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H I G H L I G H T S

• Seawater droplets are sprayed for evaporation at the chimney inlet.

• 3D model was developed for the air cooling and condensation inside the chimney.

• The condensation level can be greatly reduced by the humidification.

• The humidification is conductive to improving the system desalination efficiency.
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A B S T R A C T

In this paper, the desalination performance of a plant variant with the same size as the Manzanares pilot model
was numerically investigated. A three-dimensional compressible flow and heat transfer model has been devel-
oped, describing the air cooling process along the chimney and the associated condensation. In this plant variant,
instead of installing the turbine, water droplets were sprayed for evaporation at the bottom of the chimney, and
thus airflow was subjected to humidification. Results show that with increased mass fraction of water in the air,
the influence of the microclimate on the local environment will also increase. The evaporation of the droplets
improves the relative humidity of the air within the chimney, and the condensation level can thus be greatly
reduced. Moreover, the freshwater output increases with increasing amount of water sprayed, which is beneficial
for the improvement of the desalination efficiency of the system.

1. Introduction

1.1. Background

The solar chimney power plant system (SCPPS) is a solar thermal
application system to achieve output power, which has been verified
and rapidly developed in recent years. In general, the system consists of
four main components: a chimney, a collector, a thermal storage layer,
and power conversion units (e.g. turbine generators). The main role of
the collector is to harvest solar radiation to heat the air below. When
the air density within the system is less than that of the ambient air at
the same height, the system will produce a natural convection caused
by buoyancy. Both the potential energy of the air and its thermal energy
are converted into kinetic energy. The accumulated buoyancy causes a
large pressure difference between the system and the ambient air.

Because the chimney is erected in the middle of the collector, the he-
ated air can rise through the chimney at a high speed. Turbine gen-
erators are located either at the bottom of the chimney or at the outlet
of the collector (where there is a large pressure drop), thus converting
the kinetic energy into electrical energy. The thermal storage layer
enables electricity production after sunset.

1.2. Literature review

The idea of utilizing solar chimney technology to generate electricity
was introduced by Professor Jörg Schlaich in the 1970s. In 1982, he built
the world's first solar chimney pilot plant in Manzanares, Spain. The
chimney had a height of 194.6 m, a diameter of 10.8 m, and a collector
radius of 122 m. During the seven-year operation of the plant, it ran more
than 95% of the expected time [1,2]. However, in 1986–1988 the annual
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average crude oil prices were nearly $15 nominal ($32 inflation adjusted
price), as compared to $37 ($109 inflation adjusted) of the prices in 1980
[3], which resulted in reduced funding for research on solar energy and lack
of maintenance of the guyed chimney, which collapsed in 1989 during a
strong storm. Since then, the theoretical study of solar chimneys has at-
tracted worldwide attention among researchers. Haaf et al. [1,2] provided
experimental results and a scientific description of a solar chimney pilot
plant. Zhou et al. [4,5] made a comprehensive overview of the scientific
literature on solar chimney test power plants.

However, an unavoidable problem is that the overall efficiency of
the SCPPS is relatively low, with nearly 3% in theory per 1 km height of
chimney due to the Carnot cycle efficiency, but more or less only 1%
can be achieved in reality due to frictions losses and components effi-
ciency [6]. The overall efficiency of the SCPPS is affected by sunlight
energy collection efficiency of the greenhouse, the ascending airflow
efficiency of the chimney, the thermo-mechanical efficiency of the
turbine, and the mechanical power of the generator [7]. Furthermore,
the chimney plays an important role in improving the overall efficiency
of the SCPPS: the higher the chimney, the higher the overall efficiency.
The construction of the world's first large-scale SCPPS of up to 1000 m
was planned to start in Mildura, Australia in 2002, with the support and
significant attention of the federal government; the chief architect of
this project was Professor Schlaich [8]. Pretorius and Backström [9,10]
proposed the idea of building a SCPPS with a chimney height of
1500 m, and they also provided detailed calculations and structural
designs. However, for the construction of such a high chimney, the
economic costs and technical problems are formidable.

Encouragingly, researchers found the output performance of the
SCPPS to be closely related to the ambient and operation conditions and
structural dimensions, thus some optimization measures can help to
increase the overall output power of the system.

Based on the establishment of a comprehensive mathematical
model, a research group led by Prof. Sherif [11,12] analyzed the effects

of parameters such as environmental conditions and structural dimen-
sions on the temperature and output power of SCPPS. In addition, they
built three different types of pilot plants in Florida, taking into account
the chimney shape, the collector structure, and the performance of the
thermal storage layer. Ming et al. [13] evaluated the performance of
SCPPS via theoretical analysis and numerical validation. They used
numerical models to study the effects of strong ambient crosswind [14]
and chimney shape [15] on the heat transfer, air flow, and output
power of SCPPS. Bernardes et al. [16] evaluated the effects of various
environmental conditions and structural dimensions on the output
power of SCPPS by establishing a numerical model. The results showed
that the chimney height, the pressure drop factor of the turbine, the
diameter of the chimney, and the optical properties of the collector
were all important parameters that need to be considered for designing
the SCPPS. Nizetic et al. [17] developed an analytical approach based
on a simplified thermodynamic analysis of the overall SCPPS cycle, the
optimum factors of the turbine pressure drop, which are important for
the output power of SCPPS were investigated. Kratzig et al. [18] si-
mulated the physical process of the SCPPS, demonstrated the efficiency
of the system, and demonstrated its applicability in arid regions
through two SCPPS optimization cases. Furthermore, they built a
mathematical model to analyze the thermal-fluid mechanical processes
within a SCPPS and evaluated the performance of the power generation
system using output power as the indicator [7]. Shirvan et al. [19]
investigated the effects of various parameters on the maximum poten-
tial power output of the SCPPS numerically, and their results indicated
that the potential maximum power output increases with both chimney
diameter and height, and decreases with increasing entrance gap of the
collector. Patel et al. [20] studied the effect of geometric parameters on
optimizing the structure of SCPPS. Maia et al. [21,22] established a
numerical model of the internal turbulence of a solar chimney to assess
the effect of geometric parameters and manipulated variables on fluid
flow. The results showed that the height and diameter of the chimney

