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� The cooling performance of a NDDCT under crosswind condition was investigated.
� The resistance of radiators was simulated using a viscous force based equation.
� A gentle breeze or stronger wind may influence the cooling performance of a NDDCT.
� Vortices and circumferential non-uniformity are the main degrading factors.
� An enclosure approach to cooling efficiency enhancement is found to be effective.
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a b s t r a c t

Cooling performance of a natural draft dry cooling tower degrades in presence of crosswind. Upon an in
service natural draft dry cooling tower of a 660 MW unit in China, a computational fluid dynamics
approach with validation is adopted to investigate the cooling performance at various wind speeds.
The first order viscous force based resistance mechanism is used in simulating the air flow resistance
for the radiators. Numerical results confirm previous findings that the cooling performance of the natural
draft dry cooling tower degrades with the increment of wind velocity when wind velocity is higher than
4 m/s, but the performance reduction is relatively less. The circumferential non-uniform ventilation and
the vortices inside the tower contribute the most to the degrading of the cooling performance when
crosswind is present. To enhance the overall cooling performance, an enclosure with an opening at the
windward side is proposed to increase the pressure level outside the side and back radiators.
Numerical results show that such an enclosure could enhance the cooling performance at all investigated
wind speeds, with 36% increase of the ventilation rate and about 7 �C decrement of the cycling water tem-
perature at 20 m/s.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The power plants consume approximately half the global indus-
trial water withdrawal [1]. As an effective water saving technology,
indirect dry cooling technology has been increasingly used in the
recent years for the power generation in arid countries and regions,
for its merits of low noise, long service life, simple maintenance
and high energy saving [2,3]. However, it was found the efficiency
of dry cooling is sensitive to the ambient crosswind and weather
fluctuation, which could introduce a maximum output variation
in the range of 5–10% of the nominal capacity in intraday operation
[4]. It is of great significance if the ambient crosswind could be pos-
itively used rather than negatively affecting the power generation
efficiency.

Nowadays, some studies on ambient crosswind utilization have
been conducted on the natural draft dry cooling tower (NDDCT),
the primary structure of indirect dry cooling system. Through
experimental research, Wei et al. [5] found that crosswind at speed
of 6 m/s reduce the mean velocity rate along the annular radiators
about 20%; Cui and Lu [6] reported that the influences of crosswind
at speed of 5 m/s and 15 m/s equal to those of about 2 �C and 14 �C
rises of the environmental temperature; Lu et al. [7] argued that
the total heat transfer rate of a NDDCT is a combination of natural
convective heat transfer and forced convective one, and depending
on their ratio, a turnabout point wind speed exists, below which
the heat transfer decreases with increasing crosswind speed and
proach
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Nomenclature

error the error between simulation results and reference data
(�C)

g! gravity acceleration vector (m/s2)
h heat transfer coefficient (W m�2 K�1)
ITD initial temperature difference between the cycling

water and environment (K)
k turbulent kinetic energy (J)
M
!

momentum source term (kg m�1 s�1)
NDDCT natural draft dry cooling tower
P pressure (kPa)
Q the overall heat released from the radiators (MW)
q constant energy source term (Wm�3)
R equivalent resistance coefficient (%)
Sij the tensor of strain rate
T temperature (K)
u velocity scalar (m s�1)
V
!

velocity vector (m s�1)

Greek letters
r Hamiltonian

l dynamic viscosity (N s m�2)
a permeability (m s�1)
b air compressibility coefficient
e turbulent dissipation
q air density (kg m�3)

Subscripts
a environmental air parameter
bottom bottom part of the tower
chamber tower chamber part
h high terminal value
l low terminal value
radiator radiators section value
ref reference data
s source term
Sim simulation results
t turbulent parameters
total total value of the tower
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above which it does the reverse. More recently, more computa-
tional fluid dynamics (CFD) simulation were carried out. Zhao
et al. [8] found that crosswind at speed of 5 m/s and 10 m/s raises
the cycling water outlet temperature by 1 �C and 5 �C respectively.
Zhang and Wang [9] found that crosswind at speed of 4 m/s,
6.6 m/s and 8.5 m/s degrades the cooling capacity by 5%, 10% and
25% respectively. Al-Waked and Behnia [10] found that crosswind
speed at higher than 10 m/s degrades the thermal effectiveness by
more than 30% (at constant ejected temperature). Goudarzi [11]
found that the reduction of cooling efficiency could be up to 35%
at the crosswind speed of around 18 m/s. Yang et al. [12] found
that reduction of mass flow rate of the cooling air reaches its peak
at around 40% at crosswind speed of 12 m/s. Zhao et al. [13] con-
firmed the findings and revealed that the reduction of cooling air
could be up to 45%, and further found that the turnabout point is
postponed to 16 m/s under constant heat load condition (while
the previous study is under set water temperature condition)
[14]. Based on the existing researches, we can see that crosswind
effect becomes obvious from 4 m/s and the cooling capacity may
decline 30–45%.

