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Abstract: In recent years, the steel-truss natural draft dry cooling technique has received attention
owing to its advantages in better aseismic capability, shorter construction period, and preferable
recycling. For cooling towers generating the draft force of air flow, its configuration may impact the
thermal and flow performance of the steel-truss natural draft dry cooling system. With regard to the
issue, this work explored the thermal and flow characteristics for the steel-truss natural draft dry
cooling systems with four typical engineering tower configurations. By numerical simulation, the
pressure, flow, and temperature contours were analyzed, then air mass flow rates and heat rejections
were calculated and compared for the local air-cooled sectors and overall steel-truss natural draft
dry cooling systems with those four tower configurations. The results present that tower 2 with
the conical/cylindrical configuration had slightly lower heat rejection compared with tower 1 with
the traditional hyperbolic configuration. Tower 3 with the hyperbolic/cylindrical configuration
showed better thermo-flow performances than tower 1 at high crosswinds, while tower 4 with
the completely cylindrical configuration appeared to have much reduced cooling capability under
various crosswind conditions, along with strongly deteriorated thermal and flow behaviors. As for
engineering application of the steel-truss natural draft dry cooling system, the traditional hyperbolic
tower configuration is recommended for local regions with gentle wind, while for those areas with
gale wind yearly, the hyperbolic/cylindrical integrated cooling tower is preferred.

Keywords: steel-truss natural draft dry cooling system; tower configuration; variable contour;
thermal and flow performance; ambient crosswind

1. Introduction

In some thermal, nuclear, and solar power stations, dry-cooling systems with natural
ventilation (NDDCS) have obtained extensive application because of their prominent
water-saving superiority [1,2]. As the cooling system technology develops, NDDCS with
the steel-truss cooling tower has been the concern of the industrial and academic fields.
Compared with cooling systems with concrete towers, the steel-truss NDDCS shows better
aseismic capability, shorter construction period, and preferable recycling [3]; however,
its cooling performance with various typical tower configurations in engineering has
not yet been revealed. Given this situation, this research will disclose the thermo-flow
characteristics of the steel-truss NDDCSs with four common practical tower configurations
(more details in Section 2.1), which may provide some theoretical suggestions for the
thermal design of steel-truss natural draft dry cooling systems.

In recent years, research has mainly focused on exploring stability performances,
connection systems, wind induced dynamic impacts, and static behaviors of the steel-
truss NDDCS. Ma et al. [4] studied seven latticed tower shell systems with various grid
forms, finding that the optimized construction differs for steel-truss cooling systems with
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different tower heights. Geometric parameters, such as the connector type, bolt row
number, and thickness of plate, were investigated, and then the proposed beam-column
connections were proved with improved bending rigidity as well as ultimate bending
performance [5]. On the basis of the extremely large hyperbolic steel-truss cooling system
with the height of 216.3 m, which incorporates the double layers for the tower configuration,
the dynamic performances were deeply revealing, pointing out that cooling towers with
this steel-structure have higher natural vibration frequencies, smaller variance ratio, weaker
sensitivity of dynamic response, and simpler resonant modes [6]. The stiffening rings near
the tower throat and tower outlet of single-layer hyperbolic steel-truss natural draft dry
cooling systems are shown to be quite necessary for enhancing the structural rigidity and
stability [7].

The studies mentioned above paid close attention to handling structural design issues;
however, investigations on the thermal design of steel-truss NDDCS remain scarce. Re-
cently, a steel tower with the cylinder/frustum configuration was proposed and taken as
the study object of the experiment and numerical simulation. For this steel-tower configu-
ration, a geometric parameter of the proportion of the frustum section height to the entire
tower height was recommended with a range from 0.3 to 0.5 [8]. This research can actually
provide some guidelines for the cooling performance design of the steel-truss NDDCS;
however, it is worth pointing out that a systematic study on clarifying thermal and flow
behaviors of steel-truss natural draft dry cooling systems with various engineering tower
configurations is quite necessary to promote thermal design to a further extent.