Nomenclature

Ra Rayleigh number
cp specific heat capacity [J/(K kg)]
L characteristic length [m]
T temperature [K]
u velocity [m/s]
g gravitational acceleration, 9.8 [m/s2]
t time [s]
Sm mass source term [kg/(s m3)]
SF momentum source term [N/m3]
coeff condensation coefficient
Rg ideal gas constant [J/(kg K)]
Rs water vapor gas constant [J/(kg K)]
Qd the amount of spray droplets [kg/s]
Qcons the condensed water [kg/s]
ηcons condensation efficiency
p pressure [Pa]
E instantaneous energy inside the control volume [J]
keff the effective conductivity [W/(m K)]
J the diffusion flux of species
Sh the heat of chemical reaction or any other volumetric heat

sources [W/m3]
h sensible enthalpy [m/s2]
Y mass fraction of species
k turbulence kinetic energy [J/kg]
Gk the generation of turbulence kinetic energy due to mean

velocity gradients [J]
Gb the generation of turbulence kinetic energy due to buoy-

ancy [J]

C1ε, C2ε, C3ε constants for turbulent model
Sct turbulent Schmidt number
SH2O water vapor added to or removed from the air [kg/(s m2)]
DH2O diffusion coefficient of water vapor into air [m2/s]
v local air velocity [m/s]
q the amount of injected water [kg/s]
h convective heat transfer coefficient [W/(m2 K)]
RH relative humidity [%]

Greek symbols

Δ difference or increase
α thermal diffusivity [m2/s]
β thermal expansion coefficient [1/K]
ρ air density [kg/m3]
γ latent heat of condensation [J/kg]
ε turbulence kinetic energy dissipation rate [W/kg]
μ dynamic viscosity [kg/(m s)]
μt turbulent dynamic viscosity coefficient [kg/(m s)]
ν kinematic viscosity [m2/s]
σk turbulent Prandtl number for k
σε turbulent Prandtl number for ε
τ stress tensor [N/m2]
Γ diffusion coefficient
ϕ scalar

Subscripts

i,j any directions of x, y and z
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have the most significant effect on its flow characteristics. In addition,
they also conducted the energy and efficacy analysis of the airflow
within the solar chimney. Gholamalizadeh et al. [23] evaluated the
influence of the site altitude on the performance of the SCPPS, and the
authors found that the chimney diameter was the most important
condition for the performance of the SCPPS. Hu et al. [24] raised some
preliminary attributes of the novel controlling approach of the solar
chimney system with variable diffuser outlet, and indicated that the
diffuser-type solar chimney system had better performance than a cy-
lindrical solar chimney.

However, drawing on these previous studies, if the SCPPS was solely
used for power production, the energy conversion efficiency would still
be relatively low (1% per km of chimney height), and the overall system
output power would not be easy to improve. Therefore, at present many
researchers working on solar chimney technology introduced some new
solar chimney systems to improve the solar energy use efficiency.de
Richter et al. [25] proposed to combine TiO2 photocatalysis with SCPP
to clean the atmosphere from of non-CO2 greenhouse gases, thus
helping to limit the global temperature rise. Gong et al. [26] proposed
an inverted U-type solar chimney with a cooling tower system to reduce
urban air pollution. Their system was equipped with a filter screen near
the inlet of the collector and water was sprayed in the cooling tower to
clean the air and to strengthen the system's natural flow. Zou et al. [27]
proposed a hybrid cooling tower and a solar chimney concept that can
simultaneously generate electricity and eliminate waste heat. Lee et al.
[28] verified that it is feasible for solar chimneys to provide acceptable
quality and quantity of heat for organic Rankine cycles. Ferreira et al.
[29] studied the possibility of using a solar chimney to dry agricultural
products. Li et al. [30] investigated the performance when phase
change materials were applied to the solar chimney system and the
results showed that it could extend the duration of the utilization of the
solar chimney system. Ninic and Nizetic [31] studied the possibility of
using warm wet air from the atmosphere by establishing a gravity
vortex column model. Yu et al. [32] presented a coupled geothermal
cooling system with an earth-to-air heat exchanger and a solar collector
enhanced solar chimney to achieve free space cooling in summer.

Among these new solar chimney systems, Pretorius [10] and Kröger
and Blaine [33] showed that the latent heat released by the wet air
within the chimney may cause the output power of the SCPPS to in-
crease in some specific atmospheric conditions. In addition, the
moisture in the air should not evaporate in the collector, since the latent
heat required for evaporation will reduce the power output. As a result,
the air temperature inside the collector will drop [34]. Therefore,
agricultural practices are not a good idea under the collector. However,
if already humid air has entered the greenhouse, condensation may
occur under certain conditions inside the chimney and the release of
latent heat, heating the air, and increasing the buoyant force, would
thus provide an additional driving force for SCPPS. Vanreken et al. [35]
proposed a mathematical model for the simulation of the cloud for-
mation process to simulate the operational characteristics of a SCPPS in
southern Australia under anticipated operating conditions. The study
found that for very high levels of water vapor, the use of appropriate
humidification measures can produce clouds in the chimney and the
formation of these cloud depends largely on the pre-assumed entrain-
ment rate. Kashiwa et al. [36] proposed a “solar cyclone” system to
achieve separation of water and air. The system has an outwardly ex-
panding cyclone installed at the base of the chimney, where hot air
flows during a sudden cooling and condensation to get water from the
air. In this process, its central temperature is below the dew point.
Therefore, it can produce freshwater during operation, and the whole
cycle is sustainable; however, its efficiency is unclear and further re-
search is needed.

As a matter of fact, when a small convection unit grows into a fully
developed thunderstorm in the atmosphere, the entrainment in the air
column adjacent to each other enters into another floating air column
and will have a devastating effect on the formation of the thunderstorm

cloud. The entrainment rate of the air column is inversely proportional
to the radius of the cloud [37]. To enhance convection in the vertical
direction and the output of air condensate, Starr and Anatii et al.
[38,39] proposed to prevent entrainment by using a high chimney
(chimney height of 3000 m, chimney radius of 50 m). With such a
structure (which they named “aerological accelerator”), the internal
ascending airflow would not be destroyed by adjacent air columns, and
when the air parcel adiabatically rises in the chimney, the volume ex-
pands due to the reduced pressure. With the internal energy against
external forces, the temperature will continue to decline in the process
of rising, while the relative humidity of the air would be increasing.
Since the water content in the air remains constant, the saturated vapor
pressure decreases as the temperature decreases. When the air parcel
reaches the lifting condensation level (the height at which the relative
humidity of an air parcel will reach 100% when it is cooled via dry
adiabatic lifting), the water vapor in the air parcel will begin to con-
dense to form cloud droplets. Therefore, the engineering structure uti-
lizes the spontaneous convection process in the lower atmosphere due
to the unstable environmental lapse rate, and is independent of external
driving. Starr calculated that water production in the wet season can
reach an amount of 2000 metric tons per hour, an amount that is
comparable to that of modern desalination plants; however, the cost of
construction of these modern desalination plants would be around $
1 billion [40]. Recently, Ming et al. [41,42] re-analyzed such systems to
verify the “aerological accelerator” potential, and found that the system
(in addition to the appropriate collection) can be used for the supply of
freshwater for households and agriculture, but also allows considerable
power output. Based on this, they introduced a SCPPS combination of
water production and power generation.

