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Abstract: Adverse wind effects on the thermo-flow performances of air-cooled condensers (ACCs)
can be effectively restrained by wind-proof devices, such as air deflectors. Based on a 2 × 300 MW
coal-fired power generation unit, two types (plane and arc) of air deflectors were installed beneath
the peripheral fans to improve the ACC’s cooling performance. With and without air deflectors, the
air velocity, temperature, and pressure fields near the ACCs were simulated and analyzed in various
windy conditions. The total air mass flow rate and unit back pressure were calculated and compared.
The results show that, with the guidance of deflectors, reverse flows are obviously suppressed in
the upwind condenser cells under windy conditions, which is conducive to an increased mass flow
rate and heat dissipation and, subsequently, introduces a favorable thermo-flow performance of the
cooling system. When the wind speed increases, the leading flow effect of the air deflectors improves,
and improvements in the ACC’s performance in the wind directions of 45◦ and −45◦ are more
satisfactory. However, hot plume recirculation may impede performance when the wind direction
is 0◦. For all cases, air deflectors in an arc shape are recommended to restrain the disadvantageous
wind effects.

Keywords: Ambient wind; air-cooled condenser; air deflector; reverse flow; hot plume recirculation;
thermo-flow performances

1. Introduction

As one of the main cooling ends in the thermal power cycle, the direct dry cooling system is
of great significance because of its energy-efficient operation of thermal power plants with a lack of
water resources, by which the exhaust steam releases heat to ambient air via an air-cooled condenser
(ACC). As the ACCs are exposed to the environment, their thermo-flow performances are susceptible
to meteorological conditions, especially ambient wind [1].

Over the past decades, cooling performances of ACCs under various ambient conditions have
been thoroughly investigated. On the basis of the response surface methodology, Butler et al. [2]
numerically studied the unfavorable wind impacts on the cooling performance of a modular ACC, by
which the optimal condenser configuration is predicted. By means of a numerical simulation with an
actuator disk fan model, Hotchkiss et al. [3] clarfied the off-axis airflow effects on the axial flow fan
efficiency and power consumption. Yang et al. [4] found that the reverse flow near the upwind fans
and hot air recirculation play inauspicious parts in the ACC’s cooling performance. Liu et al. [5] stated
that the wind direction and speed both influence the hot air recirculation rate.

Multifarious measures against unfavorable meteorology have been proposed to improve the
cooling performance of ACCs. Chen et al. [6] proposed a new V-frame layout of an ACC with an induced
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axial flow fan to improve the thermo-flow performances because of the weakened, disadvantageous
wind effects. By using the grey difference incremental correlation method, Li et al. [7] analyzed the
influence of fan rotational speed on the heat rejection distribution of ACCs under windy conditions, and
they concluded that the unit back pressure can be lessened by adjusting the corresponding fans speed.
Jin et al. [8] recommended a square arrangement of ACCs to restrain both the hot air recirculation and
reverse flow in the presence of wind. Chen et al. [9] suggested vertically arranged ACCs to recede the
fan inlet flow distortions and reverse flows. Because of the uneven temperature and flow distributions
near the ACCs, Zhou et al. [10] proposed truncated cone-shaped ACCs with a lateral air supplement
to improve the cooling performance. Darbandi et al. [11] concluded that the cooling performance of
ACCs can be improved by tuning the fan blade pitch angles suitably under off-design conditions.

What is more, some auxiliary devices have also attracted wide attention. Zhang and Wu [12]
recommended a diffuser orifice plate under the ACC platform to cripple adverse crosswind effects,
by which the variable field distribution becomes more uniform, and, subsequently, heat transfer is
enhanced. By means of numerical simulations, Gu et al. [13] investigated the roof wind-proof structure
effect on ACC performance in windy conditions, finding that hot plume recirculation can be reduced
by a windbreak line screen. Gao et al. [14] suggested using deflecting plates in the ACC to introduce
more uniform airflow fields. Yang et al. [15] put forward three wind-proof device configurations to
reduce unfavorable wind effects, and they suggested using flow leading devices below the fan platform
to recover the performance of the peripheral ACCs. Zhang and Chen [16] suggested a wind-proof
mesh arranged outside the fan platform bridge to improve ACC performance under windy conditions.
Xu et al. [17] suggested spray freezing the phase change materials to improve the performance of
ACCs, and they found the net turbine power output increased by 2.2%. Huang et al. [18] investigated
the impacts of deflector installation and geometry parameters on the performance improvement of
ACCs under windy and windless conditions.

The literature review shows that the performance of ACCs, especially the windward ones, can
be improved by using windproof devices, such as air deflectors. However, some issues still remain
obscure. Firstly, most of the previous work was carried out under windy conditions in a specific
wind direction. But, the wind direction can dramatically affect ACC performance [4]. Although
several wind directions were taken into account in the literature [14], the ACCs were isolated from the
main buildings, such as the boiler and turbine houses, which is impractical because of the significant
influences of main buildings on ACC performance under windy conditions [4,5]. In addition, the
variation in hot air recirculation with air deflectors was rarely mentioned in previous work. Therefore,
it is of necessity to carry out further research to clarify the impacts of air deflectors on the performance
of ACC, including the hot air recirculation, in various wind directions. Moreover, the aforementioned
deflectors focused on plate patterns, and few investigations of an arc air deflector were developed. But,
compared to the plate air deflectors, the arc ones can provide a larger flow-deviation angle to surpass
the off-axial airflow.

To offset the weaknesses of previous work, air deflectors in an arc shape are proposed and installed
under the peripheral fan platform. Under windless and windy conditions in various wind directions,
the ACC’s thermal-flow characteristics with and without air deflectors are numerically investigated
and compared, by using the commercial software Fluent, and are also compared to the results with
plate air deflectors. The comparisons of results in different wind directions are developed, and the
influences of air deflectors on hot air recirculation are discussed accordingly.

