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g r a p h i c a l a b s t r a c t
� We developed a CFD model of a
natural draft cooling tower with flue
gas injection.

� The model was validated against
experimental data.

� Influence of flue gas injection on
tower performance was examined.

� The effect of crosswind on plume and
tower performance was studied.

� Increased risk of tower shell corro-
sion under crosswind was observed.
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a b s t r a c t

The paper presents a study on numerical modeling of a natural draft wet-cooling tower with flue gas
injection. A previously developed 3D CFD model of a natural draft wet-cooling tower is adopted to ac-
count for the flue gas injection. The model is validated against experimental data and then applied to
verify the effect of flue gas injection on the cooling tower performance. The effect of wind speed on the
rising plume and injected gas is also studied. It is concluded that the injected flue gas has insignificant
influence on the cooled water temperature. The increasing wind speed is a reason of recirculation regions
formation near the tower outlet which leads to flue gas flow near the tower shell increasing the risk of
corrosion.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Cooling towers are devices used to cool industrial water. In
power plants, water cooling steam turbine condenser is introduced
to the cooling towers and is cooled by atmospheric air flow. If the
air is in direct contact with the water the cooling tower is called
þ48 32 2372872.
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wet-cooling tower. For dry-cooling towers the water flows through
an airewater heat exchanger [1]. Since the cooled water tempera-
ture affects the efficiency of the power plants and thus the fuel
consumption and pollutant emissions, it is important to keep the
temperature low. The most frequently encountered natural draft
cooling towers are large structures whose height reaches up to
220 m [2]. In wet-cooling towers the water to be cooled is sprayed
on the top of a heat and mass exchanger called a fill (packing) and
flows downwards in a form of a film. Free-fall rain zone below the
fill, allows airflow into the tower. Finally the droplets traveling
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down the rain zone are collected in the water basin fromwhere the
water is pumped back to the condenser. Humidity and temperature
of the air inside the cooling tower increase and density decreases.
The natural draft occurs due to the difference in the density be-
tween the air inside and the ambient air outside the tower. Evap-
oration and heat exchange between the water and the air are
responsible for the cooling effect.

Due to stringent environmental regulations introduced bymany
countries, coal combustion exhaust gases require deep desulphu-
rization before they can be introduced to the atmosphere. The most
widely usedmethod of flue gas desulphurization (FGD) is limestone
wet scrubbing with removal efficiencies reaching 92e98% [3].
During the desulphurization process the flue gas is cooled to low
temperatures (50e80 �C) and is saturated with water vapor. If an
existing plant is retrofitted with a wet scrubbing FGD the gases
need to be reheated in a gasegas heat exchanger before they can be
introduced to the existing stack. To avoid the reheating, which is
associated with additional investment cost and energy loses in the
flue gas, frequently wet stacks are built. This is an additional cost for
the investment and the wet stacks require an expensive corrosion
resistant liner. Another possibility is to introduce the wet and low
temperature flue gas into the cooling tower and disperse it in the
atmosphere with the cooling tower plume. Fig. 1 shows a simplified
diagram of a power plant equipped with the FGD system trans-
ferring the cleaned flue gas to the cooling tower. This solution is
interesting due to avoidance of the capital cost associated with the
reheating system or the wet stack, which need to be erected for
retrofitted and newly built power plants. Unfortunately due to
corrosive properties of the cleaned flue gas condensates, the in-
ternal and part of the external shell of the cooling tower is also
covered with corrosion resistant coatings e.g. epoxy resin, which is
associated with additional high capital costs due to large area of the
tower shell surface.

The first plant using the flue gas discharge into the cooling
tower was built in V€olkingen, Germany in 1982 as a model (pro-
totype) version of this solution [4]. In the last 30 years in a couple
dozen of retrofitted, e.g. RWE Niederaussem, Germany; Vattenfall
J€anschwalde and Boxberg, Germany; PKE Jaworzno III, Poland and
newly built plants, e.g. RWE Niederaussem, Germany [5,6]; Vat-
tenfall Schwarze Pumpe, Germany; PGE Bełchat�ow, Poland; PKE
Łagisza, Poland, the concept of flue gas injection to the cooling
towers was used.

