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Abstract: A cooling tower is an important guarantee for the proper operation of a solar system. To
ensure proper operation of the system and to maintain high-efficiency points, the cooling tower
must operate year-round. However, freezing is a common problem that degrades the performance
of cooling towers in winter. For example, the air inlet forms hanging ice, which clogs the air path,
and the coil in closed cooling towers freezes and cracks, leading to water leakage in the internal
circulation. This has become an intractable problem that affects the safety and performance of
cooling systems in winter. To address this problem, three methods of freeze protection for cooling
towers are studied: (a) the dry and wet mixing operation method—the method of selecting heat
exchangers under dry operation at different environments and inlet water temperatures is presented.
The numerical experiment shows that the dry and wet mixing operation method can effectively avoid
ice hanging on the air inlet. (b) The engineering plastic capillary mats method—its freeze protection
characteristics, thermal performance, and economics are studied, and the experiment result is that
polyethylene (PE) can meet the demands of freeze protection. (c) The antifreeze fluid method—the
cooling capacity of the closed cooling towers with different concentrations of glycol antifreeze fluid is
numerically studied by analyzing the heat transfer coefficient ratio, the air volume ratio, the heat
dissipation ratio, and the flow rate ratio. The addition of glycol will reduce the cooling capacity of
the closed cooling tower.

Keywords: solar system; cooling tower; dry and wet mixing operation; engineering plastic; freeze
protection

1. Introduction

When using solar energy, sufficient cooling is necessary to ensure that the equipment
does not overheat and can operate continuously. In solar power, the choice of a proper
cooling method is crucial for the operation of the power plant, especially when techno-
economics are taken into account. For concentrated solar power (CSP) plants, the efficiency
of air cooling is very low, so cooling towers should be used when available [1]. A solar
tower power plant (STPP) with air-cooling systems shows considerable drops in energy
and exergy yields, while an STPP with cooling towers decreases the investment cost, as
well as the levelized cost of electricity [2]. For solar thermal power plants, the use of cooling
towers can decrease the back pressure. As the back pressure decreases, the efficiency of the
cycle increases and also the power generated, being 12.60% in the case of the cooling tower,
while 4.65% in the case of a dry condenser [3]. There are two ways for cooling PV panels:
active cooling (e.g., closed cooling towers) and passive cooling (e.g., heat pipes). Maleki
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et al. and Kumari et al. analyzed the effect of various cooling methods [4,5]. According to
those results, active water cooling can lead to an approximately 20% reduction in module
temperature, which translates to about a 9% efficiency increment [6]. In addition to the
improvement in the electricity generation efficiency of PV, by applying water cooling,
the extracted heat can be used for various purposes, which means an increase in energy
collection. What is more, the cooling capacity of nanofluid is 100.19% of that of pure
water [7]. Nasrin et al. analyzed cooling towers for PV panels to overcome the common
obstacle that hinders PVs to be widely used. The results showed a significant rise of 44.83%
in PV electrical efficiency [8].

For a solar heating and cooling system, the addition of cooling towers can increase
the efficiency of the system, and the increased initial investment and water consumption
can be compensated for by increased efficiency [9]. Solar heating and cooling systems
are used in a wide range of almost all climate types. Examples include Madrid, Spain,
Ref. [10] (Mediterranean climate); Ningbo, China, Ref. [11] (subtropical monsoon climate);
Puertecitos, Mexico, Ref. [12]; and Assiut, Egypt, Ref. [13] (subtropical desert and steppe
climate). In a solar heating and cooling system, the choice of a cooling tower is related to the
initial investment in the system, operating costs, and many other aspects. An appropriate
cooling tower can recover up to 53% of the waste condenser and absorber heat and reduce
the cooling energy cost by 15% [14].

Since solar systems operate all year round, cooling towers must ensure proper opera-
tion throughout the year. Summer is the main time of the year when cooling towers are
used. With proper design, the cooling capacity can meet the cooling demand. However,
in winter, the main issue is to prevent the cooling tower from freezing to ensure proper
operation.