2. Numerical Modeling

2.1. Physical Model

The direct dry cooling system employed in a typical 2 × 300 MW power generation unit consists
of two units of ACCs, and each has 30 (5 × 6) condenser cells with a rectangular layout, as depicted
in Figure 1a. Thanks to the symmetric configuration of the power plant, five representative wind
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directions, ranging from −90◦ to 90◦, are taken into consideration, of which the interval was 45◦. The
main buildings such as the boiler, turbine houses, and chimney were taken into account, but the other
constructions were ignored. Each ACC contained two crossed, wave-finned, flat tube bundles with an
axial flow fan below them, as shown in Figure 1b. The arrangement of the ACCs and air deflectors are
presented in Figure 2a, where the air deflectors are arranged below the peripheral ACCs. As shown
in Figure 2b, the condenser cells are numbered from 1 to 5 in the rows and 1 to 12 in the columns.
Figure 2c gives the geometry and location details of air deflectors, shaped in plane or arc patterns,
and installed below the steel support of the peripheral ACCs. The arc deflector was in the shape of a
quarter-circle, and its chord was just the plane deflector with a width of 5 m and an inclination angle of
45◦. To eliminate the unrealistic influence of the domain borders on the airflow fields, it was necessary
to develop a large enough computational domain with a size of 2000 × 2000 × 950 m, as displayed in
Figure 3.
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Figure 3. Computational domain and boundary conditions. (a) Windless condition, (b) windy condition.

2.2. Mathematical Model

The steady-state conversation equations for the ACCs are provided in Equation (1) [19,20].

∇ρ
→
vϕ = ∇

(
Γϕ∇ϕ

)
+ Sϕ + Sϕ′ (1)

The variable ϕ takes different values for various equations, such as continuity, energy equations,
and so on, with the detailed information listed in Table 1.
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Table 1. Summary of generic governing equations [19,20].

Equations ϕ Γϕ Sϕ

Continuity 1 0 0

x-Momentum vi µe −
∂p
∂xi

+ ∂
∂xi

(µe
∂vi
∂xi

) + ∂
∂x j

(µe
∂v j

∂xi
) + ∂

∂xk
(µe

∂vk
∂xi

) + ρgi

y-Momentum vj µe −
∂p
∂x j

+ ∂
∂xi

(µe
∂vi
∂x j

) + ∂
∂x j

(µe
∂v j

∂x j
) + ∂

∂xk
(µe

∂vk
∂x j

) + ρg j

z-Momentum vk µe −
∂p
∂xk

+ ∂
∂xi

(µe
∂vi
∂xk

) + ∂
∂x j

(µe
∂v j

∂xk
) + ∂

∂xk
(µe

∂vk
∂xk

) + ρgk

Energy t
µ
Pr +µt
σt

0

Turbulence kinetic energy k µ+
µt
σk

Gk + Gb − ρε

Turbulence dissipation rate ε µ+
µt
σe

ρC1Sε− ρC2
ε2

k+
√

uε
+ C1ε

ε
k C3εGb

where Gk = µtS2, Gb = −gk
µt
ρPrt

∂t
∂xk

(
∂ρ
∂t )p, C1 = max

[
0.43,

S k
ε

S k
ε+5

]
, C1ε = 1.44, C2 = 1.9, σk = 1.0, σe = 1.2,

C3ε = tanh
∣∣∣∣ vpa

vpe

∣∣∣∣.
The condensation of exhaust steam in the finned tube bundles is regarded as an isobaric and

isothermal process. For saving numerical resources, the radiator model was employed to calculate the
heat transfer between the air and finned tube bundles. Meanwhile, the air side pressure drop was ∆p
determined by the following expression [20]:

∆p = kL
1
2
ρv2

f (2)

where vf is the radiator surface normal air velocity. kL is the loss coefficient as follows [20]:

kL =
N∑

n=1

rnvn−1
f (3)

where N and rn take the same values as in Reference [18].
The heat rejection of the finned tube bundles is formed by the following expression [20]

q = h(twall − ta) (4)

However, another expression is applied to obtain the heat flux in the radiator model, as follows [7]

q = h′(twall − ta2) = h′(ts − ta2) (5)

where ta2 is the radiator outlet temperature, and ts is the exhaust steam temperature. For the very
small resistance of wall conduction and steam condensation, twall takes the value of ts. The empirical
convection heat transfer coefficient h’ is calculated by the following expression [20]:

h′ =
N∑

n=1

hnvn−1
f (6)

where N and hn take the same values as in Reference [18].
The additional source items caused by finned tube bundles are reflected on the energy term Se’

and momentum sink term Sm’ [7,8]

S′m = −
∆p j

L j
(7)

S′e =
q j

L j
, (8)
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where Lj, ∆pj, and qj are the finned tube bundles’ thickness, pressure drop, and heat rejection rate in
three dimensions, respectively.

The airflow pressure rise caused by the axial flow fan can be obtained by the following
expression [20]:

∆p =
N∑

n=1

fnvn−1
f (9)

where vf is the air velocity normal to the fan surface, and f n is the polynomial coefficient with the same
value as in Reference [18].

Fan radial velocity played an insignificant part in aerodynamic performance during the 3-D
simulation, so it can be neglected. But the tangential velocity ought to be taken into consideration to
generate swirl flows, with the following expression [20].

vθ =
N∑

n=−1

gnrn (10)

where polynomial coefficient gn takes the same value as in Reference [18].
Figure 3 gives the boundary conditions without and with wind. In the windless condition, as

depicted in Figure 3a, the pressure inlet boundary was employed in four side planes, while the top
plane was set as the pressure outlet boundary. For the windy condition, as depicted in Figure 3b,
where the representative wind direction was set as −45◦, the velocity inlet boundary was used to
deal with the windward surface, by which the wind speed vz along the z-direction is calculated by
Equation (11) [16,21].

vz = vw(
z

10
)

0.2
(11)

The relevant walls of the ground, wind-break, condenser cell, and fan shell were handled by
adiabatic and no-slip wall boundaries. For both windy and windless cases, the ambient temperature
was set as 306.15 K.