Questions arose how the introduction of flue gases affect the
cooling efficiency of the tower and how well the flue gases are
mixed with the plume. There is also a risk that under wind con-
ditions the flue gases would not mix properly with the rising plume
and could then flow along the tower shell increasing the risk of
tower shell corrosion. Another question is how the flue gases are
dispersed in the atmosphere? This question is specifically impor-
tant under strong wind conditions. Under normal and mild wind
conditions the towers are known to disperse the gases even better
than stacks [7]. The first applications of flue gas discharge into the
boiler
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turbine

cooling
tower

air
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Fig. 1. Schematic diagram of a power plant with flue gas discharge.
cooling tower used specially designed mixers to increase diffusion
of the flue gas in the plume [7]. In recently built cooling towers,
however, the gases are introduced through a gas duct placed cen-
trally above the fill.

In recent years extensive work has been published focusing on
thermal performance improvement of natural draft wet-cooling
towers. The need for detailed studies of the thermofluid fields
and the increasing computer power lead to development of many
numerical models based on computational fluid dynamics (CFD)
software. Al-Waked and Behnia [8] developed a 3D CFD model of a
natural draft wet-cooling tower, which was used to predict cooling
tower performance under different operating and crosswind con-
ditions. In Ref. [9] the authors studied the effect of installing wind
breakwalls near the tower inlet and in the rain zone, and concluded
that this modification can improve tower performance under
crosswind. The same model has been later used [10] to study the
interaction of two cooling towers and power plant structures.
Williamson et al. [11] performed CFD simulations using a 2D
axisymmetric model developed with an emphasis on accurately
predicting the flow, heat and mass transfer inside the tower under
no-wind conditions. The model has been compared with a 1D
Merkel type approach [12]. The authors further extended the 1D
model to a zonal method which, together with the 2D axisym-
metric CFD model, has been used in an optimization of fill shape
and water flow distribution [13]. Klimanek et al. developed a 2D
axisymmetric [14,15] and a 3D [16] CFD model. This approach is
applied in the current study and will be described in more detail in
Section 2.3. Reuter and Kr€oger [17] introduced a 2D axisymmetric
model capable of predicting performance of wet-cooling towers
packed with all types of fills including trickle and splash fills, which
have anisotropic flow resistances. The model has been successfully
validated and applied to predict, among others, the effects of
droplet sizes in the rain zone and of rounding the tower inlet.
Recently Jin et al. [2] presented a 3D CFD model of a 220 m high
wet-cooling tower. The model has been validated and applied to
tower performance evaluation under different operating conditions
and non-uniform water mass flow rate. The latter has been shown
to slightly improve the cooling performance.

Limited number of publications related to the associated effects
of flue gas injection in both the dry-cooling and wet-cooling towers
can be found in the literature. In the work of Schatzmann et al. [18]
wind tunnel study of cooling tower with flue gas discharge under
various wind conditions was conducted. It was concluded that the
dispersion of flue gas with cooling tower plume is better than
dispersion from stack under no wind and mild wind conditions.
Under strong wind conditions, due to tower downwash the cooling
tower dispersion was worse. Han et al. [19] presented and eco-
nomic evaluation of 300 MW power plant equipped with conven-
tional cooling tower and with flue gas injection concluding that
substantial annual savings can be achieved when the latter is
applied. The authors also performed a multi-objective optimization
of cooling tower with flue gas injection showing possibility of
further running cost decrease. They also reported a slightly lower
(~0.3 K) cooled water temperature to be achieved by cooling tower
with flue gas discharge. Jahangiri and Golneshan [20] developed a
3D CFD model of a natural draft dry-cooling tower with flue gas
injection and studied the effect of injection vertical position,
diameter, gas temperature and mass flow rate on thermal effec-
tiveness and tower draft under no wind conditions. For the best of
the analyzed cases they obtained 0.7% improvement of thermal
effectiveness. This was obtained for very small diameter of the flue
gas duct of 2 m and gas inlet velocity of 91.2 m/s. Eldredge et al. [21]
developed a 2D axisymmetric CFD model of a natural draft wet-
cooling tower with flue gas injection and examined the effect of
flue gas flow rate, temperature, rate of liquid entrainment in the
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Fig. 2. Main dimensions of the cooling tower (left) and the computational domain
(right).
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flue gas, radial location and direction of the injection. They
concluded that the injected gas temperature had the largest effect
on the cooled water temperature. The highest considered gas
temperature of 65.6 �C increased considerably the tower draft
which allowed reducing the cold water temperature when
compared to a base case without flue gas injection. Recently Ma
et al. [22] developed a 3D CFD model of a natural draft dry cooling
tower with flue gas injection coupled with the model of turbine
condenser. The study focussed on the thermal performance of the
tower at various ambient temperatures and under cross wind. The
influence of the flue gas injection and its behavior has not been
examined.

