux ¢, is computed by
Eq. (14). The vapor mass flux becomes a source term of vapor species S, in the vapor
species transport equation Eq. (6).

As result of the evaporation of water droplet, the mass of the droplet is reduced after time
interval dt according to
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dm,

o 4o

where m, = mass of the droplet (kg)
A, = surface area of the water droplet (m?)

Change rate of droplet mass due to the evaporation process is coupled with the droplet heat

balance equation Eq. (12), resulting in updating the overall energy balance equation for the
mixture.

Constitutative Relations

e Buoyancy coefficient for turbulent dissipation, Cs,

C,,. = tanh[%} (19)
VJ

VotV

e Turbulent viscosity, 4

2

M-pc,,[“?] (20)

e (" (Amount of sensible heat transfer from water to air inside the cell compartment
excluding the latent of heat under different ambient humidity and operating
conditions)

o p(Density relations to account for humidity)
Dry air density, p,, is calculated from the equation of state for ideal gas. That is

-P
p- @

Where p = atmospheric pressure (dynes/cm?)
pa = air density (gm/cm?)
R = gas constant for dry air = 2.8704x10° erg/(gm-K), where 1 calorie = 4.186x10’
ergs
T = temperature (K)

When vapor mass fraction of the air-vapor mixture, Y., is computed by the species balance
equation, air density including effect of water vapor p is obtained by

p= Mairp

~ RT((1-Y,)+1.609Y,) (22)

Humidity ratio y is computed in terms of partial pressures for water vapor and air.

-10 -
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y = Tw =p—wz(ﬂ][”—"”] :o.ezz[p—W] :o.ﬁzz(p—Wj :0.622(&] (23)
ma Pa Ma pa pa pP- pw pP- ¢psat

pw and p, in Eq. (23) are partial pressures for water vapor and air, respectively. By using
Dalton’s law, specific humidity y for a given relative humidity ¢ is computed in terms of
saturation pressure Psa.

sat

7= o.ezz[qu"&] (24)

By using Eg. (24), the relationship between vapor mass fraction Y, and relative humidity ¢ is
obtained. The vapor mass fraction is called specific humidity.

v 7 | _[_0622¢p. (25)
" \1+7) (p-0.378¢p,,

The saturated pressure Pgy in EQ. (25) is expressed in Pa. The saturation pressure is
calculated by Eq. (26) for a temperature T in deg K when water molecular weight My,o is 18
gm/mol.

Psat = 6lleprMH—2*°Lj[; —1ﬂ = 611exp{9.0625L[ ! —iﬂ (26)

R 273.15 T 27315 T

where R" = universal gas constant = 8.3144x10’ erg/(mol-K), where psa is in unit of Pa.
L is latent heat of vaporization in cal/gm, where 1 calorie = 4.186x10’ ergs. It is given by
L =597.3 - 0.566(T — 273.15), where T is in deg K. (27)

Saturated pressure psay corresponding to droplet temperature, T,, is computed by Eq. (26).
Evaporation temperature, T.s, , iS assumed to be saturated at the vapor pressure of the
continuous air medium.

Note that in the equation above, T will be the ambient dew point temperature if you want to
compute the density of the air going into the cooling tower. If you want to compute the
density of the air leaving the cooling tower, then T will be the temperature of the air after it
has been warmed and moistened by contact with the hot water in the fill zone.

¢ Momentum Source Term in Flow Momentum Equation, F

The present model calculates the superficial velocity based on volumetric flow rate. The
porous media model incorporates an empirically determined flow resistance in an isotropic
porous region. In essence, the isotropic porous media model is nothing more than an added
momentum sink in the governing momentum equation Eq. (2). The source term is
composed of two parts, a viscous loss term and an inertial loss term. It was based on
Ergun’s equation [3].

F _—['u v,+%va,-2j (28)

[
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where a:—(ia)sj, and C:_[MJ'

150(1- ¢ d,&®

Fiin Eq. (28) is the momentum sink term in the direction i, where i =1, 2, or 3,
corresponding to the x-, y-, and z-direction, respectively. The coefficients « and C will be
determined by the literature data.

e Energy Balance Equation in Porous Media

The present model calculates the energy transport equation given by Eg. (3) in porous zone
with modifications to the transient terms and the conduction heat flux only. Total energy in
the time derivative is used as the fluid-solid mixture energy, which is homogeneously mixed
in terms of porosity. Thermal conductivity, kx e, Used in the conduction heat flux is used as
the homogeneous mixture of fluid and solid conductivities.

Kpyor = ek +(1— & )k, (29)
ksand ks in Eqg. (29) are thermal conductivities for fluid and solid materials in porous media,
respectively, assuming isotropic thermal contributions of solid material to the continuous

fluid medium.

Boundary Conditions:

Boundary conditions for the modeling domain are provided for the following:
e Wind speed and direction

Ambient air or dry-bulb temperature

Ambient humidity — vapor mass fraction

Water inlet temperature

Water flow rate

Fan speed

Water basin temperature for cooling tower system
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Ambient conditions (Wind speed and direction, Temp, Humidity)
Water droplet temperatures at inlet, Air velocity at shroud exit

T

Heat Transfer between Mass transfer
air and water from water to air
Sensible heat to change air Modified air density due
temperature due to heat to evaporation of water
transfer from water inside cell inside cell

T e

Single-component air momentum
and energy transport egs.
1 mass conservation
1 vapor species transport
3 momentum conservations
2 turbulence equations
1 energy conservation

Figure 6. Solution methodology for single-phase mixture modeling approach.
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(3-million nodes for the model of A-Area crossflow cooling tower)

(2.5-million nodes for the model of H-Area counterflow cooling tower)

Figure 7. Computational meshes for the three-dimensional domains representing A-area
and H-area Mechanical Draft Cooling Towers (MDCT).
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4.0 MODEL BENCHMARKING

4.1 MODEL BENCHMARKING FOR BASIC PHYSICAL BEHAVIORS

The analysis consists of two major parts. One part is to develop the models of the operation
facilities used to simulate cross-flow and counterflow MDCTs and benchmarking of the
simulations with and without cooling fan operation. The second part is to calculate the flow
patterns for the turbulent flow induced by fan and wind and to investigate fan and wind
effects on cooling tower performance during induced draft and wind-aided natural
convection operation.

A cross-flow cooling tower in A-Area is modeled as consisting of four compartment cells as
shown in Fig. 1. There is no flow communication between two adjacent cells. Hot water is
assumed to be uniformly distributed via the porous floors of the decks located on both sides
of the fan shroud. As shown in Fig. 1, about 0.15-m thick drift eliminators inside the cells
were modeled as porous media by using Ergun’s equation, Eq. (28). About 77% porosity
was estimated for the 0.15m thick drift region from the literature data [4] as shown in Fig. 8.

