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Abstract: Cooling towers are widely used in many fields, but the generation of visible plumes has a
serious impact on the environment. Moreover, the evaporation losses also cause a great waste of water.
In this paper, a vapor-condensing plume abatement system was designed for a mechanical-draft
cooling tower based on the mechanism of vapor plume generation. An effective method to achieve
water-saving and eliminate the water fog generated in the cooling tower was proposed, and its
feasibility was verified by using thermodynamic analysis. Next, the vapor-condensing plume
abatement device was designed and used for both the confined space cooling tower (CSCT) and
the free space cooling tower (FSCT). The surface type heat exchanger was adopted to design the
vapor-condensing plume abatement device. Then a basic calculation flow and method were proposed
to obtain thermodynamic operating parameters. According to the comparison between the results
of theoretical calculation and practical engineering application, it was found that the designed
vapor-condensing plume abatement system obviously benefits the water-saving of a mechanical-draft
cooling tower and considerable economic benefits can be obtained. The contents presented provide
the theoretical basis and technical support for the upgrade of the cooling tower and the design of the
new cooling tower.

Keywords: cooling tower; vapor-condensing plume abatement system; condensing device; water
conservation

1. Introduction

Water resources are a key limiting factor of productivity in industrial manufacturing. Due to
continued industrialization of China, industrial water-use now accounts for 25% of all its water-use,
and water shortages have become a major constraint for industrial development. In particular,
industrial cooling accounts for more than 80% of all industrial water-use [1]. Therefore, efforts to
optimize cooling systems and processes, developing novel water-saving techniques, inventing key
water-saving devices, and increasing the recovery of circulating water, are all important for reducing
industrial water consumption.
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Cooling towers are indispensable heat exchangers for industrial refrigeration, air-conditioning,
and chemical engineering. In a cooling tower, heat exchange occurs between air and cooling water to
cool the working fluid. During the operation of a cooling tower, large amounts of cooling water are
lost to physical processes, including evaporation, drift, and blowdown [2]. Furthermore, the vapor
produced by cooling towers has a substantial impact on both the immediate environment of the
cooling tower and human health [3–5]. Researchers worldwide have conducted numerous studies
on water-saving techniques and have examined theories to reduce blowdown, evaporation, and drift
losses, in an effort to improve industrial water efficiency and reduce water loss in cooling towers.
In particular, it has been shown that drift and blowdown losses can be mitigated by electrocoagulation,
mechanical separation and capture, high cycles of concentration, and condensation [6]. Evaporation
losses from a cooling tower are caused by the diffusion of cooling water into the air as water vapor,
which then leaves the cooling tower in the form of hot-and-wet air. Evaporation losses account for a
large percentage of cooling water losses, which are very difficult to recover.

Furthermore, these losses often lead to the formation of white vapor plumes that exit the tower
and pollute the environment. To facilitate the recovery of evaporation losses from cooling towers,
researchers have studied the mechanisms of evaporation loss from cooling towers, the causes of plume
formation, and the factors that influence evaporation losses. In 1984, Thorp et al. [7] photographed the
vapor plumes generated by cooling towers and derived the relationship between time and plume rise
height. Bernier [8] performed theoretical and experimental analyses on the effects of fill height, water
retention time, and air and water mass flow rates on cooling tower performance. Bornoff et al. [9]
conducted a numerical study on the interactions between plumes produced by adjacent cooling towers,
and they demonstrated that the interaction of adjacent plumes was dominated by the interaction of
rotating vortex pairs within the plumes. Wang et al. [10–12] used heat pumps and solar collector
heating systems to control visible plumes produced by the cooling towers of large commercial buildings.
The results of these studies show that the generation of visible plumes by a cooling tower depends on
external weather conditions, especially ambient temperature and relative humidity. Therefore, the use
of heat pumps or solar collector heating systems to heat the air discharged by cooling towers will
diminish or eliminate visible plumes. Xu et al. [13] evaluated the probability of plume generation by
cooling towers in a typical subtropical region and discussed plume control and abatement strategies.
Based on a sensitivity analysis of plume rise heights from cooling towers, Ding et al. [14] discovered
that the primary determinant of plume rise height is the stability of the atmosphere around the cooling
tower. Sánchez et al. [15] presented a numerical model capable of simulating the drift and evaporation
of water droplets emitted by a mechanical cooling tower, which revealed the influence of external
conditions on droplet lifetime.

