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Abstract Optimization of vane positions in a mechanical draft wet-
cooling tower is presented in this paper. The originally installed, equally
spaced, vanes produced non-uniform air velocity distribution reducing the
performance of the fill of the cooling tower. A 2D CFD model of the tower
has been created. The model has then been used to determine the objec-
tive function in the optimization procedure. The selected objective function
was the standard deviation of the velocity of air entering the fill. The Goal
Driven Optimization tools of the ANSYS Workbench 2.0 have been used for
the optimization and the ANSYS Fluent 13.0 as a flow solver. The opti-
mization allowed reduction of the objective function and producing a more
uniform air flow.
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1 Introduction

Cooling towers are devices used to cool industrial water, where the waste
heat is transferred to the air stream. The frequently encountered cooling
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towers of large industrial systems are the natural draft ones, where the flow
of air is induced by the difference in densities of the air inside the tower and
in the atmosphere. For smaller systems usually mechanical draft cooling
towers are used where the flow of cooling air is forced by a fan. For medium
size plants both natural and mechanical draft towers are used with the lat-
ter being arranged in-line to form banks of individual cells. The reasons for
that are the sizes of the mechanical draft towers, which are limited by the
fan diameter. The mechanical draft towers usually allow obtaining lower
cooled water temperatures than the natural draft towers. The main advan-
tages of mechanical draft towers are the low capital and construction cost,
high air flow at all loads and atmospheric conditions and small dimensions.
The fans, however, require electrical energy supply that increases the run-
ning cost [1]. The mechanical draft towers are also used as test facilities of
the cooling tower equipment since the flow of cooling air can be controlled
by the fan speed.

In wet or evaporative cooling towers the flowing air is in direct contact
with the water to be cooled. The reciprocal air and water flow directions
may be different depending on the arrangement of the fill. As presented in
Fig. 1, counterflow and crossflow arrangements can be distinguished. In the
counterflow systems the water flows downwards and the air upwards. The
hot water is sprinkled on the heat and mass exchanger called a fill whose
aim is to extend the heat and mass transfer area between water and air.
After leaving the fill the water falls through the so called rain zone to the
water basin, where it is collected and pumped back to the system.

Turning or guide vanes are often used in ducts to direct flowing gases
around bends of the ducts. The main reason for their use is the pressure
loss due to eddy zone formed near the inner wall of the duct. Appropriately
selected vanes can diminish or eliminate the eddy zone and reduce this pres-
sure loss considerably [2|. The guide vanes are also applied in mechanical
draft cooling towers to reduce the losses as well as direct and uniformly
distribute the flow of air under the tower. The uniformity of the air flow
affects the overall efficiency of the system. On one hand the increase of
air velocity increases the heat and mass transfer reducing the cooled water
temperature but on the other increases the pressure drop in the system.
Therefore there is a need for uniform distribution of the air flow through
the fill.

In cooling towers the turning vanes or louvers are usually installed uni-
formly. Their positions and orientations are rarely optimized. Practical



www.czasopisma.pan.pl P N www.journals.pan.pl
=

POLSKA AKADEMIA NAUK

Optimization of guide vane positions in bended inflow. .. 265
air air
outflow outflow
_ drift hot water hot water
fan eliminators fan

S ———

CRLLRRLRLLRLRLLLLLLLLLLLL] ot water™

sprayers |
fill

air

/ inlet

s -
J rain K_/ ﬁ inlet louvers )

zone water basin

N
N

N
N
i
1

_cooled _
water water

Figure 1. Mechanical draft cooling towers with counterflow (left) and crossflow (right)
fill arrangements, according to [1].

recommendations for vanes selection based on experimental studies can be
found in [2]. In this paper optimization of the vanes positions installed in
an experimental mechanical draft cooling tower is studied. The ANSYS
Fluent 13 code is used to simulate the flow of air and water through the
tower. The objective function used is the standard deviation of the air
velocity at the bottom of the fill. The Goal Driven Optimization tool of
ANSYS Workbench 2.0 has been used for the optimization. It should be
stressed however that it is not known whether the uniform air flow produces
a global optimum performance of the tower. The reason for that is usually
non-uniform water flow through the tower and the contrary acting effects
of heat and mass transfer and pressure drop.