Indeed, the atmosphere is rich in freshwater humidity. The tech-
nology of water harvesting from air, based on solar chimney presents
great potential, and has an even greater practical value in dry areas.
Zhou et al. [43] conducted a computer simulation of SCPP in a hot and
dry desert, and found a possibility to promote the surrounding rainfall.
They developed a three-dimensional mathematical model to explore the
possibility of generating clouds and precipitation around the SCPP. The
results showed that the relative humidity of the outlet airflow could be
significantly increased due to the plume being injected into the colder
environment. This may change the microclimate around the SCPP and
have positive effects, such as increasing the precipitation; however, at
the same time this would also increase the risk of clouding over the
SCPP, thus reduced the solar radiation and the power output. Hence,
taking into account the fact that the overall efficiency of the traditional
SCPPS is already low, Zhou et al. [44] also compared the performance
difference between the classical SCPPS and the SCPPS combined with
power generation and desalination by establishing a one-dimensional
compressible flow model. They found that if SCPPS was combined with
power generation and seawater desalination, it would produce less
power than the classic SCPPS due to the large amount of heat used for
water evaporation. Moreover, in an economic analysis of the system,
they found that the price of freshwater and electricity prices depend on
the height of the chimney.

Motivated by the new development of SCPPS and thanks to the
presence of unstable environmental lapse rate in the atmosphere, the
air could cool down along the chimney and spontaneously precipitate
condensed water under certain conditions. Thus, on the one hand there
is the possibility for direct production of fresh water inside the solar
chimney. However, as seen through the above summary of the relevant
literature, there is a very important condition: the height of the
chimney needs to be sufficient. This has brought numerous technical
and economic problems for the practical application of solar chimney
technology. On the other hand, the heating of the thermal airflow
through the ground in the collector leads to a rise of the air tempera-
ture, but also reduces relative humidity. After the thermal airflow en-
ters the chimney, it takes a long height to cool down before it reaches
the dew point to precipitate the condensed water, i.e., the height of the

T. Ming et al. Applied Energy 208 (2017) 1258–1273

1260



chimney needs to always be very high. Therefore, as previously pro-
posed, ways are required to achieve an already high relative humidity
of the thermal airflow entering into the chimney [41,42].

1.3. Research in this article

To solve the above-mentioned problems, we consider the use of both
seawater and brackish water. The thermal airflow is sprayed with water
and wetted by pumping or other means at the chimney entrance, so that
the wet air is moved closer to the saturated state. If so, this can greatly
reduce the chimney height, thus reducing the chimney construction
costs and the corresponding technical problems. In this article, the
desalination performance of a new device with dimensions similar to
the Manzanares pilot model was numerically investigated by estab-
lishing a three-dimensional compressible flow and heat transfer math-
ematical model to describe the moist air, which cools down along the
chimney and condenses above the lifting condensation level. The nu-
merical model was solved in the commercial software ANSYS Fluent to
obtain the pressure distributions, velocity distributions, temperature
distributions, and desalination performance of the solar chimney
system (SCS) under different amounts of spray droplets.

The remainder of this article is organized as follows: Section 2 in-
troduces the mathematical model, boundary conditions, and numerical
solutions based on a simplified Manzanares pilot model. Section 3 va-
lidates the reliability of the numerical procedures by comparing nu-
merical results with experimental results. Section 4 presents the col-
lection of numerical results. The flow performance, temperature
characteristic, and the desalination performance within and without the
system are analyzed. Section 5 presents an assessment of the relevant
benefits and concerns for seawater desalination of the SCS. Section 6
presents the main conclusions of the numerical study and discusses
future applications of this engineering structure.

2. Model description

2.1. Geometric model

When solar radiation reaches the ground through the collector and is
absorbed by the ground, the ground temperature increases and the air in-
side the collector is heated. The air density and the relative humidity of the
air are thus reduced, and the natural convection generated by the difference
in air buoyancy causes a strong updraft inside the chimney. Thanks to the
presence of environmental lapse rate in the atmosphere, the air can cool
down along the chimney and spontaneously precipitate condensate water
under certain conditions. Compared with conventional SCS, the most ob-
vious difference is that, instead of installing the turbine, seawater droplets
are sprayed at the bottom of the chimney for evaporation, and thus thermal
airflow is subjected to a humidification treatment, as shown in Fig. 1(a).
Therefore, this is expected to reduce chimney height and system cost to
recover liquid water from the air inside the chimney by partially replicating
the natural warm wet air convection process. In addition, it can be assumed
that the salts, which are in the seawater droplets, fall down at the entrance
of the chimney (we suppose that an electrostatic precipitator can eliminate
all the different salts at 99.99%), where they are somehow removed to
prevent accumulation. As a result, the idea of recovering water from the air
thus became seawater desalination.

The geometric model for numerical simulation is a simplified
Manzanares pilot model, as shown in Fig. 1(b). The SCS model has a
chimney height of 200 m and a chimney radius of 5 m, and a circular
solar collector, which covers the soil surface, has a radius of 120 m and
a height of 2 m. To simulate the performance of a SCS exposed to an
external environment, it has been assumed that the model is placed in a
virtually non-existent cube with dimensions in the x, y, z directions of
600 m, 400 m, and 300 m, respectively. Each surface of the cube is set
to a different boundary condition, which will be described in detail
below. At the velocity inlet boundary, the X-axis is parallel to the

velocity direction of the ambient crosswind, and the Z-axis is perpen-
dicular to the velocity direction. Assuming that the surface perpendi-
cular to the Y axis has a symmetrical characteristic, the geometric
model can be simplified, taking only half of the system model, as shown
in Fig. 1(b). Thus, after simplification, the geometric dimensions of the
entire cube were 600 m, 200 m, and 300 m in the x, y, z directions,
respectively. This assumption was acceptable in stable numerical cal-
culations. At the same time, the influence of the thermal storage layer
was not considered and therefore was not added to the calculation
model. This is because, if both the external environment and the four
parts of the SCS are considered: collector, turbine, chimney, and the
thermal storage layer, the number of calculated grids will exceed the
computational power of the available computer, thus leading to com-
plicated and time-consuming calculation.