With the development of computational fluid dynamics (CFD) technology, it has become an
effective way of research and widely used in the prediction of a visible plume. Meroney [16] used CFD
method to simulate the cooling tower plume dispersion and drift. Kazutaka et al. [17] employed CFD
analysis to predict the scale of the visible plumes that rise from cooling towers, and they analyzed
how the mixing of air from inside the cooling tower with external airflows affected the scale of the
visible plume. In addition, they also investigated mechanisms that reduce the scale of these plumes.
Marcia [18] developed a porous media thermosyphon technology for recovering vapor inside a cooling
tower, which reduces water loss from cooling towers. This technology is capable of recovering
approximately 10% of the water vapor that is lost to evaporation. Yang and Zhang [19] used CFD to
simulate and analyze the transport and chemical transformation of power plant plumes. They divided
plume evolution into two stages: a jet-dominated region (JDR) that is characterized by high levels
of momentum in the plume, and an ambient-dominated region (ADR) that is driven by atmospheric
boundary layer turbulence. Li et al. [20] formulated a novel analytical model of coaxial plumes, which
can be used to control and abate cooling tower plumes. This model included a resistance factor, which
is the ratio of the average non-dimensional velocity to the average relative humidity. The resistance
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factor can be used to characterize the likelihood of plume formation and/or the recirculation of moist
air into the plume chamber.

From this brief review of the literature about cooling tower plumes, we conclude that most studies
in this area have focused on the mechanisms that govern plume formation and diffusion, and the effects
of vapor plumes on the environment. Currently, plume abatement is mainly conducted by heating
moist air, which vaporizes the white, visible droplets in vapor plumes, thus “eliminating” the plume
from sight. However, this approach does nothing to address the extremely high rates of evaporation
losses that occur during the operation of a cooling tower, which is a necessary step for achieving
industrial water saving targets. A tremendous number of mechanical draft cooling towers are currently
operating in China, and the amount of water circulating in these towers exceeds 300 million m3/hour.
The resulting evaporation losses are very large, and it is also very difficult to recover these losses.
Accordingly, we present a method and system for condensing the water vapor of saturated hot-and-wet
air through the use of recuperative heat exchangers, which enables the recovery of evaporation losses
from mechanical draft cooling towers and the abatement of visible plumes. Based on a mechanistic
analysis of condensate generation in cooling towers, we have designed a vapor-condensing plume
abatement (VCPA) system for mechanical draft cooling towers, as well as VCPA devices for different
types of cooling towers. The findings of this study will serve as a reference for the development
of water-conserving plume abated cooling towers, and the augmentation of cooling towers that are
currently in service with water-recovering plume abatement technologies.

2. The Mechanism of Vapor Plume Generation in Mechanical Draft Cooling Towers

Humid air is formed by the mixing of air and water vapor, and air can become saturated with
moisture at certain temperatures and pressures. As long as the humidity of a body of air is less than
its saturation humidity, it will be able to absorb water, as it is still unsaturated. In unsaturated air,
water exists as molecules that are invisible to the human eye. However, a decrease in temperature will
decrease saturation humidity, which then increases relative humidity. If the relative humidity of the
air is equal to 1, it is no longer able to absorb water and thus becomes supersaturated. Consequently,
the water in the air becomes unstable, and the excess moisture in the air will condense into droplets;
the suspension of these droplets in air leads to the formation of a vapor plume. In a conventional
mechanical draft cooling tower, heat is removed from circulating water via evaporative cooling and
the exchange of heat between air and water. The evaporated water vapor then enters the cooling tower
to form hot-and-wet air, which changes into saturated hot air after passing through a water collector,
and is then discharged from the tower by a fan. The airflows exiting the tower will mix with the air
above and around the cooling tower, in a process that can be represented using a psychrometric chart,
as shown in Figure 1. Term ‘A’ represents the state of airflows exiting the tower, ‘B’ is the state of the
ambient air, and ‘C’ is the mixed state (mixture between airflows exiting the tower and ambient air).
When the air discharged by the cooling tower mixes with ambient air, it gradually becomes similar to
ambient air. Therefore, the psychrometric state of the mixed air varies along the AB segment; if the
mixing ratio is 0, its state is A, and if the mixing ratio is∞, its state is B. The intersection between AB
and the isenthalpic line, hc, is C, a mixed state with humidity and temperature of dc and tc, respectively.
If tc decreases to some value lower than tsat, the air is then supersaturated and has a relative humidity
greater than 1. Consequently, the vapor in the air is unstable, and the humidity of the air will decrease
from dc to dsat (along hc) by condensing into droplets, thus forming a visible plume.
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Figure 1. Psychrometric chart of saturated air. 
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3. Vapor-Condensing Plume Abatement System