The modeling work for the A-Area cooling tower considers three basic cases with different
operating conditions to examine how sensitive the flow patterns are to different fan and wind
speeds. The basic cases are fast fan, slow fan, and no fan as shown in Table 1. Flow
patterns coupled with heat and mass transfer were calculated to evaluate the effect of water
cooling inside the cell of the cooling tower by the solution method as shown in Fig. 6. A
three-dimensional CFD approach was used to solve the governing equations for the flow
domain as shown in Fig. 1. A prototypic geometry and domain of the cooling tower was
created by a commercial finite volume code, FLUENT [2], and then it was meshed in non-
orthogonal way to solve the governing equations. From the analysis of mesh sensitivity,
about 3 million hexahedral meshes were established to perform the calculations.

The flow conditions for the cooling tower operations are assumed to be fully turbulent since
Reynolds numbers for typical operating conditions are in the range of 10°. A standard two-
equation turbulence model, referred to as k—& model [5], was used since benchmarking
results against the literature data [6] showed that the model predicts turbulent flow evolution
in a large fluid domain with reasonable accuracy. Figure 9 compares the model predictions
for the standard two-equation model with the test results available in the literature.

Although other turbulent models such as RSM have the potential to give more accurate
results for flows in which streamline curvature, swirl, rotation, or rapid changes near the wall
boundary might be important, the standard k-¢ model is considered a good model for the
current calculations over a large fluid domain of mechanical drift cooling tower with fully-
developed turbulent flow medium. The results demonstrate that the k-¢ model combined
with standard wall functions generally predicts the test results better than other models [7].
Its predictions agree with the data within about 15%.

A counter-flow cooling tower in H-Area consists of four cells as shown in Fig. 2. It has about
9 inch gap above the free surface of the collection basin, which allows the air flow to be
communicated between the adjacent cells. The same solution methodology used to model
the A-Area cooling tower was applied to the H-area cooling tower. The computational
domain for the counterflow tower is shown in Fig. 7. The cooling tower consists of three
major regions, spray, fill, and rain zones. Before air leaves each of the cooling tower cells
through the fan shroud, ambient air travels through the fill and water spray zones, and it is
humidified via honeycomb-type drift eliminator. The fill zone has a large inlet area followed
by tortuous flow paths, which create a cascade of small droplets that have a large surface
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area for upward airflow and fallen water droplets. Based on the product information for a
19-mm standard gap spacing [13], the fill medium in the model was assumed to be a porous
media with 90% porosity to consider tortuous flow path and large surface area.

The literature correlation [8] was used to calculate the heat and mass transfer from water
droplets to the continuous gas phase at steady state, assuming them to be spherical and
uniform. Based on the literature information [10] and SRS experimental observation, the
model used the fixed droplet diameter to be 1 mm for the present analysis. Yao and
Schrock [11] performed the experimental work to measure the temperature drops for 3 to 5
mm diameter ranges of water droplets falling through a 3m column containing the
conditioned air. As shown in Fig. 10, the present model was benchmarked against the test
results. The calculation results show that when single droplet has 6 mm diameter, the
model under predicts the data by about 18% on the average since the current model
assumes spherical droplet. The experimental observations [11] clearly show that when a
droplet is larger than 4mm, it becomes non-spherical during free fall.

100

) Literature data (by Tech Sales Co.)
—_—r——— Predictions (by Ergun’s equation)

~ [ee] ©
o o o

D
o

Pressure drop (Pa)
N w B [6)]
o o o o
|\\\\l\\\\l\\\\l\\\\l\\\\l\\\\l\\\\l\\\\l\\\\
N

[Eny
o

I I Ll /\‘\ I I I I I I I . I . I .
2 4 6 8 10 12 14 16
Air velocity (ft/sec)

o
O

Figure 8. Comparison of the pressure drops across the drift eliminator with the literature
data (77% porosity).
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\J

Air ‘

Nielsen et al. [6]

Standard two-equation turbulence model

Re = 7,100 (inlet flow condition)
y=2H,x=2.35H

o\\\\I\@!)kl-i-\‘?’\l\\\\I\\\\I\\\\I\\\\I\\\\

A

0.2 0.4

Non-dimensional distance (z/H)

0.6 0.8 1

A’

(L/H=3.1, W/H =4.7, h/H = 0.056, t/H = 0.16, H = 0.0893 m)

Figure 9. Benchmarking results of non-dimensional horizontal air velocity along the line A-A’
on the plane of y=2H distance from the air inlet plane at Re = 7,100 inlet flow
(inlet air velocity, U = 10.371 m/sec).
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10
] Test data - 4mm droplet [Yao, 1976]
9 [ ] Test data - 6mm droplet [Yao, 1976]
C) Test data - 3mm droplet [Yao, 1976]

——— - Model predictions - 4mm droplet
— = = = Model predictions - 6mm droplet

7 ————— - Model predictions - 3mm droplet
Airtemp=22deg C “/"’
6 36% Relative humidity ,/"’

Droplet size =3 mm ,-"
-

Temperature drop of water droplet (deg C)
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Figure 10. Comparison of the predicted droplet cooling with the test data for free-falling
water droplet in still air [10].

4.2 INTEGRAL BENCHMARKING RESULTS FOR A-AREA

Test Descriptions for Experimental Measurement

The second compartment cell of the four-cell cross-flow MDCT at Savannah River Site
(SRS) was instrumented at the exit of the shroud region and near the water collection basin.
Sensor locations for the measurements of key operating parameters are shown in Fig. 11.
Air temperature and relative humidity measurements were made by using a HOBO data
logger [1] at six locations near the top of the cooling fan shroud. Water temperatures at the
tower exit were also measured by waterproof Tidbit data logger at 0.7 m above the free
surface of the collection basin. Water flow rate and temperature at the inlet of the
distribution deck were measured by Doppler ultrasonic flow meter and Tidbit, respectively.
Measurement data for each sensor location were recorded at a time interval of 15 minutes
during a two-month period in 2006. Test data for ambient air temperature and relative
humidity including wind speed and direction at the inlet of the second cell were continuously
obtained from meteorology stations located north and south of the cooling tower. Wind
speed and direction were measured by the A-Wind tower. The data recorded by the data
logger were downloaded to a computer and then averaged over 1-hour periods for the
benchmarking database used to validate the model. The relative humidity measurements
were converted to specific humidity or vapor mass fraction values. The measurement
conditions for each test case are summarized in Table 1. Test results were used to
benchmark and validate the model.
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Modeling predictions for turbulent airflow behavior and heat transfer characteristics were
benchmarked against the literature data using simple geometrical systems. The verified
model was extended to the prototypic MDCT system coupled with air humidification process
to perform the integral benchmarking tests. The test cases for the SRS cooling tower
consist of three basic cases. From the literature information [10] shown in Fig. 12, droplet
size for the A-Area cooling tower was used to be 1 mm diameter for the present calculations
since it has an array of thin-rectangular splashing plate inside the cooling cell. As shown in
Table 1, there are typically three different air velocities at the shroud exit, depending on the
fan speeds of the cooling tower. Average computational time for each of the test cases was
about 4 days for a two-cpu parallel run under HP DL585 Linux IBM workstation (IBM).