There are two major impacts of freezing on cooling towers. One is that the spray water
in the cooling tower or evaporative condenser could splash at the air inlet to form hanging
ice, as shown in Figure 1a. The hanging ice could obstruct ventilation and waste heat
dissipation. The other is the heat exchanger coils of the closed cooling towers could freeze
to crack, as shown in Figure 1b. This is unlikely to happen in running equipment, but the
frozen water can crack the tubes and cause damage to the towers if the system shuts down
with water remaining in the coils. Therefore, it is necessary to protect the cooling towers
from freezing.
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Figure 1. The impacts of cooling tower freezing. (a) Hanging ice at the air inlet. (b) The cracked coils.

From the 1990s to the present, many investigations have been undertaken to solve the
freezing problem of cooling towers to improve the safety and efficiency of the system oper-
ation. Zhang Jianzhong et al. took some freeze protection methods to the cooling towers in
Dagqing oil fields and achieved satisfying results [15]. Pushnov and Lozovaya studied the
freeze protection systems for mechanical draft cooling towers based on aerodynamics [16].
Shi Cheng et al. found that applying the air intake diversion and integrated antifreeze and
windshield could improve the thermal performance of the cooling tower [17]. Li Yonghua
et al. established a heat and mass transfer model of the cooling tower with windshield
boards installed at the air inlet to solve the icing problems in multiple areas, such as the
bottom surface of the filler, air inlet, and base torus [18]. Kong, Yangiang’s team, and Yan
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Jingbo’s team tried to add a heat exchanger and redistributed the cooling water to avoid
freezing in the cooling towers [19-21]. To reduce the frozen risk of the novel natural draft
dry cooling tower, Cheng Tongrui et al. designed a double-layer air-cooled heat exchanger
and investigated the outlet temperature of the water and the cooling capability [22].

The above research is all about large industrial towers. For more general applications,
we proposed two freeze protection methods for cooling towers and analyzed the feasibility
theoretically and experimentally. In addition, taking the glycol solution as an example,
the impact of antifreeze fluid on cooling towers was also analyzed for the commonly used
antifreeze fluid method.

2. The Dry and Wet Mixing Operation Method

The active and system defrosting techniques in HVAC (Heating, Ventilation, and Air
Conditioning) such as electrohydrodynamic, low-frequency oscillation, ultrasonic vibration
methods, hot gas reverse cycle, electric heater, desiccant dehumidifiers, and controlling
strategies can reduce the ice on the equipment surface [23,24]. Among these methods,
the efficiency, COP, and energy consumption of the hot gas reverse cycle are superior to
the other methods. Similarly, one way to eliminate the hanging ice is the dry and wet
mixing operation: heating the air inlet louvers with hot water. A numerical test was run
in MATLAB on an open countercurrent mechanical draft cooling tower. The MATLAB
source code can be found in the Supplementary Files. The air inlet louvers of the tower
were replaced by flaky heat exchangers, and part of the hot water was diverted into the
flaky heat exchangers before entering the nozzles. The water in the heat exchangers kept
the surface temperature above the freezing point so that the water droplets splashed on the
air inlet would not freeze. The schematic diagram of this method is shown in Figure 2.
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Figure 2. The schematic diagram of the setup of the dry and wet mixing operation.

After exchanging heat in the flaky heat exchangers, the bypassed cooling water was
gathered and returned to the cooling tower water inlet for spray cooling. Since the bypassed
cooling water first passes through the flaky heat exchangers for air cooling and then
evaporative cooling, this method is called dry and wet mixing operation.

The size of the cooling tower was 2.4 m x 2.4 m and there were four air inlets dis-
tributed on the four walls. The airspeed at each air inlet was 4 m/s, and the height of the
air inlets was 0.5 m. To reduce the airflow resistance within the heat exchangers, each air
inlet was divided into two groups, and each group had 3 pieces of flaky heat exchangers
arranged vertically. There were 24 pieces of heat exchangers in total. The diagram of the
flaky heat exchanger is shown in Figure 3a. The heat exchangers are made of 0.5 mm
stainless steel plates. The cross-section of the flow path is approximately ellipse, with a
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short axis of 8 mm and a long axis of 44 mm. The flaky heat exchangers were fixed on a
support plate with an installation angle of 45°, as shown in Figure 3b.

1200mm /
A 74 "\ The flow path

' / The flaky

225mm e heat exchanger

- v/ ' / The support plate
A | L 4 5? //,/,,,/

| ©19x0.5mm /
(@) / (b)

Figure 3. The flaky heat exchanger: (a) is a diagram of the pipeline in the flaky heat exchanger with

4 processes; (b) is the installation of the flaky heat exchangers.