2 The studied tower

The mechanical draft cooling tower under consideration is an existing ex-
perimental facility built by Projchtod at taziska Power Plant in Poland.
The schematic diagram of the tower is shown in Fig. 2. The fan (that is not
shown) is placed at the top of the tower. The water is distributed above the
fill zone and flows through the fill, rain zone and falls to the water basin at
the bottom. The air is delivered through a 11.7 m long circular duct, whose
end is shown in Fig. 2. The guide vanes are installed diagonally in the rain
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zone. There are 9 uniformly distributed vanes of the shape and dimensions
presented in Fig. 3. The distance between each vane is 0.2882 m. The
distance of the first vane from the wall is 0.2383 m. The thickness of each
vane is 1 mm. The main pressure drop occurs in the fill. The pressure drop
characteristics has been measured and presented by Stechman [3]. The used
correlation for loss coefficient is given by

Cy; = 7.56 + 0.89m,, (1)
and the pressure drop per unit fill height is

Ap pu?
SfZ H Cf’L 2 9 ( )

where m,, is the water mass flux (kg/m?s), H (m) is the fill height, p
(kg/m3) and u (m/s)are air density and velocity, respectively. The pressure
drop in the fill was taken into account by introducing sources to the mo-
mentum equations in ANSYS Fluent using the built in porous media model.
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Figure 2. Schematic diagram of a mechanical Figure 3. Shape and dimensions of a
draft cooling tower. single guide vane.
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3 Numerical model of the cooling tower

The numerical model has been developed using the ANSYS software. The
geometry has been created in the Design Modeler. The geometry has been
represented by a two dimensional model. The positions of the vanes were pa-
rameterized allowing. The computational mesh of ca. 35 000 grid cells was
generated using the Meshing. The flow was simulated using the Fluent soft-
ware. The solved equations were the continuity and momentum equations
and two additional transport equations of the k-¢ turbulence model. Both
standard and realizable k- [4] models have been tested. The flow of the
water droplets in the rain zone has been modeled using the discrete phase
model [4], which tracks the droplets trajectories in a Lagrangian frame.
The water droplets were assumed to have diameters of 5 mm. Kroger in [1]
states that Sauter mean droplet diameters typically found under film fills
are between 5 and 6 mm. The flow of water in the fill zone has not been
modeled explicitly however the effects have been accounted for by applying
Eq. (1). This is the model of the fill presented in Fig. 2.

3.1 Boundary conditions

Velocity inlet boundary condition has been used for the inflowing air and
static pressure is specified at the top of the tower. To make the model
simpler the flow of air in the air duct has been modeled separately. The
resultant velocity profile has then been used as the boundary condition for
the tower. The final length of the duct modeled is 1 m. The water droplets
are introduced under the fill and escape the domain when they reach the
bottom boundary. The no slip boundary condition has been specified on
the tower walls and vanes. The wall function has been used to model the
turbulent boundary layer on the walls and vanes. The water mass flux has
been selected to be 3 kg/m?s.

4 Optimization

Optimization of the vanes positions is performed using the design explorer
of the ANSYS Workbench. The optimization is realized in a three step
procedure in which first the design of experiments (DOE) is evaluated. For
each sampling point the objective function is evaluated thus a computational
fluid dynamics (CFD) simulation of the cooling tower is performed. In the
second step, based on the generated values of the objective function in
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sampling points the response surface (RS) is generated. The last step is the
optimization, which is performed on the Response Surface of the model.
The optimum found on the Surface is then validated by performing a test
simulation using the CFD model of the cooling tower. The workflow of
the optimization procedure described above is presented in Fig. 4. The
Central Composite Design has been used as the DOE type. It has however
been modified to account for the constraints put on the parameters, as
will be discussed later. The non-parametric regression has been used for
the RS generation and Non-linear Programming by Quadratic Lagrangian
(NLPQL) method has been utilized as the optimization algorithm. There
are nine (N = 9) parameters (variables) z; in the optimization procedure
representing the distance of guide vane 4 to its neighbor on the left. The
distance of the first vane is therefore to the wall of the cooling tower. The
parameters were subject to the following constraints

0.1<z; <20, (3)
N
in < 2.688 . (4)
=1

Constraint (3) allows each vane to be at any position on the diagonal of
the rain zone in the tower up to 2 m. Its position depends on the left
neighbor. The constraint (4) does not allow the vanes to escape from the
tower through the right wall. The optimization algorithm used (NLPQL)
allows handling constraints (3) and (4). The DOE does not allow specifying
constraint (4) since the design is generated for min and max values of the
parameters x;. This difficulty has been overcome by creating a custom
Central Composite Design taking into account constraint (4). This has
been achieved by secondary normalization of the design of sample points
that did not obey (4). As mentioned before, the objective function was
the standard deviation of air velocity at the inlet to the fill (cf. Fig. 2).
The function is evaluated from the converged solution of flow in the cooling
tower and can be written as

S:

SRS

> (u; — w)* — min, (5)
=1
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where n is the number of mesh faces on the inlet, u; is the velocity magnitude
at face ¢ and @ is the mean velocity given by

&= %iu (6)
=1
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Figure 4. The workflow of the optimization procedure.