(Top view of
the instrumented

) ) fan shroud exit)
N g
\ l
, Water Water
Air , / Air
%\ 7 é
N g
Louver\ divider wall I/Louver
A\ I
07m '-?ﬁz_ﬁl.zm

@ Air temp. and humidity sensor location
® \Water temp. measurement location

Figure 11. Cross-section view of the compartment cell instrumented for the performance
measurement for A-area cooling tower.
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Table 1. Test conditions and results for the A-Area MDCT

Test Vex Ambient conditions Twi (°C)
cases
(m/s) Tamb (°C), Yv,amb Uo(m/s)*, 6,

Fastl 7.76 16.17, 0.0106 2.14, 85.5 27.78
Fast2 7.72 16.78, 0.0081 6.41, 298.2 27.12
Fast3 7.83 22.18, 0.0125 5.69, 263.5 31.78
Slowl 5.20 11.54, 0.0081 3.36, 306.8 26.90
Slow2 5.20 11.43, 0.0081 2.33, 291.80 26.96
Slow3 511 12.94, 0.0082 4.64, 301.3 27.06
Slow4 5.06 17.11, 0.0082 4.98, 299.8 27.92
Slow5 5.12 14.56, 0.0080 5.10, 294.3 27.07
Nofanl | -0.55 11.55, 0.0083 3.32, 3054 26.79
Nofan2 0.24 11.36, 0.0080 2.88, 287.3 26.88
Nofan3 0.33 12.11, 0.0083 3.27, 291.0 26.95
Nofan4 0.37 16.24, 0.0080 5.23, 296.5 27.01
Nofan5 0.14 13.5, 0.0080 5.46, 303.5 26.80

Note:*Averaged value
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B - - - = Max. possible droplet diameter [Fisenko et al., 2004]
3 —_—————— Min. possible droplet diameter [Fisenko et al., 2004]
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Figure 12. Possible range of droplets sizes for various upward flow air velocities.

The modeling predictions for air velocity around the cooling tower under the Fastl
conditions are compared with the test results obtained from the SRNL meteorology station
as shown in Table 2. The results show that the predictions reasonably agree with the test
data. Figure 13 compares the predicted air temperatures at the shroud exit with the test
results for the Fastl test condition. As shown in the figure, air temperature at the
southwestern side of the shroud exit is very close to the ambient temperature. It may be
caused by downwash mixed in ambient air through the fan motor housing, which was not
included in the model. The corresponding results for the vapor mass fraction at the shroud
exit are shown in Fig. 14. The results show that the model predictions are in agreement
with the test data within 15%. As shown in the figure, air temperature at the center of the
shroud exit is lower than the peripheral region, which is consistent with the test data. This is
mainly due to the higher air velocity at its center so that air phase has smaller contact time
with the warmer water phase when air velocity becomes higher as shown in Fig. 15. The air
temperature and vapor mass fraction distributions at the vertical plane crossing the second
cell are shown in Figs. 16 and 17, respectively. The results show that air temperature
increases by about 4°C and humidity increases by about 8% RH (RH or vapor mass
fraction?) through the cooling tower. Table 3 shows quantitative comparison of the water
exit temperatures between the model predictions and the test data under the Fastl test
condition. As shown in the table, the predicted water temperature at the tower exit is about
6% lower than the data on average.
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Table 2. Comparison of wind velocity predictions around the cooling tower with test data
under the Fastl1 conditions

, Wind speed (m/sec) Directions (angle)
Locations
Predictions Data Predictions Data
Upstream side 1.60 1.35 24.5 29.0*
(North)
Downstream side 2.20 1.54 64.1 70.9*
(South)

Note: *Both wind directions are toward the cooling tower.

The scoping calculations were based on the model with no flow obstructions near the
cooling tower. A storage shed is located 32 inches from the northern side of the 2™ cell.
The shed is 8.3 ft wide, 16.7 ft long, and 8.3 ft high. Figure 18 shows a comparison of air
velocity distributions between the models with and without the shed at the horizontal plane 4
ft above the ground surface for Fastl case. The vapor mass fraction distributions of the
model with the shed are compared with the one without the shed obstruction at the mid-
plane of 2™ cell for the same case in Fig. 19. The results show that there is little impact on
the cooling tower performance with the presence of small storage shed. Figure 20 presents
temperature distributions of water droplets for the Fast1 test condition.

When cooling fans are turned off, water droplets inside each cell will be cooled by wind,
natural convection and sensible heat transfer. As shown in Figs. 21 and 22, the modeling
predictions for the air temperature and specific humidity profile at the exit plane of the fan
shroud are compared with the test results for the NoFan5 test condition. In this case, the
wind direction was northwestern as shown in Table 1. The test results clearly show that
when cooling fans are off, air temperatures at the shroud exit are nearly uniform. It is noted
that the modeling predictions for Nofan5 have non-zero gradients over the distance from the
upstream (north) side of wind to the downstream (south) side since the model did not
consider detailed flow obstructions such as splashing plates inside each cell. Thus, the
predicted temperatures at the upstream side are slightly lower than the downstream side
because of the smaller residence time of air inside the cell. The overall discrepancy
between the model predictions and the test data is less than about 10%.

The variations of exit air and water temperatures with air mass flow rate are shown in Figs.
23 and 24, respectively. The test results show that the distribution of exit water
temperatures are non-uniform for a given air flow rate. By visual inspection of the A-Area
cooling tower from the side and from above, the falling rain is not uniform in droplet size and
there is poor flow distribution below the spray zone. The overall predictions are in
reasonable agreement with the test results. As shown in the figures, it is noted that the exit
air temperature tends to decrease with increasing air mass flow rate, and the exit water
temperature decreases as air mass flow rate increases. The performance of a mechanical
draft cooling tower can be evaluated in terms of the approach of the exit water temperature
to the ambient wet-bulb temperature. The cooling tower performance or temperature ratio is
defined in Eqg. (30) as

R= Tw,in - Tw,out (30)

Toin—T.

w,in a,wb,in
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where Ty, is the inlet water temperature, Ty o iS the outlet water temperature and T, wp,in IS
the ambient wet-bulb temperature. At given inlet air and inlet water temperatures, and water
mass flow rate, the temperature ratio increases with increasing air mass flow rate as shown
in Fig. 25.