The calculation method of non-circular cross-section channels [25] (the Dittus—Boelter
equation) was used in the experiment

Nuy = 0.023Re}*Pri?, 1)

where Nu is the Nusselt number, Re is the Reynolds number, Pr is the Prandtl number, and
the subscript f represents the characteristic temperature, which equals the temperature of
the water.

The equivalent diameter d, was used as the characteristic dimension

de = 2\/Tq X 13, )

where r,; and r;, are the lengths of the long and short axis of the cross-section channels,
respectively.

The air outside the tube is calculated using an approximate model. For the swept flat
walls model [25],

Nu; = 0.664Re;’ ZPrjl/ 3 (3)

and for the swept tube bundle model [25],

Nus = 0.27Rey®Pry* (Prs/Pry) ey, )

where Pry, is determined by the average wall temperature of the tube bundle and ¢,
is the correction factor of the tube rows. In Equation (2), the subscript [ represents the
characteristic length, which equals the whole length of the board, and in Equation (2), the
characteristic length is the diameter of a circle, whose area equals the cross-sectional area of
the elliptical tube.

The temperature of the water and the surface of the wall at the outlet of the flaky
heat exchangers under a certain inlet temperature (37 °C) and environmental temperature
(=20 °C) were calculated, and the results are shown in Figure 4a. The changes in the
water and surface temperature at the outlet of the heat exchanger with the environmental
temperature are plotted in Figure 4b. The inlet temperature and flow rate were set to 37 °C
and 2 m3/h, respectively.
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Figure 4. Plots of the temperature of the water and the surface of the wall at the outlet of the
heat exchanger. The independent variables in (a,b) are flow rate and environment temperature,
respectively.

Figure 4a shows that when the flow rate is less than 6 m>/h, the wall temperature at
the outlet drops rapidly. However, the difference between the temperatures of the wall
and the inlet of the heat exchanger is small, so this method can well serve the purpose
of heating the air inlet louvers and thus inhibit ice from hanging at the inlets. The fitting
formula of the surface temperature in Figure 4b is

tsw = 0.009733feny + 36.65, (5)

where tg,, is the surface temperature and teny is the environmental temperature. Only if
teny is lower than —3765.54 °C («—273.15 °C) will fs, be below 0 °C, which is impossible,
so the flaky heat exchanger will not hang ice.

The changes in the surface and water temperature at the outlet of the heat exchanger
that correspond to different inlet water temperatures are plotted in Figure 5. The envi-
ronmental temperature and flow rate were set to —20 °C and 5 m?3/h in the calculations,
respectively. The temperature of the surface is above 15 °C, so the louvers will not hang ice.
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Figure 5. Plots of the surface and water temperature at the outlet of the heat exchanger, with respect
to the inlet water temperature.

The results show that the outer wall temperature of the flaky heat exchanger is lower
than the inlet water temperature by less than 1 °C. Therefore, the dry and wet mixing
operation method can effectively avoid ice hanging on the air inlet. This method can be
applied to all types of evaporative cooling equipment. It should be noted that when the
tube diameter and the number of tubes increase, the heat exchange effect will be better and
the tube wall temperature will decrease. In addition, for a very large cooling tower, the
flow path becomes longer and the increment in flow resistance may affect the heat transfer
efficiency. Therefore, when designing flaky heat exchangers, attention should be paid to
the designing and arrangement of the flow channels.
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3. Engineering Plastic Capillary Mats Method

In winter, closed cooling towers are likely to freeze to crack during temporary shut-
downs because it is difficult to drain the residual cooling water in the tubes. To solve this
problem, we have experimentally studied the possibility of replacing metal heat exchanger
coils with engineering plastics.

According to the calculations, when the thermal conductivity of the tube material is
about 0 ~ 5 W/(mK), the proportion of the heat transfer resistance in the tube to the total
heat transfer resistance increases rapidly with the increase of the thermal conductivity of
the tube, while it increases steadily and tends to be stable when the thermal conductivity is
higher than 5 W/(mK) [26]. The nominal thermal conductivity of engineering plastics on
the market is about 1 ~ 2 W/(mK). Therefore, replacing metal heat exchanger coils with
conventional-diameter engineering plastic tubes is not cost-effective.