Typically, a NDDCT has three parts of effective chimney: heat
exchanger bundle, plenum chamber, and the effective plume part
[15,16]. As found by Wei et al. [5], crosswind affects the cooling
efficiency of a NDDCT by three ways: (a) The wind forms an unfa-
vourable pressure distribution at the tower inlet (heat exchanger
part); (b) The wind disturbs the hot plume rising from the cooling
tower (plume part); (c) The wind causes the back flow induced by
the separation vortex at the leading edge of the tower outlet (ple-
num chamber part). Tang et al. [17] found that crosswind lead to a
horizontal air flow in the tower to degrade the upward flow, even a
cross ventilation at a high wind speed, which might degrade the
heat transfer in side and rear (plenum chamber and heat exchanger
parts). Zhai et al. [18,19] found that inlet air flow from the leading
and rear radiators converge to produce complex vortices, hindering
the upward flow and side/rear air inlet (plenum chamber and heat
exchanger parts). Zhang et al. [20] and Goodarzi [21] both reported
that crosswind squeezes the plume flow, leading to smaller outlet
cross section and higher flow resistance along the path line (plume
part). Besides, Bergles [22], Zhai and Fu [23] also reported that the
Please cite this article in press as: Wang W et al. The cooling performance of a n
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suck-back of cold air at the outlet of the tower would also affect
the flow field in the tower. Fisher and Torrance [24] found that
the such-back of cold air at the outlet of small heat exchangers
might degrade the thermal efficiency by 4%.

In order to reduce the negative crosswind effect on NDDCT,
many ideas were reported in 1970 s and 1980 s, including dry/
wet associated cooling, plastic tower shell, periodic dry cooling,
etc. [25,26], but rather rare afterward. In 1993, wind-breaks
was first proposed by Du Preez and Kroger [27], and then verified
by Al-Waked and Behnia [10,28] and Zhai and Fu [23] through
numerical investigation. Dai et al. [29] and Wang [30] revealed
that guiding channel could promote the cooling performance of
a natural draft wet cooling tower (NDWCT), by 5–10%. Later, Zhao
et al. [31] and Chen et al. [32] found that the cross-wall could
enhance the cooling efficiency of a NDWCT at lower crosswind
speeds, but sensitive to wind direction at higher speeds, through
numerical and experimental study respectively. Goodarzi [21]
proposed a new inclined exit configuration to improve the cooling
efficiency by 9% at 10 m/s crosswind. More recently, Lu et al. [33]
found that in-tower windbreaks could reverse the negative cross-
wind effect to positive in a small NDDCT, at certain wind attack
angles. Goodarzi et al. [34,35] reported that windbreaks con-
structed as radiators could even promote the cooling efficiency
in NDDCT, and an elliptical cross section type cylinder could
improve the cooling efficiency by 17% at 10 m/s crosswind
speed.

Crosswind is generally regarded as a power source commonly
used in architecture field, like wind tower [2] and wind catches
[36], even to achieve nearly net zero energy buildings [37]. These
applications imply that crosswind could also be used to improve
the thermal performance of cooling towers. Thus, this paper pre-
sents an enclosure structure with an opening at the windward side
located outside the heat exchanger bundle, to assess the flexibility
to use the wind potential for the cooling efficiency improvement.
Given the influence on cooling efficiency of a NDDCT by the cross-
wind is mainly attributed to the change of the ventilation rate, the
study focuses on the assessment of the ventilation of the tower and
the fluid dynamics in the air side, and then evaluate the overall
performance with empirical data.
atural draft dry cooling tower under crosswind and an enclosure approach
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 (a): An overview of the NDDCT 

(b): The distribution of cooling deltas (c): The cross section of a cooling delta

Fig. 1. Schematic of a typical NDDCT.