A comparison of the experimental and predicted air temperatures and vapor mass fractions
at the shroud exit are shown in Figs. 26 and 27, respectively. The root-mean-square (RMS)
errors in air temperatures and vapor mass fractions are 11% and 12%, respectively . Some
of the discrepancy between experimental and predicted results can be attributed to the
water flow maldistribution on the decking material below the spray zone. It is concluded that
the CFD model for the MDCT system captures basic flow patterns and heat transfer
characteristics, and it predicts the test results in a reasonably accurate way.
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Figure 13. Comparison of the air temperature profile at the shroud exit for the Fast1 test
condition.
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Figure 14. Comparison of the vapor mass fraction profile at the shroud exit for the Fastl
test condition.
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Figure 15. Air flow patterns at the vertical mid-plane crossing the instrumented cell of the
cooling tower for the Fastl test condition.
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Figure 16. Air temperature distribution at the vertical mid-plane crossing the instrumented
cell of the cooling tower for Fastl test condition.
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Figure 17. Vapor mass fractions at the vertical mid-plane crossing the instrumented cell of
the cooling tower for Fastl test condition,.
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Figure 18. Comparison of air velocity distributions between the models with and without the
shed at the horizontal plane 4 ft above the ground surface for the Fastl test

condition.
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Figure 19. Comparison of vapor mass fraction distributions between the models with and
without the shed at the mid-plane of 2" cell for the Fast1 test condition.
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Figure 20. Temperature distributions of water droplets for the Fastl test condition.

Table 3. Comparison of water temperature predictions with test data at 28-in above the
water basin surface for the Fastl test condition.

Temperature (°C)
Locations
Predictions Test data

North outer 18.40 19.32
North middle 19.72 22.74
North inner 22.00 24.72
South outer 19.01 18.65
South middle 20.54 21.14
South inner 21.82 22.76
Average 20.25 21.55
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Figure 21. Comparison of the air temperature profile at the shroud exit for the Nofan5 test
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Figure 23. Variation of exit air temperature with air mass flow rate.
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Figure 24. Variation of exit water temperature with air mass flow rate.
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Table 4. Test conditions and results for the A-Area MDCT.

Test Tamb Air temperature at exit (°C) Vapor mass fraction at exit,
cases (°C), Yyex
Yv,amb
Test data Pred. | % error | Test data Pred. % error
Fastl 16.17, 19.05 19.51 2.4 0.0137 0.0142 3.6
0.0106 18.43 19.81 75 0.0133 0.0145 9.0
17.85 18.14 1.6 0.0128 0.0129 0.8
17.78 18.27 2.8 0.0125 0.0130 4.0
20.59 19.82 3.7 0.0148 0.0145 2.0
17.21 19.54 13.5 0.0120 0.0142 18.3
Fast2 16.78, 17.31 20.12 16.2 0.0125 0.0133 6.4
0.0081 18.45 20.22 9.6 0.0140 0.0134 4.3
17.52 18.25 4.2 0.0118 0.0115 2.5
17.86 18.31 2.5 0.0116 0.0116 0.0
19.00 20.32 6.9 0.0139 0.0137 1.4
16.68 20.19 21.0 0.0119 0.0135 13.4
Fast3 22.18, 24.66 25.40 3.0 0.0202 0.0186 7.9
0.0125 23.71 25.59 7.9 0.0192 0.0189 1.6
23.57 23.49 0.3 0.0184 0.0164 10.9
23.72 23.51 0.9 0.0177 0.0164 7.3
24.63 25.64 4.1 0.0207 0.0190 8.2
22.78 25.46 11.8 0.0171 0.0187 9.4
Slowl 11.54, 1541 18.08 17.3 0.0109 0.0137 24.5
0.0081 18.37 18.04 1.8 0.0136 0.0137 0.7
14.91 16.26 9.1 0.0109 0.0121 9.0
15.44 16.28 54 0.0109 0.0121 10.0
19.69 18.81 4.3 0.0141 0.0143 0.0
15.32 18.53 21.0 0.0106 0.0138 29.0
Slow?2 11.43, 16.02 17.91 11.8 0.0110 0.0136 23.6
0.0081 18.09 18.02 0.4 0.0136 0.0137 0.7
15.21 15.97 5.0 0.0110 0.0119 8.2
15.57 16.00 2.8 0.0110 0.0119 8.2
18.85 18.05 4.1 0.0135 0.0137 1.5
14.97 17.82 19.0 0.0103 0.0133 29.1
Slow3 12.94, 16.32 19.35 18.6 0.0114 0.0145 27.2
0.0082 18.79 19.03 1.3 0.0143 0.0142 0.0
15.83 17.49 10.5 0.0116 0.0127 9.5
16.17 17.44 7.9 0.0117 0.0127 8.5
19.51 20.26 4.0 0.0143 0.0153 7.0
16.00 19.98 24.9 0.0112 0.0145 29.5
Slow4 17.11, 17.90 21.39 19.5 0.0134 0.0148 104
0.0082 20.38 21.08 3.4 0.0158 0.0144 8.9
18.42 19.78 7.4 0.0127 0.0133 4.7
18.90 19.75 4.5 0.0126 0.0132 3.9
20.86 22.06 5.8 0.0158 0.0158 0.0
17.90 21.80 21.8 0.0131 0.0155 18.3
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Test T.mo (°C), | Air temperature at exit (°C) Vapor mass fraction at exit, Y\ ex
cases -
Testdata | Pred. | % error | Test data Pred. % error