One common way to increase the total heat dissipation is to increase the heat transfer
surface. There have been many types of research about engineering plastic capillary mats
used in HVAC systems [27-32], and it was found that the use of engineering plastic capillary
mats can make the distribution of the environment temperature more uniform. Therefore,
PE (polyethylene) capillary mats were used in the experiment. The inner diameter and
wall thickness of the PE tubes were 2.7 mm and 0.8 mm, respectively, and the thermal
conductivity was about 0.4 W/(mK). The reason for choosing PE is that the thermal
conductivity of PE is small in engineering plastics, which makes the experimental results
more convincing.

The experimental setup is shown in Figure 6. The results show that the cooling
capability of two closed cooling towers with PE capillary mats was approximately equal to
a normally closed cooling tower with copper tubes. Furthermore, the unit cost and energy
consumption of the two PE-capillary-mats towers and the copper-tubes tower were nearly
the same [26]. In summary, it is cost-effective to use small-diameter engineering plastic
tubes instead of normal metal tubes in closed cooling towers.

Nozzle

Filler

Spary water

] Plastic
il capillary mats

Figure 6. The experimental capillary mats closed tower.

The anti-freeze experiments were first performed on a normal-sized water-filled
PE tube. There were two major factors: whether the tubes would freeze to crack, and
monitoring the changes in tube diameter during freezing to characterize the ability of freeze
protection. The temperature in the refrigerator was kept at —18 °C. The water-filled PE
tube was settled in the refrigerator and gradually frozen from room temperature to —18 °C.

The results show that the tube produced reversible deformation during the freezing
test. The diameter of the tubes increased rapidly within the first 5.9 h and then stabilized,
and no vitrification of PE was observed. The photo of the experimental setup and expanding
curve of the average outer diameters of the PE tubes is shown in Figure 7.
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Figure 7. The anti-freeze experiment using PE tubes. (a) The photo of the experimental setup. (b) The
expanding curve of the average outer diameters of the PE tubes.

Then, the cooling tower with PE capillary mats was settled in a mountainous region
in Zhejiang Province, China, where the typical temperature in winter ranges from —10 °C
to 5 °C. After a winter’s freezing without draining the cooling water, the tower was still
fully functional in the following tests, which indicates that PE can meet the demands of
freeze protection.

In addition, the PE tubes were also found to have anticorrosion, scale inhibition, and
noise reduction effects during the test [26]. Since the cooling capacity of cooling towers
with engineering plastic capillary mats is about half of the cooling towers with metal
tubes, it is not suitable to use the cooling towers with engineering plastic capillary mats in
narrow areas.

4. The Antifreeze Fluid Method

Using antifreeze fluid is the most common method to prevent freezing in small closed
cooling systems, such as automobiles. This method has also been introduced to the freeze
protection work of closed cooling towers. Glycol is one of the most widely used antifreeze
fluids, and it is non-corrosive to copper, steel, and engineering plastics, so it was selected in
the numerical experiments.

The effects of the concentration of the glycol solution [33] on the closed cooling tower
under various working conditions were calculated. The results show that adding glycol
would lead to a reduction in the cooling capacity of the aqueous solution. However,
increasing the diameter and reducing the thickness of the tube or increasing the air volume
could compensate for the reduction in the cooling capacity caused by glycol.

The working conditions in the calculations were as follows: the flow rate of the
solution was 100 m3/h, the atmospheric pressure was 99.4 kPa, the dry-bulb temperature
was 31.5 °C, the wet-bulb temperature was 28 °C, the inlet temperature of the solution was
37 °C and the outlet temperature was 32 °C, the air volume was 112,323 m?/h, and the
spray volume was 150 m3/h.

The heat transfer coefficient of the closed cooling tower decreased with the increase
of glycol concentration, when the spray volume, air volume, solution flow rate, and inlet
temperature are kept constant. The ratio of the heat transfer coefficient at a certain glycol
concentration to the heat transfer coefficient without the addition of glycol is defined as the
heat transfer coefficient ratio (HTR). Some systems are required to keep a fixed temperature
difference. Heat dissipation in these systems varies with glycol concentration. The ratio of
the heat dissipation at a certain glycol concentration to the heat dissipation without the
addition of glycol is defined as the heat dissipation ratio (HDR). The HTRs and HDRs are
plotted in Figure 8.
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Figure 8. Plots of the HTRs and HDRs for different glycol concentrations. (a) Plots of HTRs. (b) Plots
of HDRs.