The SIMPLE algorithm was utilized to handle the coupling of airflow velocity and pressure
iterations. The central and second-order upwind differencing schemes were employed to discretize
the diffusion and convective items in conversation equations, respectively. The divergence-free
criteria of scaled residuals for energy and other conservation equations were set as 10−4 and 10−6,
respectively. Furthermore, the mass flow rate through the ACCs was additionally adopted to monitor
reasonable convergence.

The cooling performance of ACCs, as well as the unit back pressure, varies with the operation
conditions; therefore, an iterative procedure was developed to obtain the final unit back pressure under
off-design conditions. During the iteration, the mass flow rate of exhaust steam (ms) is regarded as a
constant, so that the enthalpy drop of the exhaust steam will be obtained with an assumed initial unit
back pressure. Subsequently, the heatΦ released from the exhaust steam in the ACCs can be computed
with the following form [10]

Φ = ms(hs − hwa) (12)

where hs and ms are the enthalpy and flow rate of exhaust steam. hwa is the enthalpy of the condensate
water. After computational fluid dynamics (CFD) simulation, the simulated heat transfer rate Φ’ of the
ACCs is gained. If the relative error between Φ’ and Φ is inferior to 0.1%, the presumptive unit back
pressure can be accepted, and the iterations are completed. Otherwise, the procedure should restart
with a new assumed unit back pressure.

2.3. Grid System and Independence Check

The whole domain was split into two zones: the central zone and the surrounding zone. The
ACCs and main buildings formed the central zone, for which the tetrahedral unstructured meshes were
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adopted. For the surrounding zone, the hexahedral structured meshes were produced. During the
mesh independence check, three grid systems with mesh sizes of 0.25, 0.5, and 1 m were, respectively,
applied to the key regions such as the finned tube bundles, fans, and windbreak wall. Without air
deflectors, the total grid numbers of 3,052,476, 3,916,851, and 4,854,866 for the whole domain were
checked. Table 2 shows the mesh check results when the wind speed and wind direction were equal
to 4 m/s and −45◦, where mesh 1, 2, and 3 stand for the above three mesh systems, respectively. The
air mass flow rate through each fan was monitored. The mesh 2 grid system with a mesh number of
3,916,851 was adopted according to the contrast results. In the mesh 2 grid system, besides the mesh
interval size for the key regions, the interval size of 2 m was applied to the other main buildings. In the
surrounding zone, a hexahedral structured mesh was adopted with a proper increasing mesh interval
from the central zone, so that fewer meshes were generated to balance the requirements both for the
computational accuracy and cost. Subsequently, the grid numbers for the systems with the plane and
arc deflectors were obtained, respectively, as 4,948,386 and 5,016,868, in which the grid size interval of
the air deflector was also set to 0.5 m.

Table 2. Mesh independence check.

Item Mesh 1 and Mesh 2 Mesh 2 and Mesh 3

The error of the total mass flow rate 1.28% 0.21%
Maximum error of individual fan mass flow rate 2.34% 0.32%

2.4. Experimental Validation

In a real power generation unit with a dry cooling system, the whole ACC is extremely complex
with a large-scale structure, so it is hard to achieve the performances of ACCs based on model tests.
As an alternative way, field measurements have been used to study the ACC heat transfer and flow
features. In our previous works, a spot test for the ACCs in a 4 × 600 MW power generation unit
was performed [4,22], by which a typical condenser cell inlet air temperature was measured on the
condition of full-power output. According to the geometry configuration of the ACCs and ambient
conditions, a 3-D simulation was established and carried out. Figure 4 shows the simulated and
experimental inlet air temperatures, both of which exceeded the environment temperature and were
very close to each other. Further, another scaled model test of a single condenser cell for a 600 MW
power plant was carried out [23]. Table 3 lists the comparison results between the simulation and
test results. For the heat transfer rate, the average and maximum values of the relative error were
7.19% and 10.57%, respectively, which can be allowed in actual projects. In this work, the numerical
and modeling ways were just the same as those taken by the numerical simulations above, indicating,
indirectly, that the simulation approaches can accurately predict the thermal-flow performances of the
current ACC.

Table 3. Numerical and experimental data for the model condenser cell [23].

Case Experiment Simulation

ma (kg/s) ta1 (◦C) ta2 (◦C) Φ (kW) ma (kg/s) ta1 (◦C) ta2 (◦C) Φ (kW)

1 8.19 7.81 85.8 641.93 8.22 7.81 92.81 702.2
2 9.7 7.82 83.4 736.79 9.54 7.82 90.43 792.08
3 11.21 7.31 77 785.13 11.08 7.31 84.22 856.53
4 12.73 7.07 72.1 831.97 12.95 7.07 77.75 919.96
5 14.62 6.96 67.5 889.52 14.96 6.96 72.12 979.71
6 17.39 7.91 62.7 957.56 17.98 7.91 65.85 1047.05
7 19.9 6.96 57.1 1002.77 21.5 6.96 57.83 1099.35
8 22.05 6.2 55.9 1101.36 22.09 6.2 58.13 1152.91
9 24.82 6.3 53.9 1187.33 23.58 6.3 57.5 1213.39

10 27.72 5.74 51.5 1274.81 27.77 5.74 51.14 1267.19
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3. Results

3.1. Variable Fields Analyses

As examples, three wind directions with the values of −90◦, 0◦, and 90◦ at a wind speed of 16 m/s
were used to present the details of temperature, pressure, and flow fields near the cooling system with
and without air deflectors.