Slow5 14.56, 17.27 19.76 14.4 0.0118 0.0141 19.5

0.0080 19.19 19.43 1.3 0.0146 0.0138 4.8

16.65 18.11 8.8 0.0117 0.0126 7.7

16.95 18.05 6.5 0.0115 0.0125 8.7

19.54 20.58 53 0.0142 0.0150 5.6

16.36 20.26 23.8 0.0113 0.0145 28.3

Nofanl 11.55, 21.56 19.71 8.6 0.0161 0.0150 6.8

0.0083 20.89 19.50 6.7 0.0152 0.0148 2.6

20.19 21.68 7.4 0.0148 0.0164 10.8

20.37 21.40 5.1 0.0149 0.0162 8.7

19.76 22.85 15.6 0.0143 0.0175 22.4

19.73 22.60 14.5 0.0141 0.0173 22.7

Nofan2 11.36, 20.81 19.54 6.1 0.0152 0.0150 1.3

0.0080 20.61 19.38 6.0 0.0152 0.0149 2.0

19.70 21.41 8.7 0.0144 0.0164 13.9

19.97 21.33 6.8 0.0145 0.0163 12.4

19.94 22.60 13.3 0.0144 0.0175 21.5

19.70 22.51 14.3 0.0142 0.0174 22.5

Nofan3 12.11, 21.01 19.91 5.2 0.0154 0.0151 1.9

0.0083 21.01 19.76 5.9 0.0155 0.0150 3.2

20.31 22.02 8.4 0.0149 0.0167 12.1

20.72 21.79 5.2 0.0151 0.0166 9.9

20.25 23.26 14.9 0.0149 0.0179 20.1

20.31 23.04 13.4 0.0147 0.0177 20.4

Nofan4 16.24, 21.28 20.78 2.3 0.0159 0.0140 11.9

0.0080 20.95 20.70 1.2 0.0157 0.0139 115

20.95 21.79 4.0 0.0154 0.0152 1.3

21.13 21.59 2.2 0.0153 0.0150 2.0

20.52 22.41 9.2 0.0156 0.0160 2.6

20.77 22.27 7.2 0.0152 0.0158 3.9

Nofanb5 13.5, 20.64 19.20 7.0 0.0147 0.0136 7.5

0.0080 20.62 19.03 7.7 0.0152 0.0134 11.3

20.33 20.41 0.4 0.0146 0.0147 0.0

20.62 20.03 2.9 0.0148 0.0143 3.4

20.53 21.06 2.6 0.0149 0.0154 3.4

20.61 20.72 0.5 0.0148 0.0150 1.4
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4.3 INTEGRAL BENCHMARKING RESULTS FOR H-AREA

All compartment cells of the four-cell counterflow MDCT at H-Area were instrumented at the
exit of the shroud region and near the water collection basin. Air temperature and relative
humidity measurements were made by using a HOBO data logger [1] at four locations near
the top of cooling fan shroud. The measurement sensors were located at the northwestern
top corner of each compartment cell about 1 ft above the drift eliminator as shown in Fig. 2.
Water temperatures at the cell exit were also measured by waterproof Tidbit data loggers
near the free surface of the collection basin. Water flow rate and temperature at the inlet of
the water supply to the tower were measured by Doppler ultrasonic flow meter and Tidbit,
respectively. Measurement data for each sensor location were recorded at a time interval of
15 minutes during a two-month period in 2005. Sensor locations for exit air temperature,
exit relative humidity, inlet and exit water temperatures are presented in Fig. 28. The
relative humidity measurements were converted to specific humidity or vapor mass fraction
values. When the cooling fan is operated, the air speed at the exit of the fan shroud is about
10 m/sec. Test data for ambient air temperature and relative humidity including wind speed
and direction were continuously obtained from the meteorology station. Wind speed and
direction were measured by the wind tower station at H-Area. The data recorded by the
data logger were downloaded to a computer, and then averaged over 1-hour periods for the
benchmarking database used to validate the model. The ambient conditions and
measurement results for the H-Area MCCT'’s are summarized in Table 5. The measurement
results for the H-Area cooling towers were used to benchmark the model.

The velocity field at the plane crossing the vertical center of the 3™ cell under low-speed
wind of 0.95 m/sec for the Aug28 case is shown in Fig. 29. It is noted that the air plume
direction does not change due to the ambient wind. The corresponding air temperature and
vapor mass fraction distributions in the plume are shown in Figs. 30 and 31, respectively.
As the wind speed increases to about 2 m/sec, the bouyant plume from the 2" tower cell
begins to bend in the direction of the wind as shown in Fig. 32. The air temperature and
vapor mass fraction distributions in the plume under higher wind speed are shown in Figs.
32 and 33, respectively.

Under certain operating conditions, the cooling fans are turned off, resulting in natural
convective cooling of the water. Figure 35 compares the velocity fields between the induced
draught (fan-on) and natural draught (fan-off) cells during the ambient conditions of the
Dec5. Comparison of the air temperature and vapor mass fraction distributions between the
fan-on and fan-off cells are made in Figs. 36 and 37, respectively.

Figure 38 makes a comparison of the velocity fields between the low and high wind speed
conditions during the fan-off cell operation. The corresponding distributions of the air
temperature at the vertical mid-plane of the fan-off cell are compared in Fig. 39. It is noted
that when the wind speed increases, the air temperature inside the fan-off cell is distributed
in a more asymmetrical way across the upstream and downstream sides due to better mass
transfer between the water droplets and air. Water droplet temperatures were calculated
along the trajectory within each cell via a Lagrangian approach, assuming droplet size to be
uniform and 3 mm diameter. The water droplet temperature distribution is shown in Fig. 40.
Figure 41 compares the predicted and measured exit air temperatures for the H-area
cooling tower. The corresponding vapor mass fractions at the exit of the H-area cooling
tower are compared in Fig. 42. Detailed comparisons of the exit air temperature and vapor
mass fractions are made quantitatively in Tables 6 and 7, respectively. The results show
that the model can predict the exit air temperatures and vapor mass fractions with a
maximum error of 15%.
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Table 5. Ambient conditions and measurement results for the H-Area MDCT's.