In this study a previously developed and validated 3D CFD
model of a natural draft wet-cooling tower [14e16] has been
adapted to take into account the flue gas injection. The gas is
injected vertically through a centrally placed flue gas duct. First
predictions of the model are compared with experimental data and
mesh sensitivity study is conducted. Then the effect of the flue gas
injection on cooling performance is examined. Finally the cross-
wind effect is studied to examine the internal flue gas jet
behavior and plume downwash.

2. Numerical modeling

2.1. Geometry of the model

The object under consideration is a 120 m high natural draft
wet-cooling tower built in PKE Jaworzno III power plant in Poland.
Nominal design parameters of the cooling tower under consider-
ation are summarized in Table 1 [23].

The flue gas is introduced in the center of the tower 25.86 m
above the ground level through a 7 m diameter duct as shown
schematically in Fig. 2 (left). The duct is introduced to the tower at
the level of 18 m through an opening in the tower shell. The ge-
ometry of the model encompasses both the tower and the sur-
rounding atmosphere comprising a 300 m high cylinder of 200 m
diameter, as shown in Fig. 2 (right). The dimensions of the internal
equipment of the cooling tower is presented in Fig. 3 Geometry of
the model has been created using the Design Modeler of ANSYS
software. In this study a full 3Dmodel of the cooling tower has been
used. It should be stressed that under nowind conditions, and if the
geometry of the flue gas duct in the tower is neglected, the model
could be developed as axis-symmetric. For wind conditions, due to
symmetry half of the model could be used.

2.2. The mesh

The computational mesh has been created using the ANSYS
Meshing application. The generated mesh was composed of 5.12
million tetrahedral and hexahedral cells and has been verified in
terms of quality by examining mesh quality parameters. The
appliedmesh sizing (varying in various regions of the cooling tower
Table 1
Design parameters of the analyzed cooling tower.

Parameter Quantity Unit

Water flow rate, Vw 61,000 m3/h
Heat rejection rate, Q 602 MW
Inlet water temperature, Twi 35.2 �C
Cooled water temperature, Two 26.7 �C
Ambient air temperature, Ta 15 �C
Relative humidity, 4 70 %
Atmospheric pressure, p 990 hPa
and atmosphere) provides mesh independent results which is
verified by mesh adaptation and sensitivity study presented in
Section 3.2. The mesh configuration applied in this study is pre-
sented in Fig. 4.
2.3. Numerical model

The model of the tower has been developed using a commercial
CFD code ANSYS Fluent 14.0. The coupled heat, mass and mo-
mentum transfer of the multiphase flow in the cooling tower is
solved by the use of built-in functions of the CFD code and addi-
tional models developed by the authors of this paper. The addi-
tional models are incorporated via the User Defined Functions
mechanism. The need of special treatment of the heat, mass and
momentum exchange in the spray, fill and rain zones is induced by
the large scale difference of the surrounding atmosphere
(O(103) m) and the internal equipment of the tower (O(10�2) m).
Since the modeling approaches used had already been published in
our previous works [15,14,16] they will not be presented here in
detail but will be briefly discussed. The heat and mass transfer in
the spray and fill zones are expressed in terms of a two point
boundary value problem [15,24]. The fill is divided radially and
angularly into sections. In each section the heat and mass transfer
problem is solved. Boundary conditions for each section (local air
humidity, temperature and mass flow rate under the fill) are
determined from current solution of the CFDmodel. Solution of the
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Fig. 3. Main dimensions of the internal equipment of the cooling tower (dimensions in
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Table 2
Transport equations solved in ANSYS Fluent.