3.1.1. Wind Direction of −90◦

Figure 5a shows the fan inlet temperature distribution for the original ACCs without air deflectors.
The inlet temperatures for almost half of the fans exceeded the ambient temperature, especially for
the fans in row 1 (R1) and row 2 (R2), showing that the performances of R1 and R2 condenser cells
were deteriorated.

For ACCs with deflectors, the R1 fan inlet temperatures decreased dramatically, with a minimum
value close to the ambient temperature. With plane deflectors, the inlet temperatures for most of the R1
fans were below 324 K, but with arc deflectors they were lower than 316 K, as depicted in Figure 5b,c.
The inlet temperatures of R3 fans almost dropped to ambient temperature with air deflectors. However,
with air deflectors, it was not difficult to find that the R2 fan inlet temperatures increased a lot.

The local pressures of three windward ACCs in column 9 are shown in Figure 6. Because of
the strong crosswinds, a big zone with a low pressure appears below the R1 and R2 fans. With the
leading of air deflectors, as depicted in Figure 6b,c, the low-pressure region near the R1 fan inlet clearly
narrowed, which was mainly attributed to the high pressure generated on the upwind of the deflectors.
The low-pressure region near the R1 fan inlet with arc deflectors was fairly smaller than that with plane
deflectors. On the contrary, a low pressure was formed on the downwind of air deflectors, resulting in
a reduced pressure near the R2 fan inlet.



Energies 2019, 12, 3503 10 of 28

Energies 2019, 12, x FOR PEER REVIEW 9 of 34 

 

 

Table 3. Numerical and experimental data for the model condenser cell [23]. 

Case 
Experiment Simulation 

ma (kg/s) ta1 (°C) ta2 (°C) Φ (kW) ma (kg/s) ta1 (°C) ta2 (°C) Φ (kW) 

1 8.19 7.81 85.8 641.93 8.22 7.81 92.81 702.2 

2 9.7 7.82 83.4 736.79 9.54 7.82 90.43 792.08 

3 11.21 7.31 77 785.13 11.08 7.31 84.22 856.53 

4 12.73 7.07 72.1 831.97 12.95 7.07 77.75 919.96 

5 14.62 6.96 67.5 889.52 14.96 6.96 72.12 979.71 

6 17.39 7.91 62.7 957.56 17.98 7.91 65.85 1047.05 

7 19.9 6.96 57.1 1002.77 21.5 6.96 57.83 1099.35 

8 22.05 6.2 55.9 1101.36 22.09 6.2 58.13 1152.91 

9 24.82 6.3 53.9 1187.33 23.58 6.3 57.5 1213.39 

10 27.72 5.74 51.5 1274.81 27.77 5.74 51.14 1267.19 

3. Results 

3.1. Variable Fields Analyses 

As examples, three wind directions with the values of –90°, 0°, and 90° at a wind speed of 16 m/s 

were used to present the details of temperature, pressure, and flow fields near the cooling system 

with and without air deflectors. 

3.1.1. Wind Direction of –90° 

Figure 5a shows the fan inlet temperature distribution for the original ACCs without air 

deflectors. The inlet temperatures for almost half of the fans exceeded the ambient temperature, 

especially for the fans in row 1 (R1) and row 2 (R2), showing that the performances of R1 and R2 

condenser cells were deteriorated.  

 

(a) 
Energies 2019, 12, x FOR PEER REVIEW 10 of 34 

 

 

(b) 

 

(c) 

Figure 5. Inlet air temperatures (unit in K) of fans at the wind speed of 16 m/s in the wind direction 

of –90°. (a) Original, (b) with plane deflectors, and (c) with arc deflectors. 

For ACCs with deflectors, the R1 fan inlet temperatures decreased dramatically, with a 

minimum value close to the ambient temperature. With plane deflectors, the inlet temperatures for 

most of the R1 fans were below 324 K, but with arc deflectors they were lower than 316 K, as depicted 

in Figure 5b,c. The inlet temperatures of R3 fans almost dropped to ambient temperature with air 

deflectors. However, with air deflectors, it was not difficult to find that the R2 fan inlet temperatures 

increased a lot.  

The local pressures of three windward ACCs in column 9 are shown in Figure 6. Because of the 

strong crosswinds, a big zone with a low pressure appears below the R1 and R2 fans. With the leading 

of air deflectors, as depicted in Figure 6b,c, the low-pressure region near the R1 fan inlet clearly 

narrowed, which was mainly attributed to the high pressure generated on the upwind of the 

deflectors. The low-pressure region near the R1 fan inlet with arc deflectors was fairly smaller than 

that with plane deflectors. On the contrary, a low pressure was formed on the downwind of air 

deflectors, resulting in a reduced pressure near the R2 fan inlet. 

Figure 5. Inlet air temperatures (unit in K) of fans at the wind speed of 16 m/s in the wind direction of
−90◦. (a) Original, (b) with plane deflectors, and (c) with arc deflectors.



Energies 2019, 12, 3503 11 of 28

Energies 2019, 12, x FOR PEER REVIEW 11 of 34 

 

 
(a) 

 
(b) 

Energies 2019, 12, x FOR PEER REVIEW 12 of 34 

 

 
(c) 

Figure 6. Static pressures (unit in Pa) of windward condenser cells in column 9 in the wind direction 

of –90° at the wind speed of 16 m/s. (a) Original ACCs, (b) ACCs with plane deflectors, and (c) ACCs 

with arc deflectors. 