When air from the cooling tower mixes with ambient air, a vapor plume will not appear outside
the cooling tower if the psychrometric state of the mixture does not pass through the visible plume
zone and does not intersect the saturation curve. Ambient pressure, temperature, and humidity are
important parameters, as they directly determine the psychrometric state of humid air. Ambient
pressure depends on local climatic conditions; hence, it is not possible to utilize this parameter to
recover evaporation losses and eliminate vapor plumes. Therefore, the only viable approach for
avoiding plume generation is to reduce the temperature and humidity (i.e., psychrometric state) of
airflows exiting the cooling tower. Heat exchangers are the most widely used type of device for
reducing air temperature, and the addition of dry air is the fastest and most direct method for reducing
humidity. In the designed VCPA system, heat exchangers and mixers have been added to the internals
of a cooling tower (Figure 2). First, a circulating water pump (Figure 2a) pumps cooling water into
a heat exchanger (Figure 2b), which is then cooled by the circulating fluid. The temperature of the
circulating water increases as it removes heat from the heat exchanger. After the warm circulating water
enters the cooling tower, it is sprayed over the fill by a set of sprinklers (Figure 2d). This decreases the
temperature of the circulating water, due to convective heat transfer to cool air and evaporative cooling.
After the circulating water has passed through the fill, it falls into a cold-water pool (Figure 2c), where
it re-enters the circulation. As cool air passes through the fill, it absorbs a large amount of water and
becomes hot, thus forming a stream of hot-and-wet air. The water collector (Figure 2e) then collects the
water droplets in the supersaturated hot-and-wet air. The hot-and-wet air that has passed through the
water collector is then cooled by a heat exchanger (Figure 2f), which condenses the water vapor in this
air. The wet air exiting the heat exchanger then mixes with cool air in the mixing zone (Figure 2g) to
form unsaturated air, which is then discharged from the cooling tower.

The VCPA system increases the amount of water vapor that is condensed in cooling towers,
reduces evaporation losses, and eliminates the discharge of visible plumes. Therefore, our system
provides an effective method for controlling plume generation. The working principles of the VCPA
system are illustrated in Figure 2. By adding a new heat exchanger (Figure 2f), the hot-and-wet air
is cooled by cool-and-dry air, thus altering the former’s psychrometric state from A to A’ (Figure 1).
This increases the condensation of water vapor in the hot-and-wet air and increases the recovery of
evaporation losses. After another round of heat exchange, cool air poised in the B’ state is then mixed
with hot air in the A’ state, which further decreases the latter’s temperature and humidity from A’ to A”.
Finally, this air is discharged from the cooling tower. Unlike a conventional cooling tower, the airflows
exiting a VCPA system are unsaturated, and the process by which the cooling tower’s outflows mix
with ambient air proceeds along the A”B segment instead of AB. Therefore, the psychometric state of
the mixed air is C’, which is located in the region where a visible plume will not be formed. Hence,
visible plumes will not be generated at the outlet of the cooling tower.
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4. Vapor-Condensing Plume Abatement Devices

4.1. Design Ideas

Cooling towers can be divided into two classes: confined space cooling towers (CSCT) or free
space cooling towers (FSCT), depending on whether the transition chamber (which is located above
the water collector and below the narrowing air duct segment) is confined in space. CSCTs are cooling
towers that are currently in service, which require modification, whereas FSCTs are newly constructed
cooling towers. We have designed different condensing structures according to the characteristics of
CSCTs and FSCTs, to facilitate efficient water recovery and plume abatement. The ideas that underlie
our designs are as follows:

(1) Effective condensing capabilities: A sufficiently large heat exchanging surface must be available
so that adequate heat exchange may occur between hot and cold air.

(2) Adequate mixing between hot and cold air: The cold and hot airflows that pass through the
VCPA device should mix easily.