Equation No. of equations Applied to

Continuity 2 both phases e air and gas, liquid water
Species transport 4 primary phase e O2, CO2, SO2 and H2O
Momentum 6 both phases e air and gas, liquid water
Energy 2 both phases e air and gas, liquid water
Turbulence 2 primary phase e air and gas

Table 3
Flue gas parameters.
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governing equations of the heat and mass transfer model produces
distributions of mass and heat sources in each section of the fill and
spray zones. These sources are plugged into appropriate transport
equations (species transport and energy equations) of the CFD code
and the CFD solution is updated. This procedure is repeated until
convergence is reached. Substantial acceleration of the computa-
tions is achieved by employing a technique based on Proper
Orthogonal Decomposition Radial Basis Function (POD-RBF)
network [14,15]. The final result of this technique is a vector-matrix
product defining the distribution of the heat and mass sources in
the fill and spray zones.
Temperature Tg, �C 70

Mass flow rate mg, kg/s 645.8
Composition:
O2 zO2

, mol/mol 0.06
CO2 zCO2

, mol/mol 0.135
H2O zH2O, mol/mol 0.08
SO2 zSO2

, mol/mol 10�4

N2 zN2
, mol/mol 0.7249
2.4. Transport equations

The equations solved in the CFD code are the mass, momentum
and energy equations. Additionally species transport equations are
solved for O2, CO2, SO2 and H2 O (vapor). The concentration of N2 is
inferred from the concentrations of the remaining species. The
multiphase flow in the rain zone of the cooling tower is solved
using the EulereEuler approach. This requires solution of the mass,
momentum and energy transport equations for the liquid phase as
well. The Realizable k�ε turbulence model is used to close the
system of equations. The option Dispersed is used to account for the
turbulence of the secondary phase. The governing equations are
solved in a steady statewith second order discretization schemes in
space. The governing equations are summarized in Table 2.
2.5. Momentum transfer in the fill, spray zone and drift eliminator

The pressure drop in the fill (fi), spray zone (sz) as well as in the
drift eliminator (de) was taken into account by introducing sources
to themomentum equations using the built in porousmediamodel.
Fig. 4. The applied mesh configuration e cr
Themomentum source Si in zone i (pressure drop per unit length) is
given in the form

Si ¼ Ci
1
2
ru2 (1)

where r and u are inflowing air density and velocity, respectively
and Ci in m�1 for the fill zone is given by Ref. [25]

Cfi ¼ ð6:8þ 0:8GwÞ
.
Hfi (2)

and for the spray zone [26]
oss section in the cooling tower center.



Table 4
Air and water parameters.

Parameter Symbol c1 c2 c3

Dry bulb air
temperature

Ta, �C 7.1 ± 0.4 9.2 ± 0.2 9.1 ± 0.4

Wet bulb air
temperature

Tawb, �C 3.4 ± 0.6 4.1 ± 0.4 4.1 ± 0.4

Atmospheric
pressure

p, hPa 996.1 995.3 995.3

Wind speed
(at z0 ¼ 2 m)

u0, m/s 1.60 1.49 1.55

Water mass
flow rate

mw, kg/s 14,876 ± 281 14,876 ± 281 14,876 ± 281

Hot water
temperature

Twh, �C 29.2 ± 0.2 30.0 ± 0.2 29.7 ± 0.2

Table 5
Comparison of measured and predicted cold water temperatures.

Cold water temperature Symbol c1 c2 c3

Measured Twcm, �C 19.2 ± 0.2 19.9 ± 0.2 19.8 ± 0.2
Computed Twcc, �C 19.8 20.0 19.9
Absolute difference jDTwcj, �C 0.6 0.1 0.1
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Csz ¼ 0:52ðGa=GwÞ�1:32 (3)

where Ga and Gw are air and water mass fluxes in kg/m2s, respec-
tively and Hfi ¼ 0.9 m is the fill depth. The loss coefficient for the
drift eliminator is [25] Cde ¼ 12.5 m�1.
2.6. The Merkel number in the fill and spray zones

A film fill of total area A ¼ 6400 m2 is installed in the tower. The
modified Poppe approach presented in Refs. [15,24] has been
adopted in this study to account for heat and mass transfer in the
fill and the spray zones. The Merkel number according to the
Merkel theory in the fill is given by [25]
Fig. 5. Contours of velocity magnitude (left) and temper
Mefi ¼ 1:5ðGa=GwÞ0:6 (4)

The Merkel number in the spray zone is [15].