Fig. 2. Schematic of the computational field and its boundaries for air flow in the
presence of crosswind.
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2. Methods

2.1. Problem description

A typical NDDCT schematic is shown in Fig. 1(a), which is of
Heller type commonly used in 660 MW dry cooling power plants
in China. The NDDCT has a total height of 170 m, a tower bottom
height of 27.5 m, a base radiator height of 24 m, a radiator support
of 2 m, an outlet diameter of 84.466 m, a throat diameter of 82 m,
and a base radiator diameter of 146.17 m. Fig. 1(b) shows the sche-
matic of cooling deltas distribution and cooling section division,
which has 183 deltas and 10 sectors nearly equally distributed
on the bottom of the tower, except one part where a flue gas pipe
is induced from outside to inside at the up-right part. Fig. 1(c)
shows the schematic of a cooling delta cross section, which has
two vertical cooling columns shown as the two sides of the trian-
gle. Each cooling column is composed of 4 pieces of radiators. Each
piece of radiator has a bundle of 80 � 6 staggered tubes, with a
height of 6 m, a width of 2.408 m and a thickness of 0.15 m. The
spacing between adjacent fins is 3.1 mm.

Warm cycling water flows through the staggered tubes, and
then cooled down by the ambient air outside. The water is used
to condense exhaust steam from the exit of low pressure cylinder.
The cooling air is then heated by the cycling water and becomes
lighter in density. Finally the natural draft is generated by the
Please cite this article in press as: Wang W et al. The cooling performance of a n
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density difference between the air inside and outside of the tower,
making the cooling air continuously flow from the cooling deltas.
When crosswind is present, the flow fields around the cooling del-
tas, inside of the tower and tower outlet are changed, reducing the
atural draft dry cooling tower under crosswind and an enclosure approach
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ventilation rate, and thereby degrade the cooling effect of the
tower.

2.2. Computational field

The computational field in Fig. 2 has a dimension of
2764 m � 2512 m � 1700 m, which is large enough compared with
the tower size (more than 10 times in directions of x, y and z
respectively) to eliminate the unrealistic effect of the domain
boundaries on the flow field crosswind outside and inside the
tower. The structure of the cooling deltas, tower shells, the support
and joint faces between adjacent radiators are all constructed in
strict accordance with the real case. The enclosure added to the
outside of the cooling deltas is schematically shown in Fig. 3, which
is about 220 m in radius and 62 m in height, especially designed
large enough to avoid disturbing the airflow on wind free condi-
tion. The computational meshes are generated with the commer-
cial software Gambit [38]. Hexahedral structured grids are used
in the computational domain except one joint field 50 m above
the top of the tower. The grid interval size is about 0.15–0.3 m near
the heat exchanger, and about 1–2 m near the tower shell. How-
ever it is about 20 m near the inlet and outlet of the computational
field. In the domain far from the central part, the grid interval size
adopts the successive ratio grading scheme instead of the uniform
division, so that fewer meshes are generated to meet the computa-
tional demands. At the transition points between the surfaces or
volumes, the meshes are smoothed manually by adjusting the
edges/surfaces grid size.

2.3. Boundary conditions and basic assumptions

Although many researches tend to study the cooling perfor-
mance of NDDCT by solving the conjugate fluid–solid–fluid heat
transfer problems among the air, radiators, and cycling water and
fluid dynamics problems in the air side simultaneously
[10,12,13,35,39], the modelling of fluid flow and heat transfer
under coupled conditions remains a challenging issue particularly
for industrial-scale systems [40]. Provided that the knowledge that
the change of water vaporization latent heat is negligible within
the common back pressure [14,41,42], the heat release from the
condenser and thereby heat dissipation from the radiators is con-
stant. Using the correlation between the heat transfer coefficient
and air velocity presented by Yang et al. [12], we can calculate
Fig. 3. Schematic of the enclosure and its opening.
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the ITD (initial temperature difference) based on the energy con-
servation formula and the corresponding boundary conditions.
Consequently, the radiators are simplified as a constant heat
source, and the crosswind effect can be described by the ventila-
tion rate of the NDDCT instead of its ITD or other parameters.
The temperature change of the cycling water can be calculated
based on given heat transfer mechanism.