(3) Modular design: A modular design makes it easy to swap heat exchangers and install the system.
Modularity also improves the generalizability of the VCPA device and makes it easier to maintain
and repair.

(4) Effective water collecting functionality: The water collected by the condenser is valuable as it is
clean and pure, and it should be collected by a water-collecting device. Therefore, the condenser
should be an effective water collector.

(5) Does not impede the cooling tower’s operations: The VCPA device must not hinder the ability
of the cooling tower to cool circulating water, and it must allow the hot-and-wet air inside the
cooling tower to flow normally.

4.2. Design Schemes

4.2.1. Vapor-Condensing Plume Abatement Device for CSCTs

The modification of in-service CSCTs is performed by installing a VCPA device inside the CSCT.
The height at which the condenser is installed must not be too high, or it will hinder airflow inside the
cooling tower and reduce its efficiency. As shown in Figure 3, inlets for cool air have been installed on
two sides of the cooling tower, above the water collector. The VCPA device in the CSCT consists of
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condensers and baffles. The baffles are installed below the middle area of the cooling tower, which can
prevent the hot-and-wet air from reaching the transition chamber directly without passing through the
condenser and help the hot-and-wet air and the cold air mix thoroughly. Due to height limitations
in the transition chamber, the length of the section for hot-and-wet air to mix, H1, is usually 0.2 m,
whereas the height of the condenser, H2, is usually 0.75 or 1 m, based on empirical experience.Water 2020, 12, x FOR PEER REVIEW 6 of 17 
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The operation of a CSCT that has been equipped with a VCPA device is as follows: The sprinkler
will spray circulating cooling water on the fill, which increases the area for heat exchange between
the circulating water and cool air below the cooling tower. Then, due to evaporative cooling and
heat exchange between cool air and the circulating water, the temperature of the circulating water
decreases and cool air forms a stream of hot-and-wet air. Next, the cool-and-dry air that enters the
cooling tower from its sides then undergoes heat exchange with hot-and-wet air within the condenser
and gathers above the baffle in the middle of the cooling tower. The water collector will collect water
droplets in this supersaturated hot-and-wet air. Then, in the transition chamber, this cool air mixes
with hot-and-wet air that has passed through the condenser, and finally discharges from the cooling
tower by the fan.

4.2.2. Vapor-Condensing Plume Abatement Device for FSCTs

In newly constructed FSCTs, there are no height restrictions for the VCPA device. This advantage
can be utilized to improve their efficiency. As shown in Figure 4, the VCPA device for FSCTs consists
of cool-air channels (C), hot-air channels (H) and multiple rows of condensers. The cool-air channels
have a triangular shape, and they also serve to guide the flow of hot-and-wet air. The condensers have
a diamond-like arrangement, which makes it easier for hot and cold air to mix after heat exchange has
occurred. To make it easier to repair and maintain the VCPA device, the height of the section where
hot-and-wet air mix above the water collector, H1, is usually 1.5 m. The height of the cool-air inlet is
H2, and its size depends on the area of the fill [21], such that:

H2 = 0.35 Stl (1)

where Stl is the area of the fill in m2.
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The height of the cool-air channel’s walls is H3, and the formula for calculating H3 is:

H3 =
L

2v0

√
∆p
2ρ
−H2 (2)

In this equation, L is the length of the cooling tower, in m; v0 is the speed of cool air at the inlet,
in m/s; ∆p is the difference between the inlet pressure of the heat exchanger inside the cooling tower
and the outlet pressure of the cool-air channel, in Pa; ρ is the density of the cool-and-dry air, in kg/m3;
and H2 is the height of the cool-air inlet, in m.

The height of the condenser, H4, depends on the performance requirements of the heat exchanger.
The height of the transition chamber, H5, is given by the following formula [22]:

H5 = 0.5 Dfan (3)

where Dfan is the diameter of the fan, in units of m.
The operation of a VCPA-equipped FSCT is as follows: The sprinkler will spray hot circulating

water onto the fill to increase the surface area for heat exchange between the circulating water and cool
air below the tower. In this way, the temperature of the circulating water is decreased by evaporative
cooling and heat exchange with cool air. As cool air passes through the fill, its temperature and
humidity will increase until it forms a stream of hot-and-wet air. The water collector then collects water
droplets in the supersaturated air and causes it to revert to the saturated state. The hot saturated air will
be guided by baffles below the cool-air channels into the hot-air channels, whereas the cool-and-dry air
enters the cool-air channels via louvered inlets. Heat exchange then occurs between the air in the hot-
and cool-air channels as they enter their respective channels in the condenser. The cool and hot air will
then exit the condenser along the adjacent diamond-shaped cool- and hot-air channels and mix in the
transition chamber, before being discharged into the atmosphere by a fan.