Mesz ¼ 0:2HszðGa=GwÞ0:5 (5)

where Hsz ¼ 1.35 m is the spray zone depth. The same procedure as
described in Ref. [15] has been applied to account for the differ-
ences of the Merkel number in the Merkel and Poppe approaches.

2.7. The rain zone

The rain zone is treated as multiphase region where the
EulereEuler multiphasemodel is applied. The heat andmomentum
transfer between spherical water droplets and the air is modeled
internally within the multiphase model, where the correlation of
Ranz and Marshal [27] is used to determine heat transfer and cor-
relation of Schiller and Naumann [27] is used to determine the drag
coefficient. The mass transfer is determined applying analogy be-
tween heat and mass transfer as described in Ref. [15]. A constant
droplet diameter in the rain zone of 5.5 mm, typical for film fills
[28] has been assumed.

2.8. Boundary conditions

The calculations have been performed taking into account the
wind. For validating computations the measured wind velocity has
been used to define the velocity profile of air in the atmosphere.
The velocity profile in the atmosphere can be described by Ref.
[29,30].

u ¼ u0ðz=z0Þm (6)

where u is the velocity at elevation z and u0 is the measured ve-
locity at elevation z0. The index m varies during the day and the
season. A value ofm ¼ 0.1 has been used in all the calculations [29].
The wind speed measurements were taken at z0 ¼ 2 m above the
ground level. The pressure outlet boundary condition has been
used at the top and at the outlet of the domain, as shown in Fig. 2.
ature (right) for case c3 (wind speed u0 ¼ 1.55 m/s).
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Table 7
Comparison of predicted cold water temperatures for cases with and without flue
gas injection.

c3 c4 c5 c6

Flue gas injection Yes No Yes No
Wind speed u0, m/s 1.55 1.55 0.0 0.0
Cold water temperature, �C 19.89 19.90 19.41 19.43
Flue gas mass flowrate, kg/s 645.8 0.0 645.8 0.0
Total mass flowrate, kg/s 10096.1 9426.3 10404.7 9721.2
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The atmosphere has been assumed to be isothermal. The velocity
inlet boundary condition is used for the flue gas injection. It has
been assumed that the parameters of the injected flue gas are the
same in all analyzed cases. Summary of the input flue gas param-
eters is presented in Table 3. As can be seen from Fig. 2 the shortest
distance from the boundary to the tower is 52.5 m, therefore in-
fluence of the boundary conditions on the obtained results can be
expected. This effect has not been examined in this study.

3. Results and discussion

3.1. Validation of the model

In order to validate the developed model, cold water tempera-
tures obtained from three experiments (c1, c2 and c3) [23] were
compared with cold water temperatures predicted by the model.
The measured values obtained from the experiments are presented
in Tables 4 and 5. It can be seen that the experimental data vary just
slightly, however due to large uncertainty in the measured water
mass flow rates, all three cases (c1, c2 and c3) were used for the
comparison. The uncertainties given in Tables 4 and 5 are the
expanded uncertainties with a coverage factor of 2 providing a level
of confidence of 95.4%. The fact that only the cold water tempera-
tures could be compared with the computations limits the credi-
bility of the validation. These are however the only data available.
The data presented in Table 4 were used as model inputs. In Table 5
the measured and computed cold water temperatures are pre-
sented along with the absolute difference between the measure-
ments andmodel predictions. It can be seen that themodel predicts
similar cooled water temperatures to the measured values. In Fig. 5
contours of velocity and temperature inside the cooling tower and
in the surroundings for case c3 are presented. It is visible how the
rising plume is bent due to the wind and that the air under the
tower is heated due to the water flow in the rain zone.
Table 6
Comparison of mean cold water temperatures and total gas mass flow rates for case
c3 with the original and adapted meshes.