Generally the wind velocity is a function of height above the
ground, and its profile may affect the crosswind effect [10], while
it tends to be unchanged when the height is above 10 m. Since
the dimension of the radiators and computational field are rela-
tively large, the crosswind is assumed to be constant at the inlet.
At the downstream surface both upward and rearward, the outflow
boundary is appointed due to the unchanging velocity and temper-
ature profiles. On the other surfaces like the side surfaces, the
ground, the inside/outside cooling tower shells and the support
and joint faces between adjacent radiators are all set as adiabatic
wall conditions with no slip condition. The pressure-based solver
in Fluent with pressure–velocity coupling SIMPLEC method is used.
The governing equations of the momentum, energy, turbulent
kinetic energy and dissipation rate are discretized using the
second-order upwind differencing scheme [38].

2.4. Governing equations

The flow regime is turbulent, and air density variation in the
cooling tower is so small that the flow can be assumed incompress-
ible and Boussinesq approximation can be used in the vertical
momentum equation to consider the buoyancy force [35]. Govern-
ing equations for steady, buoyant, and turbulent flow including
heat transfer are continuity, momentum, energy, and turbulence
modelling equations, as shown in Eqs. (1)–(5). The well-known
standard k—e model is used to model the turbulent flow.

r!� V!¼ 0:0 ð1Þ

qðV!� r!ÞV!¼ �r!pþ r!s� qbðT � Tref Þ g!þM
!

s ð2Þ

qðV!� r!ÞT ¼ �r!½ðCþ CtÞr!T� þ qs ð3Þ

ðV!� r!Þk ¼ r! v þ v t

rk

� �
r!k

� �
þ P þ G� e ð4Þ

ðV!� r!Þe ¼ r! v þ v t

re

� �
r!e

� �
þ C1e

e
k
ðP þ GÞ � C2e

e2

k
ð5Þ

in which sij ¼ ðlþ lsÞSij, P ¼ vsSijSij, G ¼ �gb vs
rs Sij

@T
@Z,

Sij ¼ 1
2

@Vi
@xj

þ @Vj

@xi

� �
, vs ¼ us

q ¼ Cl k2

e , C ¼ l
Pr, Ct ¼ lt

Prt
, and, Cl ¼ 0:09,

C1e ¼ 1:44, C2e ¼ 1:92, rk ¼ 1:0, re ¼ 1:3, rt ¼ 1:0 are constant of

standard k—e equations. In the above equations V
!
, P, q, l and lt

are velocity vector, static pressure, air density, molecular viscosity,
and turbulent viscosity, respectively; T and Tref are local and refer-
ence temperatures, respectively; b denotes the air compressibility
coefficient; g! is gravity acceleration vector, and Sij is the tensor of
strain rate.

Each cooling triangle is composed of 4 pieces of heat exchang-
ers, which adopts an advanced forgo type aluminium H-fins heat
sink. So far, a number of studies have been conducted on heat
transfer enhancement [43–48]. In the present study, the air flow
and heat transfer between the radiators’ fins are simplified by
using a porous medium model in the region where the radiator
is located. There are merely additions of a momentum source term
and a heat source term to the standard flow Eq. (2) and energy
Eq. (3) in this region [38,49]. As the flow regime in the radiator is
atural draft dry cooling tower under crosswind and an enclosure approach
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Table 1
Ventilation capacity at different grids number (kg/s).

Grids number 7,535,281 8,354,613 12,268,096 13,371,319

Va = 0.5 m/s 36,251 36,220 36,214 36,201
Va = 4 m/s 36,584 36,603 36,664 36,670
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laminar (Re < 540), the pressure drop is proportional to the flow
velocity and the inertial flow loss in the radiator can be omitted.
Ignoring convective acceleration and diffusion, the momentum

source term M
!

is written as

M
!

s ¼ rp ¼ �l
a
v! ð6Þ

For an orthotropic fill resistance in the finned-tube radiator
cores, the oblique flow entering the fill is forced into the horizontal
direction by the radiator fins. This change of direction can be mod-
elled by means of the anisotropic porous medium model by mak-
ing vertical loss coefficients in Eq. (6) very large to simulate the
impermeability of the fins in that direction [49].