Test Ambient conditions Twi My Teell exit (°C), RH, (fan on:1, fan off:0)
cases | Tam | gy | YoMS) 1oy | psac | 15 el 2" cell 3 cell 4" cell
(2005) | (C) 0o
July21 24.40 | 0.86 | 0.71,222.9 | 28.02 | 329.4 | 25.67,0.99, 25.56,1.0, 25.23,1.0, 28.02, 0.99,
(1) 1) (1) (1)
July22 25.17 | 0.80 | 0.81,215.7 | 27.84 | 329.41 | 25.69, 0.98, 25.56, 0.97, 25.17,0.96, | 25.17, 0.98,
(1) 1) (1) (1)
July26 28.22 | 0.68 | 1.0,188.6 28.92 | 337.2 | 27.21,0.98, 26.73, 1.0, 26.73, 1.0, 26.73, 0.95,
(1) (1) (1) (1)
Augs 27.44 | 0.77 | 1.25,224.5 | 28.05 | 319.42 | 26.34,0.97, 26.34, 1.0, 26.02, 1.0, 26.03, 1.0,
(1) 1) (1) 1)
Auglda 24.01 | 0.94 | 1.34,169.4 | 26.15 | 316.1 | 24.40, 0.98, 24.27,0.97, 24.08,0.99, | 24.40,0.99,
(1) 1) (1) 1)
Aug28 24.40 | 0.94 | 0.95,55.66 | 27.56 | 449.2 | 25.95,0.98, 25.56, 0.99, 25.46,0.99, | 25.66, 1.0,
(1) 1) (1) (1)
Sep2 21.33 | 0.81 | 1.32,343.8 | 22.72 | 416.8 | 21.71, 0.96, 21.33, 0.95, 21.14,0.95, | 21.33,0.95,
(1) (1) (1) (1)
Sep26a 21.33 | 0.98 | 2.04,137.0 | 23.80 | 426.7 | 22.09, 1.0, 22.09, 1.0, 22.09, 1.0, 22.09, 1.0,
(1) 1) (1) 1)
Sep28 27.12 | 0.70 | 4.06,101.6 | 27.25 | 646.33 | 26.34,0.97, 25.76, 1.0, 25.56, 1.0, 25.95, 1.0,
(1) 1) (1) 1)
Sep29 19.60 | 0.97 | 0.63,57.28 | 22.95 | 562.6 | 21.12, 1.0, 21.16, 1.0, 20.81, 1.0, 21.02,0.92,
(1) 1) (1) (1)
Sep29p 28.60 | 0.69 | 3.51,278.3 | 25.46 | 635.1 | 25.13,0.98, 24.69, 1.0, 24.98, 1.0, 25.13,0.97,
(1) 1) (1) 1)
Oct15 16.82 | 0.78 | 1.49,179.0 | 18.22 | 369.3 | 16.95, 0.94, 17.08, 0.95, 16.63,0.96, | 16.70, 0.95,
(0) (1) (1) 1)
Oct20 21.22 | 0.74 | 1.71,188.3 | 22.62 | 380.74 | 21.49, 0.91, 21.28,0.91, 21.11,0.75, | 21.11,0.87,
(0) 1) (0) (1)
Oct22 19.81 | 0.90 | 3.04,274.1 | 24.19 | 391.3 | 22.09, 1.0, 22.25, 1.0, 22.25,0.98, | 22.56, 1.0,
(0) 1) (0) (1)
Nov24 19.27 | 0.72 | 6.78,267.8 | 24.65 | 477.14 | 23.24, 1.0, 23.24, 1.0, 23.24, 1.0, 23.63, 1.0,
(0) (0) (0) (0)
Nov29 17.52 | 0.66 | 2.25,230.9 | 20.62 | 511.6 | 19.33, 1.0, 18.09, 1.0, 20.19,0.99, | 19.62, 1.0,
(1) 1) (0) 1)
Dec3 16.71 | 0.21 | 2.85,159.6 | 22.07 | 442.1 | 22.31, 1.0, 21.38, 1.0, 21.60, 1.0, 21.82, 1.0,
(0) (0) (0) (0)
Dec4 22.35 | 0.96 | 4.13,196.6 | 24.04 | 549.01 | 23.57, 1.0, 21.46, 1.0, 22.80, 1.0, 24.01, 1.0,
(0) 1) (0) (0)
Dec4m 20.19 | 1.0 | 2.43,186.8 | 24.36 | 577.3 | 23.11, 1.0, 21.58, 0.99, 21.78,0.97, | 21.46,1.0,
(0) 1) (0) (0)
Dec5 17.67 | 1.0 | 2.80,187.8 | 23.17 | 676.8 | 20.57, 1.0, 19.89, 1.0, 20.34, 1.0, 18.96, 1.0,
(0) (1) (1) (0)
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Figure 29. Velocity field at the plane crossing the vertical center of the 3 cell during low-
speed wind in the H-area cooling tower.
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during low-speed wind in the H-area cooling tower.
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Figure 31. Vapor mass fraction distribution at the plane crossing the vertical center of the
3" cell during low-speed wind in the H-area cooling tower.
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Figure 33. Air temperature distribution at the plane crossing the vertical center of the 2" cell
during high-speed wind in the H-area cooling tower.
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Figure 34. Vapor mass fraction distribution at the plane crossing the vertical center of the
2" cell during high-speed wind in H-area cooling tower.
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Figure 35. Comparison of velocity fields between induced draught (fan-on) and natural
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H-area cooling tower.
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Figure 37. Comparison of vapor mass fractions between induced draught and natural
draught cells at the plane crossing the vertical center of the cell in the H-area
cooling tower.
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Figure 38. Comparison of velocity fields between the low and high wind speed conditions
for the H-area cooling tower.
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Figure 39. Comparison of air temperature distributions between low and high wind speed
conditions for the H-area cooling tower.
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Figure 41. Comparison of the predicted and measured exit air temperatures for the H-area
cooling tower.
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Figure 42. Comparison of the predicted and measured vapor mass fractions at the exit of
the H-area cooling tower.
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Table 6. Comparison of exit air temperatures between the test results and the modeling
predictions for the H-Area MDCT's.

Test Amb. conditions Teei, exit (°C) Avg.
cases Tamb 1% cell 2" cell 3 cell 4" cell %
(2005) (oa(”;‘) Yvamb error

Data Pred. Data Pred. Data Pred. Data Pred.

July21 24.40 0.0163 25.67 25.75 25.56 25.45 25.23 25.25 25.17 25.25 0.1

July22 25.17 0.0158 25.69 26.10 25.56 26.00 25.17 25.75 25.17 25.75 2.0

July26 28.22 0.0161 27.21 28.30 26.73 28.30 26.73 28.30 26.73 28.25 54

Aug8 27.44 0.0176 26.34 27.60 26.34 27.50 26.03 27.50 26.03 27.50 5.1

Auglda 24.01 0.0174 24.40 24.80 24.27 24.70 24.08 24.60 24.40 24.50 15

Aug28 24.40 0.0177 25.95 25.90 25.56 25.50 25.46 25.40 25.66 25.40 0.4

Sep2 21.33 0.0128 21.71 21.90 21.33 21.70 21.14 21.70 21.33 21.70 1.7

Sep26a 21.33 0.0155 22.09 22.50 22.09 22.10 22.09 22.00 22.09 22.10 0.4

Sep28 27.12 0.0155 26.34 27.10 25.76 27.00 25.56 27.00 25.95 27.00 4.3

Sep29 19.60 0.0137 21.12 21.50 21.16 21.10 20.81 20.90 21.02 20.90 0.3

Sep29p 28.60 0.0168 25.13 26.59 24.69 26.82 24.98 26.93 25.13 26.93 7.3

Octl5 16.82 0.0092 16.95 16.90 17.08 17.70 16.63 17.20 16.70 17.20 2.4
Oct20 21.22 0.0115 21.49 21.40 21.28 22.00 21.11 21.50 21.11 21.90 2.1
Oct22 19.81 0.0129 22.09 23.60 22.25 22.10 22.25 23.30 22.56 21.90 2.0

Nov24 19.27 0.0100 23.24 23.60 23.24 24.00 23.16 23.80 23.63 23.60 1.9

Nov29 17.52 0.0081 19.33 19.20 18.09 18.70 20.19 17.90 19.62 19.60 2.4

Dec3 16.71 0.0025 2231 21.00 21.38 21.00 | 21.60 21.20 | 21.82 21.40 2.9

Dec4 22.35 0.0161 23.57 23.40 21.46 23.60 | 22.80 23.90 | 24.01 23.40 2.7

Dec4m 20.19 0.0147 23.11 21.10 21.58 23.30 | 21.78 22.20 | 21.46 21.30 0.0

Dec5 17.67 0.0125 20.57 19.00 19.89 21.80 | 20.34 20.30 18.96 20.00 1.7
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Table 7. Comparison of vapor mass fractions at the exit between the test results and the
modeling predictions for the H-Area MDCT's.