2.2. Mathematical model

For solar chimney systems, it is generally considered that the flow
within the system is a natural convection caused by solar radiation,
heating the ground under the greenhouse. The number of natural
convection intensity criteria that are measured by the buoyancy force is
the Rayleigh number, which is defined as follows:

=Ra
gβ TL

av
Δ 3

(1)

where g represents the gravitational acceleration; β represents the
coefficient of thermal expansion; TΔ represents the maximum

 (a) Sketch of the Seawater Desalination Mechanism of the Solar Chimney System 

(b) Three-Dimensional Geometric Model of the Solar Chimney System 

Fig. 1. Geometric model of the solar Chimney system for seawater desalination.
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temperature increment within the system; L represents the height of the
collector; and α represents the thermal diffusion coefficient; v indicates
the kinematic viscosity. After preliminary calculation, it was found that
the Rayleigh number was higher than 1010, i.e., it is necessary to select
the appropriate turbulence mathematical model to describe the fluid
flow in the solar chimney system, which exceeds the upper limit of the
natural convection from the laminar flow to the turbulence. In general,
due to the existence of three-dimensional turbines in the traditional
SCS, the system will produce complex a strong vortex and turbulence,
and theoretically, using a RNG or Realizable model will be more ac-
curate. However, in this article, due to the consideration of the SCS in
the performance of desalination, the turbine for power generation units
was not considered. Therefore, a more economical standard −k ε tur-
bulence model was adopted, and the stability of this model enabled low
computational cost. The density of air in the system was mainly caused
by changes in temperature rather than pressure changes. Thus, the air
density was defined by the UDF to assume that the airflow within the
system was a compressible flow, and the ideal gas law was used to
represent the relationship between the density and temperature of the
natural convection.

The atmospheric pressure and atmospheric density can be calcu-
lated by the following formula [16]:

⎜ ⎟= ⎛
⎝

− − ⎞
⎠

∞ ∞

−

p z p κ
κ

z
H

( ) (0) 1 1 κ κ

0

/( 1)

(2)

⎜ ⎟= ⎛
⎝

− − ⎞
⎠

∞ ∞

−

ρ z ρ κ
κ

z
H

( ) (0) 1 1 κ

0

1/( 1)

(3)

where ∞p represents the atmospheric pressure; ∞ρ represents the am-
bient air density; z represents the height from the ground; Rg represents
the ideal gas constant, with a value of 287.05 J/(kg K); g represents the
acceleration of gravity, with a value of 9.8 m/s2; κ represents the spe-
cific heat ratio, with a value of 1.235 for the standard atmospheric; H0

represents the atmospheric scale height, = ∞H R T
g0

(0)g .
The relative humidity RH is the ratio of the partial pressure of the

water vapor in the air to the saturated pressure of the water vapor at a
certain temperature:

=RH
p
p

v

S (4)

The saturated pressure of the water vapor can be calculated with the
following equation [45]:

∑⎜ ⎟
⎛
⎝

⎞
⎠

= ⎛
⎝

− ⎞
⎠

× −
=

−p
p

T
T

F a T Tln 1 [ ( )]S

C

C

i
i P

i

1

8
1

(5)

where

pC = 22.089 MPa; TC = 647.286 K;
F1 =−7.4192420; F2 = 2.9721000 × 10−1;
F3 =−1.1552860 × 10−1; F4 = 8.6856350 × 10−3;
F5 = 1.0940980 × 10−3; F6 =−4.3999300 × 10−3;
F7 = 2.5206580 × 10−3; F8 =−5.2186840 × 10−4.
a = 0.01; TP = 338.15 K.

Continuity equation:

∂
∂

+ ∂
∂

=
ρ
t x

ρu S( )
i

i m (6)

Wherein the mass source term Sm was added to the continuous
phase or removed from the continuous phase dependent on the eva-
poration or condensation of the droplets.

When the relative humidity RH ≤ 1,

=S 0m (7)

When the relative humidity RH > 1,

= −
−

S coeff
p p
R T

u· ·m
v S

s
j (8)

where coeff represents the condensation coefficient, which indicates the
probability that a vapor molecule escapes or absorbs from the interface.
This probability value generally needs to be matched with the experi-
mental data, which is influenced by the temperature during the tem-
perature-driven mass transfer. In this study, coeff was chosen as the
suggested value in the ANSYS Fluent, i.e., coeff = 0.1. Rs represents the
gas constant of the water vapor, and Rs = 461 J/(kg K).

The air density can be calculated from the equation of state:

=
−

+∞ρ
p p
R T

p
R T

v

g

v

s (9)

Navier-Stokes equation:
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where the stress tensor τij was defined as:
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The momentum source term SF was defined as:

= − ∞S ρ ρ g( )F (12)

Energy equation:
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∂

+ ∂
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j j
j j j ij eff h

(13)

where keff represents the effective thermal conductivity (k + kt, kt re-
presents turbulent thermal conductivity); Jj represents the diffusion flux
of the component j; Sh includes chemical reaction or any other volume
heat source, and with an air relative humidity of RH ≤ 1,

= −S ρguh j (14)

where the energy source term Sh indicates the enthalpy loss when the
internal air of the chimney was converted to the gravity potential, and
when the relative humidity RH > 1,

⎜ ⎟= ⎛
⎝

− ⎞
⎠

−S
p p
R T

γ coeff ρgu·h
v S

S
j (15)

where γ represents the latent heat released from the condensation of
water vapor, and γ = 2257000 J/kg. τ( )ij eff represents the deviatoric
stress tensor, which was defined as:
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In Eq. (13),
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p
ρ

v
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(17)

where the sensible enthalpy h was defined as:
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p
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j j
(18)

where Yj represents the mass fraction of component j.
Turbulent kinetic energy k equation:
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Turbulence dissipation ε equation:
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where Gk represents the turbulent kinetic energy due to the average
velocity gradient, which can be defined as: = − ′ ′ ∂ ∂G ρu u u x( / )k i j j i ; Gb
represents the turbulent kinetic energy due to buoyancy; σk and σε are
the turbulence Prandtl number: σk = 1.0, σε = 1.3. C ε1 and C ε2 represent
constants: C ε1 = 1.44, C ε2 = 1.92. =μ C ρk ε( / )t μ

2 , and Cμ = 0.09.
Species transport equation:
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where SH O2 represents the addition or removal of water vapor within
the air due to evaporation or condensation, respectively.