As the overall heat transfer between the radiators and inlet air
flow is simplified as an addition of a constant energy source term
of qs to the standard energy Eq. (3) in this region. In the interested
nominal condition,

qs ¼ 258234:7 W=m3 ð7Þ
To calculate ITD, the convective heat transfer coefficient h can

be specified as the following form.

h ¼
X3
n¼1

hnun�1 ð8Þ

where u is the local surface velocity, and hn is the polynomial coef-
ficient, calculated as h1 = 1451.95, h2 = 1156.59, h3 = �75.615 in
terms of the convective heat transfer experimental data through
the finned tube bundles [12].

2.5. Validations

Table 1 shows the grid checking results of numerical simulation
on the performance of NDDCT. Meshes of 7,535,281, 8,354,613,
12,268,096 and 13,771,319 cells at the crosswind speed of 0.5 m/
s and 4 m/s are checked respectively. The ventilation rate (mass
flow rate) at the same boundary condition varies slightly with
the increase of grid number, by 0.16% at the most, and only about
0.036% and 0.016% between the two grid number of 12,268,096
and 13,371,319. Thus, the mesh with the grid number of
13,771,319 is chosen for its better assessment and convergence.

In order to further verify the CFD model, we chose two design
data and two experimental data as the reference cases, as shown
in Table 2. The ITD of the cooling air under design and experimen-
tal conditions are denoted as ITDref. The experiments were carried
out right after the unit’s first 168 h operation, and the ITDsims were
calculated based on the calculated total mass flow rate of the
tower, specific flow resistance, reference average temperature
difference, and reference cycling water decrease, as showed in
Table 2
Validation of the CFD model with experimental and design data.

Q (MW) Va (m/s) Ta (�C)

Design case 1 816.6 4.00 33.00
Design case 2 791.1 4.00 15.30
Experimental case 1 827.7 1.97 27.36
Experimental case 2 773.16 3.47 25.22

Please cite this article in press as: Wang W et al. The cooling performance of a n
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Eq. (9). The boundary conditions and calculated total mass flow
rate are also shown in Table 2. From Table 2 we can see that the
calculated ITDsims are about 2.5% larger than the design data, and
about 0.9% larger than the measured data. The results confirm
the validity of the CFD numerical model.

ITDsim ¼ tsim�h � Tsim�h ¼ Tref�h � Tref�l

2
qref

qsim

þ ðtref�h � Tref�hÞ þ ðtref�l � Tref�lÞ
2

href

hsim
� tref�h � tref�l

2
ð9Þ
3. Results & discussion

3.1. Crosswind effect on NDDCT

Under wind free condition, the cooling air enters the tower uni-
formly through the vertical arranged radiators on the bottom of the
tower, and heated by the cycling water inside the radiators, result-
ing in a natural draft of the cooling tower. The flow field of the ver-
tical parting surface of the NDDCT under four typical crosswind
conditions are illustrated in Fig. 4, in which the colour ranging
from blue to red represents the velocity magnitude ranging from
0 to 25 m/s. From Fig. 4(a) we can find a small vortex stuck to
the inner wall at the bottom section of the tower shell (named as
inner wall vortex) as the result of the air current steering inside
the tower under wind free condition, which has not been found in
previous studies. As the increment of the velocity of the crosswind,
the symmetric flow field inside the tower is destroyed; the inner
wall vortex at the windward side grows greatly; and the plume at
the outlet of the tower is suppressed to deflect to the backward of
the tower as shown in Fig. 4(b)–(d), which is in consistent with
the findings of Zhang et al. [20] and Goodarzi [21]. When the cross-
wind grows to be strong breeze (12 m/s), another vortex arises
inside the outlet of the tower at the windward side to suck-back
the cold air depicted in Fig. 4(b), which is also reported by Bergles
[22] and Zhai and Fu [23]. Besides, vortices at the back of the tower
are found under most crosswind conditions, and becomemore com-
plex as the crosswind velocity increases.

The flow fields of the horizontal cross section inside the radia-
tors at four typical crosswind velocities are shown in Fig. 5. The
unbalanced inward air flows at the windward side and the leeward
side induce two symmetric vortices (named asmainstream vortices)
when the crosswind velocity is higher than 4 m/s. As the crosswind
grows stronger, the two vortices gradually separate apart from the
centre of the tower to the back and side, and grows bigger and
stronger. Fig. 5(c)–(d) shows that the maximum swirling velocities
of the two vortices may exceed that of the inward air flow at the
windward side when crosswind velocity is higher than 10 m/s,
leading to a great ventilation barrier to the radiators in the back
and side sections, consistent to the results of Zhai et al. [18,19].
When the crosswind becomes a fresh gale (20 m/s), the horizontal
air flow inside the radiators becomes a cross ventilation, as
reported by Tang et al. [17].