Mesh adaptation No Single Double

Cold water temperature, �C 19.82 19.89 19.89
Total mass flowrate, kg/s 10,134.6 10,096.1 10,086.5
3.2. Mesh sensitivity study

The applied mesh has been validated by conducting a sensitivity
study. The influence of mesh density on the simulation results for
case c3 has been examined by double mesh adaptation and veri-
fication of the results. The mesh has been adapted in regions of the
highest gas velocity gradients. The applied mesh adaptation strat-
egy was that all cells with velocity gradient values higher than 10%
of maximum gradient have been refined. The original mesh built
out of 5.12 million elements has at first been adapted to obtain 5.63
million elements and then adapted further to obtain 6.68 million
elements. In Fig. 6 profiles of velocity magnitude for the three
analyzed meshes are presented at various elevations above the
ground level. As can be seen the profiles coincide virtually at all
positions except for those near the tower shell regions and in the
center of the rising plume at the lines placed 90 and 150 m above
the ground level, where for the adapted meshes the predicted
maximum velocities were slightly higher. These discrepancies are
however small and do not affect themean quantities likemean cold
water temperature and the total gas mass flow rate through the
tower. The predicted cold water temperatures and total gas mass
flow rates through the tower obtained for the three meshes are
presented in Table 6. Due to small influence of mesh density on the
results, all results presented in this study stem from single mesh
adaptation.
3.3. Cooling improvement by flue gas injection

The model has then been used to verify the influence of the flue
gas injection on cooled water temperature and air flow through the
tower. For this purpose case c3 from Table 4 has been used as
reference. Additional computations have been done for the same
settings as in c3 but without flue gas injection (case c4). Further-
more cases c5 and c6 were considered inwhich no-wind conditions
were assumed. In case c5 the flue gas was introduced to the tower
and in case c6 it was not. The predicted cooled water temperature
and air flow through the tower are presented in Table 7. As can be
seen the cold water temperatures are virtually identical and no
positive effect of the flue gas injection is visible. The total mass
flowrate presented in Table 7 is composed of the air and flue gas
mass flowrates. The air mass flowrate through the cooling tower
outlet is 9450.3 kg/s in case c3 and 9758.9 kg/s in case c5. This
shows that the increase of air mass flow rate through the tower due
to flue gas injection is only 24.0 kg/s in case c3 and 37.7 kg/s in case
c5. Nonetheless the injected flue gas is hot (70 �C) this is too little to
Table 8
The effect of wind on cold water and air flow through the tower.

Wind speed, m/s 0 0.5 1.55 3.0 4.5

Total mass flowrate, kg/s 10404.7 10187.3 10096.1 9229.3 9070.8
Cold water temperature:
Rain zone inlet, �C 21.76 22.00 22.33 23.36 23.65
Rain zone outlet, �C 19.41 19.63 19.89 20.75 20.80



Fig. 7. Contours of pressure for no wind conditions (left) and wind speed u0 ¼ 1.55 m/s (right).

A. Klimanek et al. / Applied Thermal Engineering 91 (2015) 824e833830
obtain considerable cold water temperature decrease. Therefore it
can be concluded that the flue gas injection, due to low air mass
flow rate increase through the tower, does not improve the cooling
considerably.

3.4. The effect of wind

The effect of wind on cooled water temperature and gas mass
flowrate through the tower has also been examined. The wind
speeds u0 of 0, 0.5, 1.55, 3.0 and 4.5 m/s at z0 ¼ 2 m have been
assigned by means of the velocity profile given by Eq. (6) to the
boundary of the computational domain. The obtained results are
summarized in Table 8, where gradual increase of mean water
Fig. 8. Contours of pressure for wind speed u0
temperatures at the rain zone inlet (fill zone outlet) and rain zone
outlet (water basin inlet) are observed. As can be seen the differ-
ence between the mean rain zone inlet and outlet temperatures
increases with increasing wind speed. This is attributed to the
intensified heat and mass transfer in the rain zone at higher wind
speeds. This intensification is however associated with reduction of
the total gas mass flowrate through the tower and of heat and mass
transfer in the fill zone. The total mass flowrate presented in Table 8
is the sum of air and flue gas mass flowrates evaluated at the tower
outlet.