In general, both the HTR and HDR decreased with the increase in glycol concentration.
When the glycol concentration reached 40%, the HTR dropped to 2/3 and the HDR dropped
to 85%. Compared with pure water, the specific heat capacity and thermal conductivity of
glycol solutions decrease and the density and viscosity increase. The increment in density
and viscosity would reduce the heat transfer capacity of the glycol solution. This causes
the heat exchange performance of the cooling tower to decrease. The total heat dissipation
was reduced due to the decrease in thermal performance, which is reflected in the changes
in HDR.

The heat dissipation is only related to the temperature difference between the outlet
and inlet solutions when the glycol concentration and wet-bulb temperature are certain.
Therefore, the method of adjusting the air volume can be used to ensure the cooling capacity
of the tower. The ratio of the air volume at a certain glycol concentration to the original air
volume without the addition of glycol is defined as the air volume ratio (AVR). To keep the
heat dissipation unchanged, the flow rate of the solution must be increased to compensate
for the effect of glycol. The ratio of the flow rate at a certain glycol concentration to the flow
rate without the addition of glycol is defined as the flow rate ratio (FRR). The AVRs and
FRRs are plotted in Figure 9.
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Figure 9. Plots of the AVRs and FRRs for different glycol concentrations. (a) Plots of AVRs. (b) Plots
of FRRs.

The trend of AVR is obviously different from that of HDR; that is to say, the higher
the glycol concentration and wet-bulb temperature are, the larger the AVR will be. At low
wet-bulb temperatures (<9.49 °C), FRR increases with glycol concentration. In a word, the
use of antifreeze fluid should not be considered if not necessary.

The addition of antifreeze fluid changes the physical properties of water, which reduces
the heat transfer efficiency of cooling towers, and the variation is more significant at low
temperatures. Although the use of antifreeze fluid can prevent the heat exchanger from
freezing and damaging in winter, it will reduce the cooling capacity of the cooling tower.
Therefore, when using antifreeze fluid in winter, it is important to recalibrate the cooling
tower’s cooling capacity (by adjusting the air volume and the flow rate of the solution). In
addition, antifreeze fluid has a corrosive effect on metals and should be used with caution.
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5. Conclusions

A cooling tower is an important cooling component in a solar system. The efficiency
of a solar system is closely related to the proper operation of the cooling tower. However,
freezing in winter affects the operation of cooling towers. For the problem of hanging
ice at the air inlet of the cooling tower, the dry and wet mixing operation can raise the
temperature of the air inlet louvers and prevent them from being frozen effectively. For the
problem of the cooling tower’s heat exchanger coils freezing to crack, the use of engineering
plastic capillary mats can prevent the tube from being damaged after freezing. The use of
antifreeze fluid can prevent the cooling solution from freezing. All these three methods can
improve the freeze protection ability to cool towers effectively.

The advantage of the dry and wet mixing operation is that the heat exchange area
and heat exchange efficiency can be improved additionally, while the disadvantage is that
it is troublesome to install. When used in large cooling towers, it is important to pay
attention to the arrangement of the flow channels. The advantage of the engineering plastic
capillary mats method is it can also play the role of noise reduction, anticorrosion, and scale
inhibition, while the disadvantage is it cannot be used in existing cooling towers. When
compared with cooling towers with metal tubes, cooling towers with engineering plastic
capillary mats take a larger footprint to achieve the same cooling capacity. The advantage
of the antifreeze fluid method is its ease of operation, while the disadvantage is that it will
reduce the cooling capacity of the cooling towers, even though the cooling capacity can be
compensated by increasing air volume and flow rate.

In practice, it is necessary to choose the most appropriate freeze protection method
according to the actual situation and requirement. So far, there is no perfect method to
solve the problem of cooling towers freezing in winter. Enhancing the cooling tower’s
anti-freezing ability without affecting its cooling capacity requires the development of
material technology.
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Abbreviations

The following abbreviations are used in this manuscript:

CSP Concentrated solar power

STPP Solar tower power plant

PV Photovoltaic

HVAC Heating, Ventilation, and Air Conditioning
PE Polyethylene

HTR heat transfer coefficient ratio

HDR heat dissipation ratio

AVR air volume ratio

FRR flow rate ratio
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