As also illustrated, most investigations of the thermo-flow performances concentrate
on the concrete NDDCS with the hyperbolic tower configuration. Zhao et al. [9,10] pre-
sented specific thermal coupling of the flow contours for local cooling deltas at ambient
conditions of 0 m/s, 4 m/s, and 12 m/s. Under wind speeds smaller than the critical
value, Ma et al. [11] put forward a useful theoretical method to describe the heat trans-
fer performances of NDDCS. The ambient air reverse flow near the outlet of tower will
decrease the cooling capability of the cooling system [12]. Corresponding measures to
improve the thermo-flow performance include water flow redistribution of the air-cooled
sectors [13–15], installing windbreaker walls [16–23], and also air precooling [24–26]. Heat
transfer processes for the transient start-up of cooling systems have been clearly dis-
closed [27–29]. Additionally, under cold ambient temperatures, the anti-freezing coupling
of the thermal process of hot water and frigid air was fully studied [30–35]. The impact
of the outdoor air fraction by economizer control type in cooling system loads based on
real air handling unit operation parameters was disclosed, which provided references
for economizer controls at hot-humid conditions [36]. Temperature fields and thermal
stresses of aircraft key components of a simple geometric shape have also been studied
by numerical modelling [37]. Furthermore, a mathematical model was proposed to solve
convective heat transfer on the surface of typical structural elements of modern perspective
aircrafts [38]. Thermo-flow investigations of these industrial units could provide some
modelling references.

In conclusion, this research will carry out a thorough investigation on the thermal and
flow performance of steel-truss NDDCSs with four typical engineering tower configura-
tions, which are the traditional hyperbolic, conical/cylindrical, hyperbolic/cylindrical, and
cylindrical cooling towers. With the numerical modelling method, air variable fields of
various tower configurations were first analyzed, and then the mass flow rates, as well as
heat rejections for local air-cooled heat exchangers (ACHE), were presented. Finally, the
overall thermal and flow dimensionless parameters for all typical steel-truss cooling towers
were compared. By analyzing the results, this work may offer some theoretical support for
thermal design of the steel-truss NDDCS by filling the corresponding gap.
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2. Numerical Modeling
2.1. Physical Model

The steel-truss NDDCSs with the four typical engineering tower configurations are
shown in Figure 1. For brevity, the traditional hyperbolic tower, the conical/cylindrical
tower, the hyperbolic/cylindrical tower, and the cylindrical tower are named as tower 1,
tower 2, tower 3, and tower 4, respectively. These four steel-truss NDDCSs had the same
dimension of ACHEs and also the same height (96.6 m) and outlet diameter (61 m) as
cooling tower. The ACHE was comprised of 117 cooling deltas, which were distributed
as 10 air-cooled sectors, as displayed in Figure 2. Other principal dimensions, including
the height and diameter of tower throat, height of ACHE, and diameter of tower base and
peripheral ACHE were 74 m and 56.4 m, 12 m, 92 m and 102.8 m, respectively.

Figure 1. Steel-truss natural draft dry cooling system (NDDCSs) with different tower configurations.

Figure 2. Schematic of air-cooled sector distribution.

2.2. Transportation Equations

The transportation equations describing the thermal and flow process of the NDDCS
are summarized in the following Equation (1). In addition, the realizable k-ε turbulent
model is employed to depict the complex air flows, because it has better performance for
solving the flow recirculation, separation, and also the rotation [2,9,10].

∂ρuj ϕ

∂xj
=

∂

∂xj

(
Γϕ

∂ϕ

∂xj

)
+ Sϕ + Sϕ

′ (1)
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in which uj means the air flow velocity. Symbols of ϕ, Γϕ, and Sϕ signify the variable term,
the diffusivity term, and the source term, respectively. For ACHE zones, the additional
source term Sϕ

′ needs to be supplemented in the momentum and energy equations, which
are given as follows [31]:

Sϕ
′ = −∆p

Lxj

(2)

Sϕ
′ =

Φhe
Vhe

(3)

where Lxj means the length in xj direction of the cell zone of ACHE, and Φhe and Vhe mean
the heat rejection and the volume of the cell zone of ACHE, respectively.