The pressure contours in a horizontal cross plane at the middle
of the radiators at four typical velocities are exhibited in Fig. 6
respectively, in which the blue colour represents low pressure
Pa (kPa) ITDref (kg/s) ITDsim (kg/s) ErrorITD (�C)

92.70 31.50 31.59 0.09
92.70 31.75 31.23 �0.52
94.02 30.418 30.174 �0.244
93.87 29.341 28.992 �0.349

atural draft dry cooling tower under crosswind and an enclosure approach
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(a)  va (b)s/m0=  va =12m/s 

(c)  va (d)s/m61=  va =20m/s 

Fig. 4. The flow field of the vertical parting surface of the base NDDCT.
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and red colour represents high pressure. Obviously, the pressure
distribution becomes asymmetry as crosswind velocity exceeds
4 m/s. With the increasing of crosswind speed, the windward pres-
sure outside the radiators increases gradually, and the side pres-
sure outside the radiators decreases gradually. At the crosswind
velocity of 14 m/s, the pressure outside the side radiators is found
to be lower than that inside the radiators, indicating that the
heated air inside the tower would be sucked out through the radi-
ators at the side sections. This is extremely harmful to the cooling
of cycling water inside the radiators. As the crosswind rises to
18 m/s, the pressure inside the back side radiators is found to be
higher than that outside the radiators, which corresponds to the
cross ventilation phenomenon discussed in the last paragraph.
These unfavourable pressure distributions outside and inside the
radiators induced by the crosswind greatly degrade the cooling
performance of a NDDCT.

Fig. 7 depicts the circumferential distributions of the mass flow
rate of cooling air through radiator sections at three typical cross-
wind velocities, in which the positive value indicates that the cool-
ing air enters the tower from outside, whilst the negative value
indicates that the air flows out from the inside of the tower. It
can be drawn that, generally the mass flow rate at windward sec-
tions (from 0� to around 50� and from around 310� to 360� in this
case) increases with the increment of crosswind velocity, whilst
the mass flow rate at side and back sections (from around 50� to
310� in this case) decreases with the increment of crosswind
Please cite this article in press as: Wang W et al. The cooling performance of a n
to cooling efficiency enhancement. Appl Energy (2016), http://dx.doi.org/10.10
velocity. Side sections suffer the ventilation degradation most
severely at most cases. When the wind velocity increases to
14 m/s, a negative value of the mass flow rate at side section is
found, which justifies the discussion in the last paragraph that
the heated air is sucked out in this area. When the wind velocity
rises to 18 m/s, a negative value of mass flow rate is also found
at the back side section, which further justifies the conjecture in
the last two paragraphs that the cross ventilation exists in fresh
gale condition.

The cooling performance of the interested NDDCT is studied
under crosswind velocities varying from 0 m/s to 20 m/s. The over-
all ventilation mass flow rate of the tower and ITD under different
crosswind conditions are illustrated in Fig. 8, in which the ITD is
calculated based on Eq. (9). From Fig. 8 we can infer that the cross-
wind takes effect at a velocity from around 4 m/s, resulting in a
slight cooling performance degradation; as the velocity rises, the
ventilation rate decreases with an increasing rate, whilst the ITD
increase in the opposite way. At the 10 m/s speed crosswind of
most researchers’ attention, the ventilation rate is found to be
reduced by 13.3%, and the ITD is increased by 2.65 �C; and at the
20 m/s, highest speed of this paper’s interest, the ventilation rate
is reduced by 40.4%, and the ITD is increased by 11.6 �C. Compared
to the published results, the result confirms that the crosswind
does degrade the cooling efficiency of NDDCT. However, the degra-
dation degree of the cooling performance under gentle breeze con-
ditions (below 5 m/s) shown in Fig. 4 is in consistent with many
atural draft dry cooling tower under crosswind and an enclosure approach
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(a) va (b)s/m4=  va =10m/s 