Test Amb. conditions Vapor mass fraction at exit, Yy ex (°C) Avg.
(Czaosgs) '(I'Oacn;;) Yoamb 1% cell 2" cell 3" cell 4" cell e:f’or
Data | Pred. Data Pred. Data Pred. Data Pred.
July21 24.40 0.0163 0.0202 | 0.0192 0.0204 | 0.0188 0.0200 0.0183 0.0197 0.0183 7.1
July22 25.17 0.0158 0.0201 | 0.0189 0.0198 | 0.0185 0.0190 0.0180 0.0195 0.0180 6.4
July26 28.22 0.0161 | 0.0220 | 0.0197 | 0.0217 | 0.0191 | 0.0218 | 0.0186 | 0.0208 | 0.0186 | 11.9
Augs 27.44 0.0176 | 0.0212 | 0.0200 | 0.0218 | 0.0196 | 0.0214 | 0.0192 | 0.0214 | 0.0192 | 9.1
Auglda 24.01 0.0174 | 0.0186 | 0.0188 | 0.0182 | 0.0186 | 0.0184 | 0.0185 | 0.0188 | 0.0183 | 0.3
Aug28 24.40 0.0177 0.0203 | 0.0202 0.0201 | 0.0196 0.0201 0.0198 0.0205 0.0198 2.0
Sep2 21.33 0.0128 0.0154 | 0.0152 0.0150 | 0.0145 0.0148 0.0147 0.0150 0.0147 1.8
Sep26a 21.33 0.0155 0.0165 | 0.0167 0.0165 | 0.0165 0.0165 0.0164 0.0165 0.0164 0.0
Sep28 27.12 0.0155 0.0207 | 0.0200 0.0206 | 0.0189 0.0204 0.0186 0.0208 0.0195 6.7
Sep29 19.60 0.0137 0.0155 | 0.0152 0.0156 | 0.0154 0.0152 0.0152 0.0142 0.0152 0.8
Sep29p 28.60 0.0168 0.0195 | 0.0168 0.0193 | 0.0168 0.0197 0.0168 0.0193 0.0168 | 13.5
Octl5 16.82 0.0092 0.0112 | 0.0102 0.0115 | 0.0119 0.0112 0.0109 0.0111 0.0109 2.4
Oct20 21.22 0.0115 0.0144 | 0.0136 0.0142 | 0.0150 0.0116 0.0125 0.0136 0.0148 3.9
Oct22 19.81 0.0129 0.0165 | 0.0180 0.0166 | 0.0163 0.0164 0.0177 0.0170 0.0159 2.0
Nov24 19.27 0.0100 0.0180 | 0.0180 0.0180 | 0.0180 0.0179 0.0180 0.0184 0.0180 0.4
Nov29 17.52 0.0081 | 0.0139 | 0.0125 | 0.0128 | 0.0116 | 0.0145 | 0.0096 | 0.0141 | 0.0134 | 14.9
Dec3 16.71 0.0025 | 0.0167 | 0.0153 | 0.0158 | 0.0146 | 0.0160 | 0.0153 | 0.0162 | 0.0153 | 65
Dec4 22.35 0.0161 | 0.0180 | 0.0176 | 0.0159 | 0.0177 | 0.0172 | 0.0181 | 0.0185 | 0.0175 | 1.9
Decdm 20.19 0.0147 0.0175 | 0.0157 0.0158 | 0.0177 0.0157 0.0166 0.0159 0.0157 1.2
Dec5 17.67 0.0125 0.0150 | 0.0146 0.0144 | 0.0160 0.0148 0.0151 0.0136 0.0146 4.3
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5.0 RESULTS AND DISCUSSIONS

The field test data for the A-Area and H-Area mechanical draft cooling towers were used to
benchmark the present simulations. Measurements were taken of the air inlet and exit
temperatures, the ambient pressure, the water flow rate and its temperatures at the inlet and
outlet. The detailed discussions of the measurement locations were provided in the
previous sections. Thirteen sets of the measured data from the A-Area tower and twenty
sets of the H-Area test results were compared with the modeling predictions.

Key physical models for turbulence model, evaporative droplet cooling were validated
against the literature data. The validated model [14] were applied to the integral
benchmarking test against the onsite test results for the A-Area and H-Area cooling towers.
Comparison of the predicted and measured exit air temperatures for the A-Area and H-Area
cooling towers are made in Fig. 43. The results show that the modeling predictions for the
H-Area system are about 10% better than those of the A-Area system because of two
potential reasons. One reason is that the model assumes uniform water distributions at the
cell inlet, although the test results show that they are not uniform for the ambient and
operating conditions (are you referring to the A-Area tower?). The other is probably due to
the modeling assumption that an array of the staggered thin-rectangular plates for splitting
the water droplets inside each cell has negligible impact on the cell residence time of the
ambient air stream to be used for water cooling. Figure 44 compares the predicted and
measured vapor mass fractions at the exit for the A-Area and H-Area cooling towers.

The benchmarked model for the A-Area cooling tower was used to the evaluate the impact
of wind speed and direction on the air velocity at the exit of the cooling tower. The results
indicate that when wind direction is 90 or 270 degrees relative to the plant north, the
magnitude of the exit air velocity is only 10 % of the incoming wind speed. For the case with
plant-north or plant-south wind direction, the cell exit velocity magnitude will reach a
maximum of 34 % of the wind speed. The nondimensional air velocities at the shroud exit,
when scaled by the incoming wind speed, collapse to a single curve as shown in Fig. 45.
Parametric results for 2, 4, and 8 m/sec wind speeds with various wind directions for the A-
Area cooling tower are shown in Tables 8 to 10, respectively.

Figure 46 shows the nondimensional air velocities at the shroud exit as a function of wind
direction for three different wind speeds in the H-Area cooling tower. The results show that
when the wind direction approaches within 90 or 270 degrees of plant north, the exit air
velocity is at a minimum due to the wind shield effect as shown in Fig. 1. Parametric results
for 2, 4, and 8 m/sec wind speeds with various wind directions for the H-Area cooling tower
are shown in Tables 11 to 13, respectively. Figure 47 shows that the nondimensional air
velocities at the shroud exit from the H-Area tower are less sensitive to the wind direction.
This is due to a greater inlet flow area and smaller pressure drop in the A-Area cooling tower
as compared to the H-Area cooling tower.
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Figure 43. Comparison of the predicted and measured exit air temperatures for the A-Area
and H-Area cooling towers.
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Figure 44. Comparison of the predicted and measured vapor mass fractions at the exit for
the A-Area and H-Area cooling towers.
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Figure 45. Nondimensional air velocities at the shroud exit as a function of wind direction for
three different wind speeds in the A-Area tower.
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Table 8. Parametric results for a 2 m/sec wind speed with various wind directions for the A-
Area cooling tower.