The air density inside a cooling tower varies with the air temperature according to the
following equation:

ρ = pref(
R

Ma
T) (4)

where ρ means the air density, T means the local air temperature, pref, R, and Ma are
the reference operating pressure, universal gas constant, and the air molecular weight,
respectively.

The radiator is used to express the thermal and flow characteristics of ACHE [17], in
which the pressure drop as ∆p is basically given as:

∆p = kL
1
2

ρuf
2 (5)

in which uf means the air face velocity and kL represents the air flow loss parameter, which
has the function of polynomial:

kL = kL

N

∑
n=1

rnun−1
f (6)

where N is given as 3, rn means the multi-term factor with the values of 48.675, −6.305,
and 0.299, acquired from the air flow experimental test of the ACHE bundles.

For the thermal process of the radiator, the heat rejection Φ gives:

Φ = h(
−
t wa − ta2) (7)

where ta2 means the air outlet temperature of the ACHE and
−
t wa equals the mean water

temperature, which can be calculated by the water inlet temperature twa1 and water outlet
temperature twa2 of the ACHE.

−
t wa =

twa1 + twa2

2
(8)

In Equation (8), both the tube conduction resistance and water convection resistance
are negligible when compared with the dominant cooling air convection resistance, there-

fore,
−
t wa can be regarded as the tube wall temperature. As for the convective coefficient of

heat transfer h, it takes the multi-term function of:

h =
N

∑
n=1

hnun−1
f (9)

where N equals 3, hn means the polynomial factor with the values of 17683.43, −9167.38,
and 1938.02, acquired from the wind-tunnel test of the ACHE bundles.
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2.3. Computational Domain, Boundaries and Numerical Procedure

The numerical method of computational fluid dynamics is adopted by software of
ANSYS Fluent. For each steel-truss NDDCS, the domain for the numerical computation
was developed with the dimension of 800 m in direction of length, 800 m in direction width,
and 600 m in direction height, which presented sufficient scale to avert from the boundary
impacts of ambient air [2]. As specific illustrations, Figure 3 gives the typical computational
domain of tower 2 with the conical/cylindrical configuration. The multi-block meshing
technique was used to generate numerical modeling grids, with structured hexahedral
grids created for the ACHE and cooling tower, meanwhile the tetrahedral unstructured
grids were adopted for their interval section. Furthermore, the grid interval sizes were
chosen as small as 0.2 m and 2 m for key sections of the ACHE and tower shell, so as to
reach the grid quality.

Figure 3. Illustrative computational domain of tower 2 with conical/cylindrical configuration.

Under ambient crosswind, the velocity inlet condition was assigned for windward
plane. Furthermore, the crosswind speed as uwind at height from the ground z m was
computed by Equation (10) with the power-law function [9]:

uwind = uref(
z

10
)

e
(10)

where uref means the referential crosswind at 10 m, which has five typical values: 4 m/s,
8 m/s, 12 m/s, 16 m/s, and 20 m/s. The factor e is given as 0.2 with regard to the roughness
of the ground as well as the stability of the atmospheric condition. The downward plane
is given as the pressure outlet condition; meanwhile, another two side planes and the
top plane are all appointed as the symmetry condition. Without the ambient crosswind,
the four side and top planes are given the pressure inlet and outlet boundary conditions,
respectively. With respect to the ground, support pillars, as well as the tower shell, are given
as the no slip wall condition. In addition, ambient temperature in this work was equal to
16 ◦C for the numerical modeling. During the numerical procedure, the divergence criterion
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of the scaled residuals was 10−4 for the energy equation and 10−6 for the continuity and
momentum equations [9,10].