Scalar equation:
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where ϕ represents any scalar, and Γ represents the diffusion coeffi-
cient.

2.3. Boundary conditions

For the SCS considering the external environment, to obtain accu-
rate results, the boundary conditions and environmental parameters
had to be carefully considered. The geometric model in Fig. 1 has
presented some boundary conditions and the corresponding coordinate
system. The detailed boundary conditions are listed in Table 1.

For the calculation, it was assumed that the flow of the ambient
crosswind has reached full development and that the ambient air
temperature remained constant at 293 K and the relative humidity was
82% before flowing into the system. According to the logarithmic law of
the wind profile of the atmospheric boundary layer proposed by Prandtl
in 1932, the ambient crosswind speed can be fitted into the following
formula [46]:

= =v w 0 (23)

=u κ τ ρ z z1/ ( / ) ln( / )S
1/2

0 (24)

where τS represents the ground shear stress and z0 represents the
aerodynamic roughness of the ground. In the calculation, the ground
was assumed to be a flat desert, and therefore, κ was set as 0.4 and z0
was set as 0.01 m. Then, τS could be calculated according to the wind
speed at a reference height, which was the height of the chimney in this
article, and the wind speed at the chimney height was assumed to be
U200 = 5 m/s. In this case, this is able to simulate the chimney outlet
airflow under the ambient wind, while at the same time, it also assumes
a negligible role of ambient wind to not weaken the system flow per-
formance to much [14].

The relative static pressure represents the static pressure difference
between the system and the same height ambient and can be used to
simulate the entire pressure distribution of the system, which has been
verified by Pastohr et al. [47], Ming et al. [15], and Sangi et al. [48].
The ground below collector and outer area are included in the ground
boundary conditions. The outer area ground was assumed to be in an
isothermal wall boundary condition with a temperature of 318 K. This
assumption may more or less impact the accuracy of the simulation
results than the actual operating conditions of the solar chimney
system; however, it will not have a significant impact on the study of
the seawater desalination application of the solar chimney system. The
radiant heat transfer between the collector and other walls is not taken
into account. Furthermore, the solar radiation was assumed uniform
with a vertical incident, while the ground was uniform and isotropic.
Therefore, the calculated solar radiation was set to 857 W/m2, and the

corresponding heat flux on the ground was set to 600 W/m2 due to heat
loss and heat transfer energy loss [14].

2.4. Meshing skills

Fig. 2 shows the grid distribution of the geometric model. The
hexahedron (HEX) meshing method used in the model was effective due
to its economy and it can effectively reduce false diffusion. In Fig. 2(a),
the velocity gradient and the temperature gradient near the wall of the
chimney are both relatively large; therefore, the fine grid was used to
simulate the flow inside the chimney. Fig. 2(b) shows the grid dis-
tribution of the local area within and without the chimney. To reduce
the number of grids and to improve the accuracy of the calculation, a
finer boundary layer grid was used in the chimney wall, the wall of the
collector wall, and the ground wall. At the same time, the turbulence at
the connection between the collector and the chimney was strong;
therefore, the use of structured mesh enabled to reduce the error caused
by the complex flow.

2.5. Numerical method

The mathematical model was solved with the finite volume method
in the commercial software ANSYS Fluent. The pressure-velocity cou-
pling used the SIMPLE algorithm. The convective term chose the QUICK
scheme to discrete, and the spatial discrete method of the diffusive
terms adopted the second order upwind scheme. Furthermore, due to
the existence of different length scales in the model, the double-preci-
sion solver was chosen. To monitor the convergence of the equations,
the convergence criterion of the energy equation was set to 10−8, and
the convergence criterion of the remaining equations was set to 10−6.
The iteration was calculated until the relative error of each variable was
lower than the convergence criterion, and the result no longer changed.

To verify the grid independence of the numerical simulation results,
under the same environmental conditions and operating conditions
(solar radiation is 857 W/m2, amount of spray droplets of 0), three
calculation cases were verified with the number of grids of 2,205,900,
3,335,450, and 4,037,650, respectively. The results are shown in Fig. 3.
The simulation results showed that the volume flow rate of the chimney
outlet was 256.5 m3/s, 250.5 m3/s, and 248.6 m3/s, while the average
temperature of the chimney outlet was 302.09 K, 301.14 K, and
301.12 K, respectively. From a comparison of the results, it was found
that there were only about 2% deviation among these three calculation
cases, indicating that the numerical results used in the model are in-
dependent of the grid, and the impact for increasing or decreasing the
grid on the calculation result was small. Therefore, to minimize the
calculation error and to reduce the computational cost, in this article
we chose the number of grid as 3,335,450 to perform the numerical
analysis.

Table 1
Boundary conditions.

Place Boundary type Value

x = 0 m Velocity inlet =u κ τ ρ z z1/ ( / ) ln( / )S 1/2 0
U200= 5 m/s, T = 293 K, RH = 82%

x = 600 m Outflow
y = 0 m Symmetry
y = 200 m Symmetry
z = 300 m Symmetry
Ground under the

canopy
No-slip wall 600 W/m2

Ground outside the
collector

No-slip wall 318 K

Surface of the chimney No-slip wall q = 0W/m2

Chimney surface No-slip wall q = 0W/m2
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3. Validation

To verify the reliability of the numerical procedures, the simulated
chimney inlet air temperature was compared to experimental results
collected on 2nd September 1982 of the Spanish prototype. The ambient
conditions and operation conditions were set according to literature
[2]. Moreover, the turbine was regarded as a reverse fan with pressure
drop at the exit of the collector, which was identical to the one used by
Xu et al. [49] and Ming et al. [15]. Fig. 4 shows that the simulation
results in this article were quite consistent with the experimental re-
sults, as it shows a maximal temperature difference below 2 K. The
disparity between them could be attributed to several reasons such as
the heat dissipation from the system to the ambience, flow and heat
transfer resistance of the system, and ignoring the role of the energy
storage layer; however, the overall difference was acceptable. Hence, it
can be concluded that the numerical codes and procedures applied in
this paper were feasible to some extent.