Wind speed (Clo\::\{!\?v?sglfrfglcemw.r.t Avg. exit vel, AP?
(m/sec) true north) (m/sec) (Pa)

2 0 0.5259 2.7386

2 30 0.3065 1.3267

2 60 0.2064 0.6042

2 90 0.396 2.0678

2 120 0.604 3.2366

2 150 0.6688 3.3762

2 180 0.5373 2.8215

2 210 0.3161 1.4196

2 240 0.2054 0.6099

2 270 0.3906 1.9438

2 300 0.5999 3.0715

2 330 0.6593 3.2601

2 360 0.5255 2.7482

Note:*Difference between area-averaged upstream and downstream pressures of A-
Area cooling tower
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Table 9. Parametric results for a 4 m/sec wind speed with various wind directions for the A-
Area cooling tower.

Wind speed (Clo\::\{!\?v?sglfrfglcemw.r.t Avg. exit vel. AP?
(m/sec) true north) (m/sec) (Pa)
4 0 1.0463 11.1044
4 30 0.6025 5.4567
4 60 0.4117 2.3967
4 90 0.7846 8.3673
4 120 1.1958 13.3847
4 150 1.3407 13.4929
4 180 1.0694 11.4903
4 210 0.6268 5.643
4 240 0.3959 2.5589
4 270 0.798 7.7421
4 300 1.2116 12.646
4 330 1.3153 13.4744
4 360 1.0551 11.0535

Note:*Difference between area-averaged upstream and downstream pressures of A-
Area cooling tower
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Table 10. Parametric results for a 8 m/sec wind speed with various wind directions for the
A-Area cooling tower.

Wind speed (Clo\::\{!\?v?sglfrfglcemw.r.t Avg. exit vel. AP*
(m/sec) true north) (m/sec) (Pa)

8 0 0.2628 44.1814

8 30 0.1500 23.068

8 60 0.1036 10.3504

8 90 0.2014 32.8714

8 120 0.3007 52.6482

8 150 0.3348 54.3577

8 180 0.2678 45.8295

8 210 0.1561 23.811

8 240 0.0993 10.5423

8 270 0.1966 32.4687

8 300 0.3017 50.9955

8 330 0.3312 52.4489

8 360 0.2611 44.3284

Note:*Difference between area-averaged upstream and downstream pressures of A-
Area cooling tower
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Figure 46. Nondimensional air velocities at the shroud exit as a function of wind direction for
three different wind speeds in the H-Area tower.
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Table 11. Parametric results for a 2 m/sec wind speed with various wind directions in the H-
Area cooling tower.

Wind speed Cl o\(/:\ﬁ\r/]v(ijsgi;erf g;ilznw.r.t Avg. exit vel. AP*
(m/sec) true north) (m/sec) (Pa)

2 0 0.3825 1.3551

2 30 0.3146 0.7552

2 60 0.1416 0.1301

2 90 0.3578 1.0380

2 120 0.3851 1.2220

2 150 0.4038 1.3965

2 180 0.3832 1.1634

2 210 0.3155 0.6535

2 240 0.1439 0.1181

2 270 0.3579 1.1361

2 300 0.3846 1.3686

2 330 0.4033 1.5490

2 360 0.3825 1.3551

Note:*Difference between area-averaged upstream and downstream pressures of

cooling tower

-56 -



SRNL-STI-2009-00137

Table 12. Parametric results for a 4 m/sec wind speed with various wind directions in the H-
Area cooling tower.

Wind speed Cl o\(/:\ﬁ\r/]v(ijsgi;erf g;ilznw.r.t Avg. exit vel. AP*
(m/sec) true north) (m/sec) (Pa)

4 0 0.7961 6.3330

4 30 0.6375 3.8876

4 60 0.3088 0.9486

4 90 0.7438 4.7443

4 120 0.8040 5.8114

4 150 0.8296 6.1010

4 180 0.7994 5.5854

4 210 0.6377 3.4563

4 240 0.3089 0.9062

4 270 0.7444 5.1070

4 300 0.8041 6.5088

4 330 0.8299 6.8331

4 360 0.7961 6.3330

Note:*Difference between area-averaged upstream and downstream pressures of

cooling tower
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Table 13. Parametric results for a 8 m/sec wind speed with various wind directions in the H-
Area cooling tower.

Wind speed Cl o\(/:\ﬁ\r/]v(ijsgi;erf g;ilznw.r.t Avg. exit vel. AP*
(m/sec) true north) (m/sec) (Pa)

8 0 1.6316 27.0904

8 30 1.2560 16.5676

8 60 0.6106 4.3864

8 90 1.5077 21.9085

8 120 1.6504 24.3803

8 150 1.6681 25.0166

8 180 1.6351 24.5042

8 210 1.2556 14.8115

8 240 0.6104 3.9006

8 270 1.5066 23.5050

8 300 1.6499 27.3059

8 330 1.6684 28.0186

8 360 1.6316 27.0904

Note:*Difference between area-averaged upstream and downstream pressures of

cooling tower
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Figure 47. Comparison of nondimensional air velocities at the shroud exit at a wind speed
of 2 m/sec for the A-Area and H-Area cooling towers.
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6.0 CONCLUSIONS AND SUMMARY

A three-dimensional steady-state CFD model was developed for the SRS four-cell MDCT
systems in A-Area and H-Area to evaluate the flow patterns and heat transfer characteristics
inside the cooling tower during induced draught and wind driven conditions. The CFD
model used a standard two-equation turbulence model to capture the turbulent flow behavior
of the air inside and outside the tower cells. The model considered a air-vapor mixture that
was coupled with water droplet flow, assuming that the vapor phase is always transported
by the continuous air phase with no slip velocity. In this work, water droplet flow was
considered as discrete phase via a Lagrangian approach for the mass and sensible heat
transfer. Simple geometric models were developed to obtain the benchmarking database
for verifying the CFD model.

A series of the modeling calculations was performed to investigate the impact of the ambient
and operating conditions on flow patterns and heat transfer characteristics inside the cell of
the cooling tower. The modeling predictions are in reasonably good agreement with the test
results. It was also demonstrated that the CFD method is applicable to the detailed
modeling analysis of a cooling tower system.
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