During the numerical modeling, the heat transfer of the ambient air and water was
coupled with the heat transfer of the water and exhausted steam. The water temperature
drop in the steel-truss NDDCS equaled the water temperature rise in the condenser. In
consequence, the numerical modeling was an iteration process. Furthermore, the determin-
ing parameter of convergence was taken as the coupled heat load of cooling system and
condenser. The specific iterative steps for obtaining the thermal and flow performances of
the steel-truss NDDCSs are displayed in Figure 4. At the design working condition of the
coupled cold end system, the crosswind was 4 m/s, the turbine back pressure was 12 kPa,
the heat flow rate was 224.5 MW, and the water flow rate was 6133.7 kg/s. First, the heat
rejection of the condenser was acquired according to the heat transfer balance principle
of the exhausted steam and circulating water. We input the obtained mean circulating
water temperature in the numerical model of the cooling system and then obtained its heat
rejection following the heat transfer balance principle of the circulating water and ambient
air. Finally, we compared the heat rejections of the condenser and cooling system; if the
relative error was not satisfied, we restarted the procedure again.

Figure 4. Numerical iteration process for various steel-truss cooling systems.

2.4. Experimental Validation

In our previous works, the wind tunnel experiment for NDDCS with the perpendicu-
larly deployed ACHE underneath the cooling tower was carried out based on the similarity
principle [2,14,17]. Figure 5 presents the distribution of the measuring positions in the
cooling tower; meanwhile, the air flow velocities at the condition without wind and under
crosswind of 4 m/s are provided.
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Figure 5. Distribution of the measuring positions in cooling tower and the comparison of the numerical and experimental
air flow velocities [2,14,17].

The vertical heights of 84.2 m and 144.2 m were selected to be the illustrative cases for
comparing the numerical and experimental results. As distinctly observed, both numerical
and experimental air flow velocities in the center position were shown to be obviously
larger than other positions because of the driving effects of flue gas plume. Without ambient
wind, the air flow velocity in center position at 144.2 m was lower than that at 84.2 m. Under
the crosswind of 4 m/s, the largest air flow velocity, at a height of 144.2 m, deviated to the
downstream due to the blocking impact of the ambient wind. The numerical results always
presented the same trend with the experimental data, and they agreed well with each
other at both typical ambient conditions. The compared results imply that the numerical
modeling and method can solve the thermal and flow process of NDDCS accurately, which
provides validation support for this research with the same numerical procedure.

3. Results and Discussion
3.1. Thermal and Flow Fields

The pressure, flow, and also temperature contours were presented to reveal the thermal
and flow characteristics of the steel-truss NDDCSs with the four typical engineering tower
configurations. As in specific illustrations, the variable contours without ambient wind
and under the design crosswind of 4 m/s are provided and explained in depth.
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3.1.1. Without Ambient Wind

Figures 6–9 display the air variable contours of steel-tower NDDCSs with the four
typical tower configurations in the absence of wind. For all tower configuration cases, the
uniform reverse pressure gradients inside the cooling tower are formed to overcome the
air flow resistance of ACHE, and then the centrally symmetric air flow and temperature
fields are generated. With regard to tower 1, shown in Figure 6, the pressure difference
between the inner and outer sides of ACHE was nearly 45 Pa. The reverse pressure near
the ACHE and the bottom of cooling tower ranged from −15 Pa to −3 Pa. As for tower
2, Figure 7 presents the pressure difference, which equaled about 33 Pa, and was slightly
lower than tower 1. In addition, the reverse pressure area was also smaller. Additionally,
the air temperature contours of tower 1 and tower 2 were almost the same. Tower 3 in
Figure 8 had similar temperature and pressure contours to tower 1. The slightly decreased
flow and temperature fields of tower 2 and tower 3 came from the declined air flow
stability with the only cylindrical section near the tower outlet, while tower 4, with the
cylindrical configuration, showed an obviously smaller pressure difference in the ACHE,
only 28 Pa. Furthermore, the big vortices also emerged adjacent to the turning corner
near the tower bottom, and the phenomena ultimately incurred hot air recirculation, as
observed in Figure 9. The seriously deteriorated air variable fields were caused by the
sudden change of air flow direction with the sharp corner.