The pressure change can affect the airflow. Because of the low pressure near the inlet of the R1 

fan, the hot air from the R1 condenser cell flowed into the R2 fan, and a reversed flow was produced, 

as shown in Figure 7a. Also, near the R2 fan inlet, the reverse flow became weak because of the 

inhibition from the upwind axial flow fan. The reverse flows resulted in a high temperature of the 

upwind fan inlet, as shown in Figure 5a. At the R1 fan inlet shown in Figure 7a, the value of the z-

velocity was about zero. With the guidance of deflectors, airflow was introduced to the R1 condenser 

cell. Basically, the reverse flow near the R1 condenser cell was alleviated because of the increased 

inlet pressure, which was also characterized by the reduced fan inlet temperature depicted in Figure 

5b,c. Furthermore, the z-velocity at the R1 fan inlet increased clearly, leading to an increased air mass 

flow rate through the R1 condenser cell. Moreover, the z-velocity at the R1 fan inlet with arc deflectors 

was greater than that with plane deflectors. This may be attributed to the large declination angle of 

the arc deflectors needed to guide the airflow almost vertically to the axial flow fan so more cooling 

air can pass through the ACCs to improve the cooling performance. Nevertheless, the reverse flow 

at the R2 fan inlet was aggravated with air deflectors, owing to the reduced z-velocity at the R2 fan 

inlet as shown in Figure 7b,c. At the leeward side of the air deflectors, a whirlpool was generated 

because of the low pressure behind the air deflectors. 
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with arc deflectors.
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The pressure change can affect the airflow. Because of the low pressure near the inlet of the R1 fan,
the hot air from the R1 condenser cell flowed into the R2 fan, and a reversed flow was produced, as
shown in Figure 7a. Also, near the R2 fan inlet, the reverse flow became weak because of the inhibition
from the upwind axial flow fan. The reverse flows resulted in a high temperature of the upwind
fan inlet, as shown in Figure 5a. At the R1 fan inlet shown in Figure 7a, the value of the z-velocity
was about zero. With the guidance of deflectors, airflow was introduced to the R1 condenser cell.
Basically, the reverse flow near the R1 condenser cell was alleviated because of the increased inlet
pressure, which was also characterized by the reduced fan inlet temperature depicted in Figure 5b,c.
Furthermore, the z-velocity at the R1 fan inlet increased clearly, leading to an increased air mass flow
rate through the R1 condenser cell. Moreover, the z-velocity at the R1 fan inlet with arc deflectors was
greater than that with plane deflectors. This may be attributed to the large declination angle of the
arc deflectors needed to guide the airflow almost vertically to the axial flow fan so more cooling air
can pass through the ACCs to improve the cooling performance. Nevertheless, the reverse flow at the
R2 fan inlet was aggravated with air deflectors, owing to the reduced z-velocity at the R2 fan inlet as
shown in Figure 7b,c. At the leeward side of the air deflectors, a whirlpool was generated because of
the low pressure behind the air deflectors.Energies 2019, 12, x FOR PEER REVIEW 13 of 34 
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Figure 7. z-velocity (unit in m/s) and path lines of windward ACCs in column 9 at the wind speed of
16 m/s in the wind direction of −0◦. (a) Original ACCs, (b) ACCs with plane deflectors, and (c) ACCs
with arc deflectors.

3.1.2. Wind Direction of 0◦

The fan inlet temperature distributions with and without air deflectors are shown in Figure 8.
Among the column 1 (C1) fans, almost all inlet temperatures were up to about 328 K. From C9 to C11,
the inlet air temperatures of bilateral fans exceeded those of the middle fans because of the hot air
recirculation near the edge of the condenser cells. After installing air deflectors, the inlet temperatures
of C1 fans dropped conspicuously. For C1 fans with plane deflectors, only part of the inlet area suffered
from the high temperature with a value of about 327 K. For C1 fans with arc deflectors, the temperatures
in most parts of the inlet area were below 321 K. But for the C2 fans, the inlet temperatures tended to
increase with air deflectors.

Figure 9 gives the local pressure of the first three upwind condenser cells in row 4. Similar to
Figure 6a, the whole C1 fan inlet zone, as well as half of the C2 fan inlet zone, was dominated by low
pressure under strong crosswinds. With the generation of high pressure at the windward side of air
deflectors, the low pressure near the upwind condenser cell inlet reduced a lot. Same as in Figure 6, the
pressure distribution was improved with arc deflectors. As for the C2 fans, however, the low pressure
zone expanded at the fan inlet.

The air stream and z-velocity distribution of three upwind R4 condenser cells are shown in
Figure 10. Similar to Figure 7, serious reverse flows were produced, and the fan inlet temperature
increased. Also, the z-velocity near the C1 fan inlet was always below zero. With the guiding effect of
the deflectors, the airflow could favorably enter the C1 condenser cell from the fan inlet. Furthermore,
the z-velocity at the C1 fan inlet was higher than zero. Besides, the fan inlet z-velocity with arc
deflectors was conspicuously higher than that of the plane deflectors. But for the condenser cell in
column 2, the reverse flow became aggravated, and an air eddy formed behind the air deflectors.

Figure 11 shows the air stream and temperature distribution of the condenser cells in column
9. It is clear that serious hot air recirculation took place at both sides of the ACCs, which caused an
increased inlet temperature of fans at the edge, as shown in Figure 8. Unfortunately, the recirculating
hot air more easily flowed into the side condenser cells with air deflectors. As a result, the inlet
temperature of fans at both sides increased a little, as shown in Figures 8 and 11, showing that the side
ACCs performances were worse.
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arc deflectors.
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Figure 11. Temperature distribution (unit in K) and path lines of ACCs in column 9 at the wind speed
of 16 m/s in the wind direction of 0◦. (a) Original ACCs, (b) ACCs with plane deflectors, and (c) ACCs
with arc deflectors.