It is worth noting that the SCS studied in this paper was different
from the conventional SCPPS. Instead of installing the turbine, water
droplets were sprayed for evaporation at the bottom of the chimney.
Thus, we were more concerned about the desalination performance of
this plant variant. However, with the change of operation conditions,
the thermo-fluidmechanical process inside the system was completely
different from that of the conventional system. It is difficult to find
appropriate data in the existing experimental and computational re-
sults, which has posed problems for the validation process. Therefore,
the experimentation of this small plant variant was also one of the main
research directions for the future.

4. Results and analysis

The seawater droplets were uniformly sprayed in the form of a
surface using an artificial device when the airflow passed through the
bottom of the chimney. The diameter of the spray droplets was
30 × 10−6 m and the droplet temperature was retained at the same
temperature than the airflow at the bottom of the chimney. As the air
inside the collector was heated by the solar radiation, the relative hu-
midity was low. It was assumed that once the droplets were injected
when the airflow entered the chimney, evaporation occurred, so that
the relative humidity of the airflow increased. To analyze the effec-
tiveness of seawater desalination performance of the solar chimney
system, the flow and heat transfer characteristics of the system were
studied, respectively. In the flow characteristics, the driving force of the
system could be attributed to the relative static pressure change in the
cause of natural convection, but also to a measure of flow strength of
the key factors. Airflow velocity was a direct reflection of the flow of
speed, and can visually show the impact of spray on the flow of the
system. Then, the temperature characteristics of the system also played
a vital role in natural convection. Considering the parameters of the
performance of seawater desalination, the change of air relative hu-
midity, the change of water content, and the change of condensed water
in the different amount of spray droplets needs to be examined.

4.1. Comparisons of flow performance

Fig. 5 shows the relative static pressure distributions of the SCS
under different mass flow rate of spray droplets. Fig. 5 shows that the

(a) y=0 plane (b) Chimney-collector local area 

Fig. 2. Grid distributions: (a) y = 0 plane; (b) Chimney-
collector local area.
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relative static pressure of the external environment of the system de-
creases with increasing altitude, and the distribution level was rela-
tively clear: the environment was basically in a stable state. The setting
of the SCS, on the one hand plays the role of blocking the flow of the
environment and results in a change of the relative static pressure field
of the local environment. On the other hand, the relative static pressure
inside the chimney increases with height. Moreover, it can be found
that at the bottom of the chimney an area exists with relatively high
static pressure, which is a stagnation zone. In general, the stagnation
zone was generated at the local zone due to the chimney effect, and the
region's air velocity was very small, while the airflow temperature was
higher. A relatively small static pressure value could be observed above
the stagnant zone. In fact, the driving force of the chimney system was
caused by the pressure difference between the ambient pressure and the
internal pressure of the system, which could drive the thermal airflow
to rise up the chimney, and the minimum static pressure can sometimes
reflect the flow strength. Due to the effect of ambient crosswinds, the
stagnation zone appeared on the right side of the bottom of the
chimney, while the minimum static pressure appeared at the left side of
the bottom of the chimney and decreased with increasing amount of
spray droplets. Overall, the pressure difference between the surround-
ings and the system decreased with the increasing amount of spray
droplets. This was because the latent heat of evaporation of the spray
droplets consumed the heat of the thermal airflow, resulting in a de-
crease in the driving force in the system, and a weakening of the natural
convection, as shown in Fig. 5(a)–(c), the corresponding amounts of
spray droplets were 0 kg/s, 0.1 kg/s, and 0.3 kg/s, respectively. Fur-
thermore, the condensation phase transformation did not occur by
monitoring the airflow at the exit of the chimney.

In Fig. 5(d), the corresponding amount of spray droplets was 0.5 kg/
s, and it was found that the condensation phase transformation oc-
curred inside the chimney. Fig. 5(d) showed that the relative static
pressure difference of the SCS and the ambient changed relatively fast.
The relative static pressure of the ambient was still decreasing with
increasing altitude, at a more obvious distribution level. The relative
static pressure distribution inside the chimney was obviously different
from that of the first three graphs with smaller amounts of spray dro-
plets. The relative static pressure decreased with increasing chimney
height, and the position of the stagnation zone at the bottom of the
chimney was towards the right, the relative static pressure distribution
inside the collector had also changed. In general, when the amount of
spray droplets increased to a phase change that caused the airflow in-
side the chimney to undergo condensation, the difference between the
ambient and the SCS decreased, which may cause a weakening of the
air flow within the system. At the same time, the relative static pressure
of the entire system will change.

Fig. 6 shows the distribution curve of the relative static pressure
along the chimney height with different amounts of spray droplets.
When the amounts of spray droplets were 0 kg/s, 0.1 kg/s, 0.3 kg/s,
and 0.4 kg/s, the relative static pressure at the bottom of the chimney
had a minimum. With increasing amount of spray droplets, it can be
clearly seen that the minimum static pressure increased, i.e., the spray
droplets once injected and completely evaporated will affect the flow
within the system. Along the height of the chimney, the relative static
pressure continued to increase until near the chimney exit (about 210 m
height in the figure). Then, under the effect of the ambient crosswind,
the relative static pressure maintained consistent with the ambient
pressure. The relative static pressure values in the case of these four
amounts of spray droplets were combined into a curve and did not
change as the height increased.

When the amount of spray droplets was 0.5 kg/s, it was clear that
the original minimum static pressure of the relative static pressure
curve disappeared. The relative static pressure after passing through the
bottom of the chimney was still decreasing with increasing height;
however, the magnitude of the reduction did not begin to be so intense
at the bottom of the chimney. Moreover, at the farther exit of the

(a) Qd=0 kg/s 

(b) Qd=0.1 kg/s

(c) Qd=0.3 kg/s 

(d) Qd=0.5 kg/s 

Fig. 5. Relative static pressure distributions under different mass flow rates of spray
droplets.
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chimney (about 225 m in the figure), the curve converged with the
preceding four curves, i.e., the relative static pressure was consistent
with the environment.

Generally, when the amount of spray droplets increased, the relative
static pressure distribution inside the chimney was noticeably affected,
and the relative static pressure difference between the inside and the
outside of the system decreased, which will weaken the flow intensity
in the system. The reason for this phenomenon is that, the increase in
the amount of spray will cause the vapor to absorb more latent heat of
vaporization during the evaporation process and thus reduce the air
temperature in the system. When the amount of spray droplets in-
creased to the point where a condensation phase change occurred in-
side the chimney, the relative static pressure distribution will change
greatly, which may lead to a deterioration in the flow performance of
the system. Therefore, it is necessary to further analyze the flow per-
formance in the system under different amounts of spray droplets.