4.3. Design of the Condenser

The purpose of designing the condenser is to obtain the appropriate outlet pressure and temperature
of wet air, cold air flow, outlet temperature and pressure, and the heat exchange area of the whole
condensing device. The relationship between design conditions and results are shown in Figure 5.
Reasonable assumptions are made in the design and modeling: (1) stable and uniform water film is
formed when the hot-and-wet air condenses; (2) radiative heat transfer is ignored; (3) the air on both
sides is assumed to mix evenly in the channel; (4) Water film does not cause additional flow resistance.
Based on the device structure model, the key mathematical model of device design is constructed.
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A flow chart of the thermodynamic coupling calculation of the hybrid cooling tower is shown in
Figure 6. The process mainly consists of the following three parts.

4.3.1. Mathematical Model of VCPA

(1) Working medium parameters
1O Humidity ratio of air

d = 0.622
pv

pa
= 0.622

pv

p− pv
(4)

where d is the humidity ratio of air, in kg/kg; pv is the pressure of water vapor, in Pa; pa is the pressure
of dry air, in Pa; and p is the total pressure, in Pa.
2O Enthalpy of air

h = 1.005t + d(2500.8 + 1.842t) (5)

where h is the enthalpy of air, in kJ/kg; and t is the temperature of air, in K.
3O The condensation rate of the condenser

A schematic of the condenser we have designed for CSCTs and FSCTs is shown in Figure 7.
First, heat is transferred from the hot-and-wet air inside the channel via convection and condensation
to the walls of the hot-air channel. Heat is then transferred from the walls of the condenser to the
walls of the cold-air channel on the other side. The cold air then removes heat via convective heat
transfer. In this way, the condenser cools and condenses the hot-and-wet air. After heat exchange
in the condenser, the hot and cool air will mix in the space above the condenser, which reduces the
temperature and humidity of the hot air, thus causing its psychrometric state to diverge from the
saturation curve. In this way, the condenser eliminates plume generation from the cooling tower.
Based on the working principles of the VCPA device, the hot-and-cool-air channels have been laid out
in a recovery arrangement, so that the hot-and-wet air and cool air will intersect perpendicularly or
obliquely. Hence, the use of a recovering heat exchanger for the condenser facilitates heat exchange
between hot and cool air, and also the condensation and collection of water vapor.
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The condensation rate of the condenser is given by:

qln = G(d1 − d2) (6)

In this equation, qln is the condensation rate, in kg/s; G is the airflow entering the lower part of the
cooling tower, in kg/s; d1 is the humidity of the hot-and-wet air when it enters the condenser, in kg/kg;
and d2 is the humidity of the hot-and-wet air when it flows out of the condenser, in kg/kg.
(2) Momentum equation

For the fluid in the narrow cold and hot channel, the momentum equation is needed to solve the
motion of the fluid system.

x

A2

→
v2ρv2dA−

x

A1

→
v1ρv1dA =

→

F f +
→

Fpn
(7)

where
→

F f is mass force, and
→

Fpn
is the surface force.

(3) Energy equation
1O The energy change in unit time of hot-and-wet air can be described by the following equation:

Qh = mh(h1 − h2) (8)

where Qh is the energy change of hot-and-wet air, in kJ/s; mh is the mass flow of hot-and-wet air,
in kg/s; h1 is the inlet enthalpy of hot-and-wet air, in kJ/kg; and h2 is the outlet enthalpy of hot mosit
air, in kJ/kg.

2O Heat transfer process of solid wall

Q = KA(th − tc) (9)

where Q is the heat transfer, in kJ/s; K is the heat transfer coefficient, in W/(m2
·s); th is the average

temperature of hot-and-wet air; tc is the average temperature of dry air; and A is the heat transfer area,
in m2.