In Figs. 7 and 8 contours of static relative pressure (relative to
the measured atmospheric pressure for case c3 of 995.3 hPa) for
various wind speeds are presented. It can be seen that for
¼ 3.0 m/s (left) and u0 ¼ 4.5 m/s (right).



Fig. 9. Vectors of velocity magnitude near the tower outlet for wind speed u0 ¼ 3.0 m/s.
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increasing wind speed the increasing pressure, as well as the
increasing strength of the air stream, form a cover above the tower
outlet reducing the flow through the tower. It can be seen that the
pressure increase is partly a result of formation of stagnation region
on the right side of the tower. The increasing wind speed forms also
a recirculation region near the tower outlet reducing the flow
through the tower. This is observed already for wind speed
u0 ¼ 3.0 m/s which is presented in Fig. 9 as vectors of velocity
magnitude. Reduction of air velocity is also observed just above the
fill on the left side of the tower. The wind speed affects the rising
plume not only above the tower but already inside and is a reason
Fig. 10. Contours of SO2 mass fraction (g/g) at tower outlet (120 m) for var
of formation of recirculation regions. Therefore the injected flue gas
can touch the tower shell. In Fig. 10 mass fraction of SO2 present in
the flue gas at the cooling tower outlet plane is presented for three
wind speeds (u0 ¼ {1.55,3.0,4.5} m/s). It can be seen that already for
wind speed 3.0 m/s the flue gas mixed with air can flow close to the
tower shell. It can be therefore concluded that the tower shell
should be covered with corrosion resistant liner. In Figs. 11e13
streamlines released at various heights colored by velocity
magnitude are presented. It can be seen that even for the highest
velocity the bent plume does not form strong tower downwash,
although a recirculation region behind the rising plume is
ious wind speeds: 1.55 m/s (left), 3.0 m/s (middle) and 4.5 m/s (right).



Fig. 11. Streamlines colored by velocity magnitude released at various elevations for u0 ¼ 1.55 m/s (left), u0 ¼ 3.0 m/s (middle) and u0 ¼ 4.5 m/s (right). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 12. Streamlines colored by velocity magnitude released at various elevations for u0 ¼ 1.55 m/s (left), u0 ¼ 3.0 m/s (middle) and u0 ¼ 4.5 m/s (right). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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observed. Increased downwind flue gas concentrations are also not
observed at elevations much lower than the tower outlet. The
increasing wind velocity affects also the air flow through the rain
zone and the amount of air sucked by the low pressure inside. It can
be seen in Figs. 12 and 13 that in all analyzed cases some of the air is
Fig. 13. Streamlines colored by velocity magnitude released at various positions 5 m above
(For interpretation of the references to colour in this figure legend, the reader is referred t
sucked to the tower from the downwind region. This is specifically
visible in Fig. 13, where the streamlines are released at various lo-
cations 5 m above the ground level. This effect is however
considerably reduced for the highest wind velocity. Trailing
vortices are also formed on both sides at the top of the tower for
the ground level for u0 ¼ 1.55 m/s (left), u0 ¼ 3.0 m/s (middle) and u0 ¼ 4.5 m/s (right).
o the web version of this article.)
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u0 ¼ 3.0 and u0 ¼ 4.5 m/s. For the latter case, they are also observed
at the bottom, where the air passing the rain zone leaves the tower
and is sucked to the low pressure downwind region.

4. Conclusions

A previously developed CFD model of a natural draft wet-
cooling tower has been adopted to account for flue gas injection.
The adopted model has been validated against experimental data,
however only the mean cooled water temperature could be
compared. The predicted water temperatures agree well with the
measured values. The model has then been used to study the in-
fluence of flue gas injection on cooled water temperature and air
mass flowrate through the tower. It has been shown that the in-
jection has positive, but insignificant effect on cooled water tem-
perature due to a slight increase of air flow rate through the tower.
Finally operation of the tower with flue gas injection under wind
conditions has been studied. The very well known effect of cooled
water temperature increase with increasing wind speed has been
confirmed. It was also shown that under strong wind conditions,
the centrally introduced flue gas can flow close to the tower shell
due to inflow of cold air and bending of the gas (air and flue gas)
stream. This can increase the risk of corrosion of the tower shell and
therefore application of corrosion resistant liner is required.
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