Fig. 7 shows the average air velocity distributions of the SCS under
different mass flow rates of spray droplets. When the inflowing wind
approached the solar chimney, a strong elevated trailing vortex system
was generated, and flow separation and strong turbulence exist near the
top of the chimney. Thus, the flow field in the ambient was disturbed by
the blockage of the chimney. The average air velocity leeward of the
chimney was very low, in which a “shadow area” formed. However,
because the diameter of the chimney was also relatively small, the
“shadow area” on the ambient flow field could be neglected. The air
near the collector flowed towards the center of the collector under the
stack effect, while at the same time, it was heated by the ground so that
the air temperature gradually increased. Due to the effect of the am-
bient crosswind, the velocity distributions in the collector showed that
the wind speed of the windward side was large, while that of the lee-
ward side was smaller. The heated air was sucked into the chimney, and
the updraft reached the peak value of the velocity at the bottom of the
chimney; then, it steadily rose along the chimney and eventually flowed
out. As can be seen from Fig. 7, under the effect of ambient crosswind,
the velocity peak area (red area) at the bottom of the chimney was
significantly tilted to the right, while the left side of the airflow rate was
relatively low. Therefore, the ambient crosswind will have a greater
impact on the airflow within the solar system.

When the amounts of spray droplets were 0 kg/s, 0.1 kg/s, and
0.3 kg/s, respectively, the average velocity distributions of air across
the system and the ambient were almost identical. The only difference
was that with increasing amount of spray droplets, the maximum ve-
locity of air in the system was slightly reduced, reflecting that the in-
crease in the amount of spray droplets weakened the air flow within the

0 30 60 90 120 150 180 210 240 270 300
-90

-80

-70

-60

-50

-40

-30

-20

-10

0

R
el

at
iv

e 
st

at
ic

 p
re

ss
ur

e 
(P

a)

Position (m)

Qd=0 kg/s
Qd=0.1 kg/s
Qd=0.3 kg/s
Qd=0.4 kg/s
Qd=0.5 kg/s
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(a) Qd=0 kg/s 

(b) Qd=0.1 kg/s 

(c) Qd=0.3 kg/s 

(d) Qd=0.5 kg/s 

Fig. 7. Air velocity distributions under different mass flow rates of spray droplets.
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system, but the magnitude of the weakening was low. However, when
the amount of spray droplets was 0.5 kg/s, a condensation phase
transformation occurred inside the chimney, significantly weakening
the flow within the system. The velocity peak area (read area) was still
observed near the bottom of the chimney, but the air speed was closer
to the ambient wind speed.

To quantitatively analyze the air velocity in the chimney, Fig. 8
shows the average air velocity profiles of the updraft along the
chimney. When the amounts of spray droplets were 0 kg/s, 0.1 kg/s,
and 0.3 kg/s, the average air velocity profiles along the chimney were
similar: the airflow reached a peak velocity at the bottom of the
chimney, and then a sharp drop in the height of about 60 m was ob-
served; after that, the velocity tended to be stable and the airflow
steadily increased inside the chimney. At the exit of the chimney, the
velocity of the airflow dropped sharply and four curves reached the
lowest velocity at the same height (near 210 m in the figure). The dif-
ference between the four velocity profiles was: with the increasing
amount of spray droplets, the velocity curve was declining because the
flow performance of the system weakened; however, the magnitude of
the weakening was relatively small. However, when the amount of
spray droplets was 0.5 kg/s, it was found that the velocity curve was
reduced greatly. The average air velocity will still reach the peak speed
at the bottom of the chimney, but compared to the first four cases, the
peak speed was much smaller. After the updraft tended to be stable in
the chimney, the value of the velocity was low with only about 2.5 m/s.
Then the air velocity began to sharply increase near the exit of the
chimney, and eventually rose until the ambient wind speed, with the
first four curves together into the same curve. Therefore, when the
bottom of the chimney was sprayed for humidification treatment, and if
the updraft inside the chimney was not condensed, the increase in the
amount of spray droplets would gradually weaken the flow perfor-
mance within the system; however, the magnitude of the weakening
was not significant. However, when the amount of spray droplets
reached the condensation phase transition, it occurred inside the
chimney and the flow within the chimney was comparatively weak. The
reason may be that the amount of dissipated heat when the spray
droplets evaporated was much higher than the heat released during air
condensation. Therefore, the air temperature sharply reduced and the
driving force of the SCS weakened, thus causing the flow within the
system to weaken.

4.2. Comparisons of temperature characteristics

To further analyze the cause of the deterioration of the flow per-
formance of the SCS after spraying, Fig. 9 shows average air tempera-
ture distributions of SCSs under different mass flow rates of spray
droplets. When the ground absorbed solar radiation and heated the air
inside the collector, the air temperature inside the system increased,
thus the air density was below that of the ambient, and an updraft was
generated in the chimney. The air near the collector gradually flowed to
the center under the stack effect, and the air temperature at the leeward
side of the collector was higher due the effect of ambient crosswind, as
shown in Fig. 9. When warmed air flowed to the center of the collector,
the air temperature was very high. Then, the warmed air flowed up the
chimney via the buoyant force, and the air temperature decreased with
increasing chimney height. However, since in this study the height of
the chimney was low, the temperature change of the airflow was not
significant. As the updraft passed through the exit of the chimney, it
rapidly converged with the ambient crosswind, and the temperature of
the updraft was gradually reduced to ambient temperature not far from
the chimney outlet. In summary, when the amounts of spray droplets
were 0 kg/s, 0.1 kg/s, and 0.3 kg/s, the temperature change of the
updraft inside the chimney was not obvious. When the amount of spray
droplets was 0.5 kg/s, the average temperature of the updraft rapidly
decreased as it passed through the bottom of the chimney (where the
spray droplets were injected) and reached a much closer value that the

ambient air temperature. The temperature drop of the air in the
chimney and the high relative humidity affected the condensation of
the air in the chimney.

As a consequence, if the air inside the chimney was to be condensed,
the air temperature after the spray would be low enough to reach the
dew point; however, this would reduce the temperature difference be-
tween the system and the ambient, thus weakening the flow perfor-
mance of the system.