Figure 6. Air variable contours for steel-truss NDDCS with hyperbolic tower configuration without ambient wind.
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Figure 7. Air variable contours for steel-truss NDDCS with conical/cylindrical tower configuration without ambient wind.

Figure 8. Air variable contours for steel-truss NDDCS with hyperbolic/cylindrical tower configuration without ambient
wind.
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Figure 9. Air variable contours for steel-truss NDDCS with cylindrical tower configuration without ambient wind.

3.1.2. At Design Crosswind of 4 m/s

Figures 10–13 show the air variable contours for steel-tower NDDCSs with the four
typical tower configurations under a design ambient wind of 4 m/s. With various tower
configurations, cooling systems always present larger pressure differences in the windward
air-cooled sectors compared to the lateral and leeward ones. Furthermore, the air flow
discharge at the tower exit became weak due to the crosswind impacts. Compared to
tower 1, tower 2 had a relatively smaller high-pressure area near the windward air-cooled
sectors, while the low-pressure area near the lateral air-cooled sectors became slightly
larger, as shown in Figures 10 and 11. Consequently, for tower 2 configuration, the air
outlet temperature of the windward sectors appeared lower, whereas it was shown to be
higher in the lateral air-cooled sectors. Additionally, some reverse flows emerged near the
tower outlet because of the decreased pressure increase effects, which lead to adverse effects
on the air mass flow rate. These variable phenomena imply that the conical/cylindrical
configuration may have a lower cooling efficiency when compared with the traditional
tower configuration. It can be seen in Figure 12, tower 3 had nearly similar air variable
contours with tower 1, while the vertical view exhibited the reverse flow with vortex
near the tower outlet. Tower 4, as given in Figure 13, presented an evidently lower
pressure difference and air outlet temperature near the windward sectors. Meanwhile, the
outlet air temperature near the lateral and leeward air-cooled sectors became apparently
higher. Furthermore, the big vortices were generated near the tower outlet, which will
cripple air flow significantly. Such adverse thermo-flow fields originated from significantly
decreased buffering effects. These air flow and temperature fields predicted that the
completely cylindrical tower configuration would have negative impact on the thermal
process of the steel-truss NDDCS. Concluding from those aforementioned analyses, the
traditional hyperbolic cooling tower possesses better cooling performance than the other
tower configurations.
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Figure 10. Air variable contours for steel-truss NDDCS with hyperbolic tower configuration at design crosswind of 4 m/s.

Figure 11. Air variable contours for steel-truss NDDCS with conical/cylindrical tower configuration at design crosswind of
4 m/s.
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Figure 12. Air variable contours for steel-truss NDDCS with hyperbolic/cylindrical tower configuration at design crosswind
of 4 m/s.

Figure 13. Air variable contours for steel-truss NDDCS with cylindrical tower configuration at design crosswind of 4 m/s.
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3.2. Distributions of Local Thermal and Flow Behaviors

Based on those aforementioned variable contours, the mass flow of cooling air, as
well as the heat rejection for the local sectors, are presented in Figure 14 for both the
tower 1 configuration and the tower 4 configuration. These two steel-truss natural draft
dry cooling systems had similar thermo-flow distributions among various air-cooled
sectors. This implies that the tower configuration will not change the influencing trend
of the crosswind on ACHE. As can also be observed, when the ambient wind became
strengthened, the air flow and cooling capability for the windward sectors No. 5 and
No. 6 increased, which, however, dropped heavily for the lateral sectors No. 3 and No.
8. In addition, compared with tower 1, tower 4, with the cylindrical configuration, had
apparently declined thermal and flow results for nearly all local sectors, which verified the
aforementioned air variable contours.