Energies 2019, 12, 3503 18 of 28

3.1.3. Wind Direction of 90◦

Figure 12 shows the inlet temperatures of fans when the wind direction was equal to 90◦. Because
the main buildings could block airflow, the inlet temperatures of most of upwind (R5) fans increased
a little compared to those in the wind directions of −90◦ and 0◦. For the C1 and C12 fans, however,
the inlet temperatures arrived at about 330 K, which were not blocked by the main buildings. The
inlet temperatures of most fans exceeded the ambient temperature. With air deflectors, the inlet
temperatures of R5 fans changed little, except the fans in C1 and C12. As for the backward fans, the
inlet temperatures dropped a little. Besides, for both plane and arc deflectors, the inlet temperatures
of fans were almost the same. Figure 13 shows the pressure of the C9 condenser cells. Without
air deflectors, the pressure beneath the upwind condenser cell was still lower than that below the
downstream condenser cell. After installing air deflectors, the pressure at the inlet of the windward
fans varied a little.Energies 2019, 12, x FOR PEER REVIEW 22 of 34 
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Figure 12. Fan inlet air temperatures (unit in K) of ACCs in at wind speed of 16 m/s and wind direction
of 90◦. (a) Original, (b) with plane deflectors, and (c) with arc deflectors.
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Figure 13. Static pressures (unit in Pa) of windward ACCs in column 9 at the wind speed of 16 m/s
in the wind direction of 90◦. (a) Original ACCs, (b) ACCs with plane deflectors, and (c) ACCs with
arc deflectors.
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The air stream and z-velocity distribution of the C9 condenser cells are shown in Figure 14. A
large eddy was produced behind the main buildings, which blocked the ambient air flowing into
the ACCs. Subsequently, the hot air from the ACC outlet flowed back into the ACCs, resulting in
an increased fan inlet temperature, as depicted in Figure 12a. With air deflectors, the hot plume still
flowed back into the ACCs, showing that the temperature at the fan inlet may not decrease clearly. But
for the R5 fan, the z-velocity at the inlet increased a little.
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Figure 14. z-velocity (unit in m/s) and path lines of windward ACCs in column 9 at the wind speed of
16 m/s in the wind direction of 90◦. (a) Original ACCs, (b) ACCs with plane deflectors, and (c) ACCs
with arc deflectors.
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3.2. Thermo-Flow Performance Analyses

Both the total and local air mass flow rates, as well as heat rejections, were calculated and
compared for the ACCs without and with two types of air deflectors. In addition, the back pressure
was also predicted.

3.2.1. Local Flow Rate and Heat Rejection

Unfavorable effects caused by crosswinds appeared at the first two upwind rows or columns of
ACCs, so the heat rejections and air mass flow rates of the R1, R2, C1, and C2 condenser cells were
taken into more consideration.

Figure 15 gives the air mass flow rates of the first two columns, rows, or columns and rows in
various wind directions and at different wind speeds. The expression “R1+C1” represents the sum of
row 1 and column 1 condenser cells, and so do the others. It can be found that the air mass flow rates
of upstream condenser cells decreased as the wind speed increased, and even some rates were below
zero. A zero or negative air mass flow rate implies that no fresh cooling air passed through the ACCs,
which deteriorates the performance of ACCs.

1 
 

  
(a) (b) 

  
(c) (d) 

 
(e) 

 Figure 15. Air mass flow rate of upwind condenser cells at various wind speeds. (a) In the wind
direction of −90◦, (b) in the wind direction of −45◦, (c) in the wind direction of 0◦, (d) in the wind
direction of 45◦, and (e) in the wind direction of 90◦.
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For all cases, the mass flow rate through the first upstream column or row condenser cells with air
deflectors was always bigger than that without air deflectors. However, for the second column or row
condenser cells, the air flow rate decreased. Even so, the air flow rate sum of R1 and R2 condenser cells
with air deflectors always exceeded that without air deflectors, which also happened in other wind
directions. Furthermore, when the wind speed increased, the increase of the air mass flow rate sum
was larger.

Comparing the results of ACCs with arc and plane deflectors, it is not difficult to find that the
air mass flow rate through the first column or row condenser cells with arc deflectors was greater
than that with plane deflectors, which is coincident with the results shown in Figure 7, Figure 10, and
Figure 14. Moreover, as for the second column or row ACCs along the wind direction, the results were
the opposite. Fortunately, the air flow rate sum of upwind columns and rows with arc deflectors was
more favorable for most cases.

To evaluate the contributions of the two upwind columns and rows to the whole ACC, a
dimensionless parameter, Rh, was introduced to express the ratio of upwind condenser cell heat
rejection to the overall heat rejection of ACCs, as follows

Rh =
Φup

Φtotal
× 100% (13)

where Φup represents the heat rejection of upwind condenser cells, namely, different column and
row condenser cells in various wind directions. For example, when the wind direction equals −90◦,
the upwind condenser cells represent the R1 and R2 condenser cells. Φtotal represents the total heat
rejection of the whole ACC.

Figure 16 shows the Rh at various wind speeds and in various wind directions. It can be seen that
the Rh decreases with an increasing wind speed in most cases, showing that the thermal performance
of the upwind condenser cells were weakened as the wind speed increased. For most cases, except
when the wind direction was 90◦, the Rh of the first upstream column or row condenser cells with air
deflectors was always bigger than that without air deflectors. However, for the second column or row
condenser cells in the wind direction, the Rh decreased a lot. For example, as shown in Figure 16a,
when the wind speed was 16 m/s, the Rh of R1 in the original ACC was about 2%, which is far less
than the average level of 20%, and it rose up to about 17% in ACCs with arc deflectors, close to 20%.
Nevertheless, for the R2 condenser cells, the Rh was about 14% without air deflectors, but it dropped
nearly to 9%. The sum of R1 and R2 Rh values in the ACCs with deflectors was higher than that in the
original ACCs in most cases. When the wind direction was 90◦, the Rh varied a little and even dropped
because of the blocking effects of the main buildings. As mentioned in Figure 12, the backward fan inlet
temperature dropped a little, showing that the thermal performance of the backward condenser cells
with air deflectors was improved. Subsequently, Rh could decrease. Furthermore, as the wind speed
increased, the difference in the Rh sum between the ACCs with and without air deflectors gradually
increased. The difference in the Rh sum of R1 and R2 between original ACCs and ACCs with arc
deflectors was about 2% at a wind speed of 4 m/s, but it increased to about 11% when the wind speed
was 16 m/s.