(c) va (d)s/m61=  va =20m/s 

Fig. 5. The flow field of the horizontal cross section inside the radiators of the base NDDCT.
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published experimental results listed in [5,6,8], but it is relatively
lower than many published results in [10–13,20], whose claims
are around 28%, 27%, 33%, 44% and 20%, at around 10 m/s. Besides
that, no turnabout point is found as argued in [5,12,13], whose
reported turnabout crosswind velocity are 6 m/s, 12 m/s and
12 m/s respectively. By comparing the boundary conditions with
the previous study, there are mainly two important factors may
accounting for this results. One factor is that the resistance mech-
anism at the radiator field adopted in this study is one order vis-
cous force based resistance mechanism as explained in Eq. (6),
which benefits the air flow in high local speed conditions. Another
reason is that the resistance coefficient set in this simulation is rel-
atively larger, which results in a lower ventilation rate (36,109 kg/s
in nominal condition verified by design and experimental data),
compared to around 94,500 kg/s in L. Yang’s study [12], and
220,000 kg/s in Y. Zhao’s study [13], and this may reduce the sen-
sibility to crosswind.

In order to investigate the influencing mechanism of the cross-
wind quantitatively, we choose four pressure surfaces along the
path line of the cooling air as shown in Fig. 9, and study the resis-
tance property of the flow fields between the pressure surfaces. In
Fig. 9, the surface out of the radiators represents the inlet cross sec-
tion of the annular path of the radiators field, the surface inside the
radiators delegates the outlet cross section of the annular path of
the radiators field; the inlet surface of the tower chamber refers
to the horizontal cross section right above the radiators bundle
section; and the outlet surface of the tower chamber refers to the
Please cite this article in press as: Wang W et al. The cooling performance of a n
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cross section of the tower outlet. The pressure losses between each
couple of pressure surfaces are first extracted to their root, and
then transferred to a hundred mark coefficient on the basis of same
ventilation rate as exhibited in Fig. 10 (named as relative root
resistance coefficient, Rrr for short), in which Rrr-radiator Rrr-
bottom, Rrr-chamber and Rrr-total represent the relative root
resistances of the radiators section, bottom section between the
surface inside the radiators and the inlet surface of the tower
chamber, plenum chamber part, and their summation respectively.

With the transformation of the pressure loss to be Rrr, it can be
drawn from Fig. 10 that the Rrr-total has a similar variation trends
as that of ITD, which represents the cooling performance of the
NDDCT. The variation trend of Rrr-chamber shows that the resis-
tance increment in the plenum chamber dominates the degrada-
tion of the NDDCT’s cooling performance under moderate breeze
and below crosswind conditions, and as the rise of the crosswind
velocity, the flow resistance in this field gradually becomes favour-
able above strong breeze condition, probably as the result of the
squeezed effective flow area due to side deviation of the swirling
flow under low speed crosswind conditions and extended effective
flow area due to the strong swirling flow under high speed cross-
wind condition. The variation trend of the Rrr-radiator exhibits
an opposite way of the Rrr-chamber, probably as the result of the
non-uniform characteristics of the air inlet through the radiators.
The variation trend of Rrr-bottom directly conveys the complexity
of the flow characteristics including vortices, horizontal ventila-
tion, and asymmetry flow.
atural draft dry cooling tower under crosswind and an enclosure approach
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(a)  va (b)s/m4=  va =14m/s 

(c)  va (d)s/m81=  va =20m/s 

Fig. 6. Pressure contours at a cross plane of z = 14 m at different crosswind.

Fig. 7. Circumferential distribution of the air flow rate through radiator sections. Fig. 8. The ventilation rate and ITD at different crosswind.

8 W. Wang et al. / Applied Energy xxx (2016) xxx–xxx
3.2. The cooling performance of a NDDCT with an enclosure

Based on the analyses of the flow field, pressure distribution,
and Rrr of a NDDCT under crosswind condition from 0 to 20 m/s,
a conceptual design of an enclosure arranged outside the radiator
with an opening at the windward side is proposed to collect the
upwind and increase the surrounding pressure outside the radia-
tors at the side and back sections as described in Fig. 3. The flow
fields of the vertical parting surface and the cross section inside
the radiators with the enclosure at crosswind speed of 20 m/s are
illustrated in Figs. 11 and 12 respectively. By comparing to the cor-
respondent flow fields of the base NDDCT in Figs. 4 and 5, it can be
easily drawn that the inner wall vortex and mainstream vortices
Please cite this article in press as: Wang W et al. The cooling performance of a n
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are all weakened by the enclosure. What’s more, the cross ventila-
tion and flow out at the side section are both eliminated as shown
in Fig. 12.