3O Energy equation of dry air
Qc = CP,Cqm(tc2 − tc1) (10)

where Qc is the energy change of dry air, in J/s; qm is the mass flow of dry air, in kg/s; CP,C is the
specific heat capacity of dry air, in J/(kg·s); tc1 is the inlet temperature of dry air; and tc2 is the outlet
temperature of dry air.
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4.3.2. Evaluation Index of Heat Exchanger

Based on the existing evaluation methods and principles of evaluation indexes of heat exchangers,
combined with the actual operation experience of cooling towers and the working characteristics of
VCPA, the performance evaluation indicators are as follows:
1. Vapor recovery rate

ηh =
qln

qzf
(11)

where ηh is vapor recovery rate, qln is condensation rate and qzf is evaporation losses.
2. Water collection rate

ηs =
qln

qln max
(12)

where ηs is water collection rate, and qln max is maximum condensation rate, which represents the
condensation rate when the condensation temperature is ambient temperature.

4.3.3. Structure of the Heat-Exchanging Channels

The CSCT and FSCT condensers both use recovery heat exchangers consisting of some arrangement
of heat-exchanging components. Each heat-exchanging component is in turn made up of several cold
and hot channels, laid out in an alternating arrangement. A schematic of the sealed channel structure
we have designed is shown in Figure 8, where lh is the length of the hot channel, x is the width of each
hot channel, lc is the length of the condenser’s cold channel, and y is the width of each cold channel.
Hollow arrows indicate the flow of cold air, while solid arrows indicate the flow of hot air.Water 2020, 12, x FOR PEER REVIEW 12 of 17 
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Figure 8. Schematic diagram of the sealed channel structure.

Each heat-exchanging channel consists of two heat-exchanging plates. Figure 8 illustrates a
set of sealed cold/hot channels made from four heat-exchanging plates, and the heat-exchanging
plates may either be flat or corrugated. Bonding points have been set up on the front and back of
each heat-exchanging plate to seal the edges of the hot and cold channels. Each heat-exchanging
plate has an L-shaped sealing plate at its edges, which has sealing buttons to seal the hot and cold
channels. Stiffeners can also be installed around the seals to increase the overall strength of the
heat-exchanging plates.
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5. Results and Discussion

5.1. Design Example of CSCT and FSCT

In this example, VCPA devices were designed for a factory that produces 300,000 tons of synthetic
ammonia per annum, which requires 16,000 m3/hour of circulating water. Four fiberglass mechanical
draft counterflow cooling towers have been installed at this factory, and each cooling tower cools
4000 m3/h of circulating water. The length and depth of each cooling tower are both 17 m, and the
circulating water is refilled using urban tap water. These mechanical draft cooling towers were
modified by installing CSCT-type VCPA devices and FSCT-type VCPA devices. The parameters of
VCPA devices are shown in Tables 1 and 2, and the spatial layout of VCPA devices in the cooling tower
is shown in Figure 9.

Table 1. Design parameters of the confined space cooling tower (CSCT)-type vapor-condensing plume
abatement (VCPA) device.

Parameter Unit Value

Thermal conductivity of the heat-exchanging plate, λ W/(m·k) 0.17
Plate thickness, δ m 4 × 10−4

Length of hot channel, lh m 0.75
Width of a hot channel, x m 0.026

Length of each side of the cold channels, lc m 6.8
Width of a cold channel, y m 0.049

Total length of a cold channel m 15
Number of heat-exchange fins in each element, N - 488

Total heat exchanger surface area, A m2 4758

Table 2. Design parameters of the free space cooling tower (FSCT)-type VCPA device.

Parameter Unit Value

Thermal conductivity of the heat-exchanging plate, λ W/(m·k) 0.17
Plate thickness, δ m 4 × 10−4

Length of hot channel, lh m 1.45
Width of a hot channel, x m 0.051
Length of cold channel, lc m 1.45
Width of a cold channel, y m 0.017

Number of heat exchanger unit - 8
Number of heat-exchange fins in each element, N - 600

Total heat exchanger surface area, A m2 10,092
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Table 3 shows the operation parameters of the cooling tower, including atmospheric pressure (P),
relative humidity (RH), dry bulb temperature (tdb), inlet temperature of cooling tower (tin), and outlet
temperature of cooling tower (tout).

Table 3. Operation parameters for cooling tower.