Comparing the Rh of ACCs with arc and plane deflectors, it can be found that, along the wind
direction, the Rh with arc deflectors exceeded that with plane deflectors for most cases. However, in
the wind direction of 90◦, the Rh with arc deflectors was almost equal to that with plane deflectors.
Moreover, as for the second column or row condenser cells along the wind direction, the results
were the opposite. Satisfactorily, the Rh sum of upwind condenser cells with arc deflectors was more
favorable for most cases.
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Figure 16. Heat rejection share of windward condenser cells at various wind speeds. (a) In the wind
direction of −90◦, (b) in the wind direction of −45◦, (c) in the wind direction of 0◦, (d) in the wind
direction of 45◦, and (e) in the wind direction of 90◦.

3.2.2. Total Flow Rate and Back Pressure

The thermo-flow performances of upwind condenser cells was improved by the guidance of air
deflectors, which affected the cooling performance of the ACCs. A dimensionless parameter, Ia, was
introduced to evaluate the increase of air flow rate of the whole ACC, with the following form

Ia =
mad −mo

mo
× 100% (14)

where mo and mad are the total air mass flow rates of ACCs without and with air deflectors, respectively.
In addition, the unit back pressure pB was obtained to present the operational efficiency of the
power plant.

Figure 17 shows the variations of Ia and pB under various windy conditions, where the bar and
curve represent the pB and Ia, respectively. In general, as the wind speed increased, Ia increased,
showing that the air deflectors led to an incremental total mass flow rate under strong crosswinds.
With arc deflectors as shown in Figure 17a, Ia at the wind speed of 4 m/s was about 4%, and it increased
to about 12% at a wind speed of 16 m/s. Furthermore, the Ia of ACCs with arc deflectors was always
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greater than that with plane deflectors, showing that the arc deflectors could lead more air to flow into
the ACCs. For the pB, whether with or without air deflectors, it always increased with increasing the
wind speed, indicating that the crosswinds deteriorated the cooling performance of the ACCs. With air
deflectors, the pB decreased clearly, and the difference of pB without and with air deflectors expanded
as the wind speed rose. For instance, as displayed in Figure 17a, the difference of pB without and with
arc deflectors was about 2 kPa when the wind speed was 4 m/s, but it increased to about 13 kPa when
the wind speed was 16 m/s. Conclusively, the unit back pressure with arc deflectors was always lower
than that with plane deflectors under windy conditions, showing that the arc deflectors can help the
power generating unit to operate at a higher energy efficiency.

Energies 2019, 12, x FOR PEER REVIEW 29 of 34 

 

3.2.2. Total Flow Rate and Back Pressure 

The thermo-flow performances of upwind condenser cells was improved by the guidance of air 

deflectors, which affected the cooling performance of the ACCs. A dimensionless parameter, Ia, was 

introduced to evaluate the increase of air flow rate of the whole ACC, with the following form 

𝐼𝑎 =
𝑚ad −𝑚𝑜

𝑚𝑜
× 100% (14) 

where mo and mad are the total air mass flow rates of ACCs without and with air deflectors, 

respectively. In addition, the unit back pressure pB was obtained to present the operational efficiency 

of the power plant.  

  
(a) (b) 

  
(c) (d) 

Energies 2019, 12, x FOR PEER REVIEW 30 of 34 

 

 
(e) 

Figure 17. Dimensionless increased air mass flow rate of ACCs and unit back pressure at different 

wind speeds. (a) In the wind direction of –90°, (b) in the wind direction of –45°, (c) in the wind 

direction of 0°, (d) in the wind direction of 45°, and (e) in the wind direction of 90°. 

Figure 17 shows the variations of Ia and pB under various windy conditions, where the bar and 

curve represent the pB and Ia, respectively. In general, as the wind speed increased, Ia increased, 

showing that the air deflectors led to an incremental total mass flow rate under strong crosswinds. 

With arc deflectors as shown in Figure 17a, Ia at the wind speed of 4 m/s was about 4%, and it 

increased to about 12% at a wind speed of 16 m/s. Furthermore, the Ia of ACCs with arc deflectors 

was always greater than that with plane deflectors, showing that the arc deflectors could lead more 

air to flow into the ACCs. For the pB, whether with or without air deflectors, it always increased with 

increasing the wind speed, indicating that the crosswinds deteriorated the cooling performance of 

the ACCs. With air deflectors, the pB decreased clearly, and the difference of pB without and with air 

deflectors expanded as the wind speed rose. For instance, as displayed in Figure 17a, the difference 

of pB without and with arc deflectors was about 2 kPa when the wind speed was 4 m/s, but it increased 

to about 13 kPa when the wind speed was 16 m/s. Conclusively, the unit back pressure with arc 

deflectors was always lower than that with plane deflectors under windy conditions, showing that 

the arc deflectors can help the power generating unit to operate at a higher energy efficiency. 

Table 3 lists the results of Ia and pB, with and without air deflectors, without wind. It can be 

observed that the performance of ACCs with air deflectors improved a little, showing that the air 

deflectors were also beneficial to the cooling performance of ACCs without wind. 

Table 3. Unit back pressure and total mass flow rate improvement of ACCs with and without air 

deflectors in the absence of wind. 

Case pB (kPa) Ia (%) 

without air deflectors 30.4 – 

with plane deflectors 30.3 0.33 

with arc deflectors 30.2 0.97 

3.2.3. Comparison of Different Wind Directions  

As mentioned above, the cooling performance of ACCs with or without air deflectors varied 

with the wind direction, so a dimensionless parameter for unit back pressure, Rp, was introduced as 

follows to evaluate the effect of wind direction. 