Fig. 13 illustrates the Rrr trends of the NDDCT with the enclo-
sure under different crosswind conditions. By comparing to the
Rrr trends of the base NDDCT shown in Fig. 10, the variation of
the Rrr-radiator is obviously reduced under crosswind condition
either in the favourable side or in the cooling performance degra-
dation side, due to the improvement in the circumferential ventila-
tion uniformity. The increment of Rrr-bottom under all crosswind
conditions is obviously reduced as the weakening of the flow com-
plexity in the bottom section as discussed in the last paragraph.
However the increment of the Rrr-chamber is neither reduced
atural draft dry cooling tower under crosswind and an enclosure approach
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Fig. 9. The locations of the pressure surfaces selected.

Fig. 10. Relative resistance coefficients between interest pressure surfaces under
different approaches conditions.

Fig. 11. The flow field of the vertical parting surface of the NDDCT with an
enclosure at 20 m/s crosswind.

Fig. 12. The flow field of the cross section inside the radiators of the NDDCT with an
enclosure.

Fig. 13. Relative root resistance coefficients of each sections under enclosure
condition.

Fig. 14. Comparison of the circumferential ventilation distribution at 16 m/s
crosswind.
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under low crosswind condition, nor transferred to be favourable
way (negative value), which is mostly as the result of the weaken-
ing of the mainstream vortices without expanding the effective
flow area in the plenum chamber.

A comparison between the circumferential ventilation rate dis-
tribution of a base NDDCT and a NDDCT with the enclosure at
16 m/s is shown in Fig. 14. It can be found that the ventilation rates
Please cite this article in press as: Wang W et al. The cooling performance of a n
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at the windward sections are slightly reduced with the presence of
the enclosure, while that at the leeward sections are greatly
increased by the enclosure. That means the circumferential unifor-
mity of the ventilation of the NDDCT is greatly improved by the
enclosure.

The comparisons of the overall ventilation rate and ITD between
a base NDDCT and a NDDCT with the enclosure are given in Figs. 15
and 16 respectively. It can be seen from Fig. 15 that the overall ven-
tilation rate of the NDDCT with the enclosure barely changes when
atural draft dry cooling tower under crosswind and an enclosure approach
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Fig. 15. The ventilation rate of the NDDCT with/without enclosure under different
crosswind.

Fig. 16. The ITD of the NDDCT with/without enclosure under different crosswind.
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crosswind velocity is less than 10 m/s, and slightly decreases at
gale condition, then experiences the biggest ventilation degrada-
tion rate of 19%, with a 36% ventilation increment compared to
the base NDDCT when the crosswind velocity is 20 m/s. Corre-
spondingly, shown in Fig. 16, the ventilation rate behaves in an
opposite way, namely the ITD of the NDDCT with the enclosure
experiences a reduction of 7.05 �C compared to that of the base
NDDCT at wind speed of 20 m/s. This is a great progress to the cool-
ing performance of unit as it significantly reduces the energy
consumption.
4. Conclusions

A CFD modelling for an in-service NDDCT of a 660 MW power
plant is built and validated by experimental and design data. The
characteristics of the air flow resistance at the radiators section
is modelled based on the first order mechanism due to the low
Reynolds number of the air flow between the fins of the radiator
tubes, which is found to be critical to determine the cooling perfor-
mance of the NDDCT.

Through investigating the flow field, pressure distribution, and
relative resistance characteristic of the NDDCT under crosswind
condition, the vortices stuck to the inner wall of the tower shell,
the mainstream vortices, and the circumferential non-uniformity
of the ventilation are found to be the main factors to degrade the
cooling performance.

By adopting an enclosure outside the radiators, the circumfer-
ential non-uniformity and the complexity of the air flow inside
the tower are greatly improved, leading to a large increment of
the ventilation rate, and so as to a great enhancement of the cool-
ing performance of the NDDCT, which is more obvious in gale con-
dition. However, the proposed enclosure with a large size is only in
Please cite this article in press as: Wang W et al. The cooling performance of a n
to cooling efficiency enhancement. Appl Energy (2016), http://dx.doi.org/10.10
the stage of conceptual design. It should be further validated or
optimized with experiments or real application.
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