5 Results

The standard [6] and realizable 7] turbulence models have been tested in the
course of the study. The effect of inclusion of the multiphase flow of droplets
in the rain zone has also been examined. The model has also been tested for
the independence of the solution of the mesh. Comparison of the obtained
results is shown in Fig. 5. As can be seen, both the turbulence model and
inclusion of the multiphase model in the rain zone have a significant effect
on the obtained results. Finally the realizable k-¢ has been selected and the
flow of water droplets has been included in all further calculations. The case
with these models included, obtained for the existing, uniform distribution
of guide vanes is referred to as the reference case.

Relevant to the central composite design, 146 sample points have been
generated for which objective functions have been determined using the
CFD model. Based on these points a response surface has been calculated.
A candidate point has been found during optimization on the response sur-
face, which was then validated during a CFD simulation. The optimum
solution for this point is termed optimization 1. The candidate point has
also been used to refine the response surface in the vicinity of this optimum.
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Figure 5. Profiles of velocity at the inlet to the fill for standard k-e, realizable k- and
realizable k-¢ omitting the flow of water droplets in the rain zone.

A new candidate point termed optimization 2 have been then found and
validated. The profiles of velocity under the fill and their corresponding
standard deviations obtained for the reference case and the two optimiza-
tion results are presented in Fig. 6. As can be seen the differences in the
obtained velocity profiles are not significant, however the optimization al-
lowed reduction of the objective function by 22% for optimization 1 and
45% for optimization 2. The obtained distributions of the guide vanes are
presented in Tab. 1.

Table 1. Distributions of the guide vanes and their corresponding standard deviations.

[Vamemo. [ T [ 2 [ 3 [ 4 [ 5 [ 6 [ 7 [ 8 [ 9 S

reference 238.3 | 288.2 | 288.2 | 288.2 | 288.2 | 288.2 | 288.2 | 288.2 | 288.2 | 0.199

optim. 1 252.4 | 271.5 | 308.4 | 258.0 | 223.6 | 203.9 | 222.4 | 230.5 | 242.3 | 0.155

optim. 2 249.6 | 272.9 | 320.6 | 256.3 | 218.0 | 196.0 | 212.8 | 222.8 | 237.0 | 0.109

In Fig. 7 contours of velocity obtained for the reference and optimiza-
tion 2 cases are presented. As can be seen the vanes in the optimized case
are distributed closer to the center of the rain zone. This is justified since
in the reference case the last three vanes lie in the zone of very small air
flow. The distances between the vanes close to the wall are the largest.



www.czasopisma.pan.pl P N www.journals.pan.pl

POLSKA AKADEMIA NAUK

Optimization of guide vane positions in bended inflow. .. 271
2.5 T T . .
2 L
E 1.5}
z
2
g 1t ——reference, S=0.199
g optimization 1, § = 0.155
= optimization 2, § = 0.108
0.5¢
0 L i ' L
0 0.5 1 1.5 2 2.5

position, m

Figure 6. Profiles of velocity and their corresponding standard deviations of the reference
and optimized vane distributions.

Figure 7. Contours of velocity in m/s for the reference (left) and optimized (right) vanes.

6 Conclusions

Optimization of guide vanes in a mechanical draft wet-cooling tower has
been presented. The tools of the ANSYS 13.0 have been used in both the
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optimization as well as objective function evaluation for which a computa-
tional fluid dynamics code has been used. The CFD model has been tested
by comparison of two turbulence models and mesh density. The effect of
inclusion of the multiphase flow model of water droplets in the rain zone has
been examined. Finally the model has been automated for the optimiza-
tion. A three stage optimization procedure in which design of experiments,
response surface and optimization on the surface were conducted. Two re-
sults have been obtained. The first result has been used as a refinement
point for the response surface and second optimization. The obtained re-
sults showed that the optimal air velocity profiles do not differ significantly
from the reference case; however the optimization allowed reduction of the
objective function by 45%. The optimization showed that the guide vanes
should be moved closer to the center of the rain zone for more uniformly
distributed air flow. It should be stressed that it is not known if the uniform
air flow produces a global optimum performance of the tower. The reason
for that is usually non-uniform water flow through the tower and the con-
trary acting effects of heat and mass transfer and pressure drop. A more
complex optimization procedure including the analysis of heat and mass
transfer and pressure drop should be performed to address this problem.
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