𝑅𝑝 =
𝑝B,wind − 𝑝B,nowind

𝑝B,nowind
× 100% (15) 

Figure 17. Dimensionless increased air mass flow rate of ACCs and unit back pressure at different wind
speeds. (a) In the wind direction of −90◦, (b) in the wind direction of −45◦, (c) in the wind direction of
0◦, (d) in the wind direction of 45◦, and (e) in the wind direction of 90◦.



Energies 2019, 12, 3503 25 of 28

Table 4 lists the results of Ia and pB, with and without air deflectors, without wind. It can be
observed that the performance of ACCs with air deflectors improved a little, showing that the air
deflectors were also beneficial to the cooling performance of ACCs without wind.

Table 4. Unit back pressure and total mass flow rate improvement of ACCs with and without air
deflectors in the absence of wind.

Case pB (kPa) Ia (%)

without air deflectors 30.4 –
with plane deflectors 30.3 0.33

with arc deflectors 30.2 0.97

3.2.3. Comparison of Different Wind Directions

As mentioned above, the cooling performance of ACCs with or without air deflectors varied with
the wind direction, so a dimensionless parameter for unit back pressure, Rp, was introduced as follows
to evaluate the effect of wind direction.

Rp =
pB,wind − pB,nowind

pB,nowind
× 100% (15)

where pB,wind and pB,nowind are the unit back pressure under windy and windless conditions, respectively.
Taking the wind speed with a value of 16 m/s as an example, Figure 18 displays the change of

Rp with wind direction for ACCs with and without air deflectors. In general, in the wind direction
of 45◦, the performance of the ACCs was most unfavorable, which was mainly attributed to the
combined effects of crosswinds and main buildings. For instance, the back pressure for ACCs without
air deflectors in the wind direction of 45◦ was over 2.4 times than that in the absence of winds, and
even with arc deflectors it only dropped to about twice over. Fortunately, with air deflectors, the
performance improvements for ACCs were most favorable when the wind directions were equal to 45◦

and −45◦, and the Rp dropped to about 50% with arc deflectors.
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Figure 18. Dimensionless increased unit back pressure in various wind directions.

Without air deflectors, Rp in the wind directions of 90◦ and −90◦ were close to 100%, and the
difference between them was only about 5%. However, with arc deflectors, the Rp in the wind direction
of 90◦ clearly surpassed that in the wind direction of −90◦, and the difference between them expanded
to about 20%. What is more, for the original ACCs, the cooling performance in the wind direction of
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−45◦ was inferior to that in the wind direction of 0◦, with Rp values of 99% and 84%, respectively. But
with air deflectors, the Rp values under these two conditions were almost the same, at about 50%.

The proposed air deflector is simple in structure and low in manufacturing cost. The air deflectors
are manufactured with steel and are easily installed. Plane air deflectors have been applied in real
thermal power stations in China. The arc air deflector can be installed below the fan platform just
like the plane one. The manufacturing cost of the air deflector can be ignored compared to that of the
whole ACC. In addition, almost no maintenance cost is needed in the operation of air deflectors.

4. Conclusions

Two types of air deflectors are proposed to install below the windward fans to improve the
thermo-flow performances of ACCs. With air deflectors, the reverse flows in the upwind condenser
cells were weakened, due to the guiding effect, except in the wind direction of 90◦, which decreased
the upwind fan inlet temperature and helped more air pass through the upwind condenser cells.
Subsequently, the cooling performances of upwind condenser cells improved and were close to the
average level of ACCs. However, the hot plume recirculation at both sides of the ACC seemed to
be enhanced with air deflectors. Even so, the overall cooling performance of ACCs improved with
air deflectors. As wind speed increased, the improvement of cooling performance became better.
Moreover, the performance improvement for ACCs with air deflectors also depended on direction. In
the absence of winds, the cooling performance of the ACC improved a little with air deflectors. For all
cases, the cooling performances of ACCs with arc deflectors were superior to that of plane deflectors,
since the former can provide a larger deflection angle to lead the air flow into ACCs successfully.
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Nomenclature

C1, C1ε, C2, C3ε constants in turbulence equations
e exponent in the wind speed equation
fn polynomial coefficient for fan pressure rise
Gb turbulent kinetic energy source term due to buoyancy
Gk turbulent kinetic energy source term due to mean velocity gradients
gn polynomial coefficient for fan tangential velocity
h coefficient of convection heat transfer (W/m2/K)
h’ empirical coefficient of convection heat transfer (W/m2/K)
hn polynomial coefficient for convection heat transfer coefficient
hs exhaust steam enthalpy (J/kg)
hwa condensate water enthalpy (J/kg)
I dimensionless improvement (%)
k turbulent kinetic energy (m2/s2)
kL flow loss coefficient
N number
L length of finned tube bundles
m mass flow rate (kg/s)
p pressure (Pa)
Prt turbulent Prandtl number for energy
q heat flux (W/m)
Rh heat rejection share of upwind cells on ACCs
r radial distance from fan center (m)
rn polynomial coefficient for loss coefficient
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S modulus of the mean rate-of-strain tensor
Sϕ inherent source term in the conservation equation for scalar ϕ
Sϕ’ additional source term in the conservation equation for scalar ϕ
t temperature (◦C)
v velocity (m/s)
z height above the ground (m)
Greek symbols
Γ diffusion coefficient (m2/s)
ε turbulent kinetic energy dissipation (m2/s3)
µ, µt, µe dynamic, turbulent and effective viscosity, respectively (kg/m/s)
σk, σε, σt turbulent Prandtl number for k, ε and t, respectively
Φ heat rejection (W)
ρ density (kg/m3)
ϕ scalar variable
Subscripts
1 inlet
2 outlet
a air
ad air deflector
f face
i, j, k component in x, y, and z direction, respectively
pa parallel to the gravitational vector
pe perpendicular to the gravitational vector
o original
up upwind
s steam
wa water
w wind
θ tangential
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