Figure 14. Distributions of local thermal and flow behaviors for air-cooled sectors of tower 1 configuration and tower 4
configuration. (a) Tower 1; (b) tower 4.

3.3. Comparisons of Overall Thermal and Flow Performances

The dimensionless parameters of the total air flow rate δm and also the total heat
transfer rate δΦ are given for comparing the overall thermal and flow behaviors of the four
steel-truss NDDCSs with the typical cooling tower configurations.

δm =
mai −ma1

ma1
× 100% (11)

δΦ =
Φi −Φ1

Φ1
× 100% (12)
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where ma1 and Φ1 represent the total air flow rate and also the total heat transfer rate for
tower 1 with the traditional hyperbolic configuration, meanwhile mai and Φi mean the total
air flow rate and the total heat rejection for other tower configurations.

The comparisons of the overall thermal and flow performances for the four steel-truss
NDDCSs under various ambient wind conditions are provided. It can be concluded from
Figure 15 that both non-dimensional air flow rate and heat transfer rate for tower 2 were
a little negative, resulting from the slightly worse air variable fields. Tower 3 had the
better cooling performance under the high crosswinds, which differed from the results
under other crosswind conditions; whereas, for tower 4, the thermo-flow performance
was shown to be apparently worse than the other tower configurations with much lower
negative parameters.

Figure 15. Comparisons of the overall thermal and flow parameters for the four tower configurations.
(a) Non-dimensional total mass flow of cooling air; (b) non-dimensional total heat transfer rate.
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4. Conclusions

This investigation paid attention to the thermal and flow behaviors for the steel-truss
NDDCSs with four typical engineering tower configurations by numerical modeling. For
these steel-truss natural draft dry cooling systems, the air variable contours were analyzed,
the local air flow rate and heat transfer rate were presented, and the overall thermal and
flow performances were compared. The main findings are summarized as follows:

(1) In absence of wind, tower 2 presented slightly lower pressure difference in ACHE
than tower 1. Tower 3 had similar pressure and temperature fields with tower 1,
while tower 4 showed a much smaller pressure difference, and the big vortices also
emerged adjacent to the turning corner of cooling tower.

(2) At a design crosswind of 4 m/s, tower 2 displayed a smaller area of high pressure
near the windward sectors, It also had a larger area of low pressure near the lateral
sectors than tower 1. The vertical air flow fields of tower 3 showed some reverse
flows with vortices near the tower outlet, which became fairly big inside tower 4.

(3) Tower configuration did not change the trend of crosswind impacts on ACHE. Com-
pared with tower 1, tower 4 had apparently lower air flow rate and heat transfer rate
for nearly all local sectors.

(4) The non-dimensional thermal and flow parameters of tower 2 were slightly negative,
whereas, tower 3 presented better cooling performance under high crosswinds. Tower
4 had the worst overall thermo-flow performances compared with the other tower
configurations.

For engineering application of the steel-truss natural draft dry cooling system, the
traditional hyperbolic tower configuration is recommended for areas with a commonly
small crosswind, while for those regions with frequently high crosswinds, the hyper-
bolic/cylindrical tower configuration is preferred.
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Nomenclature
D diameter (m)
H height (m)
H convective heat transfer coefficient (W m−2 K−1)
K flow loss coefficient
L tube length (m)
M molecular weight (g mol−1)
M mass flow rate (kg s−1)
N Number
P pressure (Pa)
R universal gas constant (J mol−1 K−1)
S source term in generic equation
t temperature (K)
u velocity (m s−1)
V volume (m3)
x coordinate axis
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Greek symbols
Γ diffusion coefficient (m2 s−1)
Φ heat rejection rate (W)
ϕ scalar variable
ρ density (kg m−3)
Subscripts
a Air
j coordinate direction
ref Reference
wind Crosswind
wa Water
1 Inlet
2 Outlet
Acronyms
ACHE air-cooled heat exchanger
NDDCS natural draft dry cooling system
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