Type P (kPa) RH (%) tdb (◦C) tin (◦C) tout (◦C)

CSCT 101.02kPa 47.8% 8.4 38.0 28.0
FSCT 103kPa 54.3% 5.2 36.8 27.0

5.2. Results and Validity of Design Example

As mentioned in the above section, some performance parameters of the VCPA device such as
vapor condensation, vapor recovery rate (recovered water as a percentage of evaporation losses) and
water collection rate (recovered water as a percentage of the maximum amount of water that can be
recovered) can be obtained.

Base on the mechanism of vapor plume generation and theoretical calculation model, we have
carried out experimental research on the VCPA device and then put it into practical engineering
application. The results show that the VCPA device has good performance of water conservation and
plume abatement and it can also prove the feasibility of the theory and the guiding significance of
theoretical calculation.

Tables 4 and 5 show the specific parameters of theoretical calculation and practical engineering
application of CSCT and FSCT.

Table 4. Calculated Parameters of the CSCT and FSCT.

Parameter CSCT FSCT

Vapor condensation, kg/s 1.06 1.43

Vapor recovery rate, % 9.6 13.0

Water collection rate, % 7.0 10.0

Table 5. Practical engineering parameters of the CSCT and FSCT.

Parameter CSCT FSCT

Vapor condensation, kg/s 1.24 1.85

Vapor recovery rate, % 11.2 16.8

Water collection rate, % 8.1 12.9

Figure 10 compares the theoretical calculation and practical engineering results. It can be obviously
seen that the effect of practical engineering application is better than the expected results of theoretical
calculation. That is because under the practical application, the meteorological conditions are not
immutable, and the parameters such as vapor condensation are greatly affected by the meteorological
conditions. Thus, the three practical numerical values are larger than the theoretical ones.
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Figure 11 shows the effect of plume abatement before and after the installation of VCPA device in
the cooling tower. It can be seen that after the installation of VCPA, the generation of plume has been
reduced significantly.
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5.3. Economic Analysis

Based on the practical engineering application of VCPA devices, the condensation rate of these
devices in CSCT and FSCT are 1.24 kg/s and 1.85 kg/s, respectively. If a year of production corresponds
to 7200 industrial hours and the cost of water is 6 CNY/m3, the water savings reaped by each VCPA
device (in terms of monetary cost) are:

CSCT: 1.238 × 3.6 × 7200 × 6 = 192844.8 CNY/year.

FSCT: 1.85 × 3.6 × 7200 × 6 = 287712.0 CNY/year.

Therefore, the monetary value of the water saved by installing VCPA devices in four cooling towers
could reach 771,000 CNY/year in CSCT and 1,151,000 CNY/year in FSCT, respectively. Furthermore,
the elimination of “white smoke” pollution will also be beneficial for the general public.

6. Conclusions

The present study proposed an effective method to achieve water conservation and plume
abatement, then the vapor-condensing plume abatement device was designed and used for both the
confined space cooling tower (CSCT) and the free space cooling tower (FSCT). Based on the analytical
investigation presented in this study, the following conclusions could be drawn:

(1) Based on the analysis of the mechanism of vapor plume generation in mechanical draft cooling
towers, a VCPA system has been designed for mechanical draft cooling towers. This forms a
theoretical basis for the design of VCPA devices.

(2) According to the specific characteristics of CSCT and FSCT, two different VCPA devices were
designed respectively. Then a basic calculation flow and method were proposed to obtain
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thermodynamic operating parameters. According to the theoretical calculation, some performance
parameters of VCPA such as water collection rate can be obtained.

(3) The condensers in the VCPAs were designed with recovery heat exchangers, and a modular
design was used for the condenser’s components. The heat-exchanging plates were coupled to
each other to form the condenser’s cold and hot channels, which resulted in a structure that is
both simple and cheap to construct. Furthermore, this structure readily enables the collection of
water (from water vapor) without invoking the need for other coolants, and it does not affect the
original cooling performance of the cooling tower.

(4) Due to the influence of meteorological conditions, the effect of practical engineering application
is better than that of theoretical calculation.

(5) According to the comparison between the results of theoretical calculation and practical
engineering application, it was demonstrated that the VCPA devices are capable of yielding
considerable water-saving and societal benefits. The findings of this work will serve as a reference
for the development of water-saving plume abated cooling towers and the augmentation of
cooling towers that are currently in service with VCPA technology.
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