To investigate the effect of different amounts of spray droplets on
the temperature distributions of updraft along the chimney, Fig. 10
shows the average air temperature profiles of updraft in the height
direction of the chimney. The ground absorbs solar radiation and heats
the air inside the collector; consequently, the air temperature near the
ground was maximal at about 309 K. At a very short distance from the
bottom of the chimney, the temperature of the updraft was rapidly
reduced because the updraft had passed through the stagnant zone, in
which the air temperature was higher and air velocity was lower.
Afterwards, the updraft steadily increased in the chimney, and the air
temperature slowly decreased as the chimney height increases. At last,
not far from the chimney exit, the air temperature rapidly dropped to
ambient temperature. In general, the air temperature profiles of the
updraft in the chimney were generally consistent with the amount of
spray droplets, and as the amount of spray increased, it became clear
that the air temperature profile decreased. In other words, more heat
was utilized by the evaporation of spray droplets, resulting in the fact
that air temperature continued to decrease. When the amount of spray
droplets reached 0.5 kg/s, the air temperature reached the dew point
inside the chimney, and a condensation phase transformation occurred
during the air ascending process. However, the condensed latent heat
seemed insufficient to compensate for the heat of the evaporation of
spray droplets and consequently, the temperature curve was very low.

In summary, when the thermal airflow was sprayed and humidified,
the air temperature was inevitably reduced, and only the airflow
reached the dew point during the rise inside the chimney, the con-
densing phase transformation was able to occur and precipitate fresh-
water at this time. This reduced the temperature difference between the
system and the ambient, resulting in deterioration of the flow perfor-
mance of the SCS. The reduction of air temperature will be a pre-
requisite for the desalination of solar chimneys. Thus, more detailed
studies are required on the desalination performance of the SCS.

4.3. Comparisons of desalination performance

The above analysis shows that with the increasing amount of spray
droplets, the flow and temperature characteristics of the SCS changed
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significantly, lowering the air temperature, and decreasing the flow
rate. Thus, the weakening of the flow performance of the system caused
a reduction of airflow rate, which was very unfavorable for the tradi-
tional SCS power generation performance. Therefore, the reader may
pose the question of whether the effects of the flow and temperature
characteristics on the desalination performance of the SCS were fa-
vorable or unfavorable.

Fig. 11 shows the mass fraction distributions of moisture in the air
under different mass flow rates of spray droplets. Fig. 11 shows that
with the evaporation of spray droplets at the bottom of the chimney, the
moisture content of the air also changed. When the amount of sprayed
water was insufficient to cause the condensation of the air inside the
chimney during the ascending process, the air moisture content at the
inlet of the chimney was significantly higher and the “evaporation
zone” appeared at the bottom of the chimney, where the moisture had
completely evaporated within this zone. After the spray droplets had
evaporated completely, the resulting humidity rose and cooled down
along the chimney via the buoyancy force, and the moisture content of
the air remained constant during this process. When the updraft flowed
through the chimney exit and into the ambient, due to the mixing of dry
air in the vicinity, the moisture content of updraft flow was consistent
with that of the ambient at a distance not far from the chimney outlet,
as shown in Fig. 11(a). When the amount of spray droplets was 0.3 kg/
s, the moist air flowed along the ambient crosswind with a certain
degree of curvature after flowing out of the chimney, and the moisture
content of air in the flow area was significantly higher than that of the
ambient. Therefore, this process on the one hand made it possible to
change the local environment of the microclimate. On the other hand,
the increase of the moisture content of air also contributed to the en-
hancement of precipitation in the local area around the system, as
shown in Fig. 11(b). Moreover, it can be found that when the amount of
spray droplets was 0.5 kg/s, the moisture content of the air inside the
chimney was significantly higher than in the first two cases, and the
curvature of the outflow in the environment was lower than that of the
first two cases. The increase of the amount of spray droplets increased
in the moisture content in the air, and the air density increased as
temperature was lowered. However, the increase in the amount of spray
droplets also caused the flow inside the chimney to weaken and the
flow rate of updraft was thus reduced; therefore, the chimney outflow
was lower than that of the first two cases with lower amounts of spray
droplets. However, from another point of view, it may be more con-
ducive to improve the local microclimate and to increase the

(a) Qd=0 kg/s 

(b) Qd=0.1 kg/s 

(c) Qd=0.3 kg/s 

(d) Qd=0.5 kg/s 

Fig. 9. Air temperature distributions under different mass flow rates of spray droplets.
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precipitation of the local area, thus this needs to be verified in a future
study.

Fig. 12 shows the three-dimensional iso-surface distributions of the
moisture content of air in the SCS under different mass flow rates of
spray droplets. With the increase of the amount of sprayed liquid dro-
plets, the flow pattern of the chimney outflow showed an inconsistent
distribution in the environment. Furthermore, the flow distance of the
chimney outflow was farther and the air moisture content in the flow
area was higher. The above analysis showed that the flow in the
chimney was weakened when the amount of spray droplets increased.
Therefore, it can be concluded that the influence of air moisture content
of chimney outflow on the environment was that the effect on the mi-
croclimate of the local environment did not decrease with the decrease
of the flow intensity in the system, but rather increased with the in-
crease of the amount of spray droplets. This was because the increase in
the internal flow of the chimney facilitated the updraft in the chimney
to reach a higher height after the flow passed through the exit of the
chimney, i.e., higher curvature of the outflow. The outflow to the
nearby local area environment was determined by the ambient cross-
wind; therefore, when the ambient crosswind conditions were constant,

a higher amount of spray droplets will increase the moisture content in
the air and have a greater impact on the local environment. However,
increasing the diameter of the chimney may be beneficial to increase
the lateral flow area of the chimney outflow, thus increasing the in-
fluence of the SCS on the local environmental microclimate.

Fig. 13 shows the relative humidity distribution of the air in the
height direction of the chimney for different amounts of spray droplets.
When the air inside the collector was heated by the ground that ab-
sorbed the sun radiation, the air temperature increased as well, and the
relative humidity was correspondingly reduced; RH was only about
32.5% at the entrance of the chimney. With the complete evaporation
of the spray droplets at the bottom of the chimney, the relative hu-
midity of the air rapidly increased, and the higher amount of spray
droplets leads to an increase of relative humidity, as shown in Fig. 13.
At the same time, the magnitude of the increase of air relative humidity
was not linear with the amount of spray droplets, but showed different
sensitivities. When the amount of spray droplets was 0.1 kg/s, air re-
lative humidity was small and increased along the height of the
chimney. When the amounts of spray droplets were 0.3 kg/s and
0.4 kg/s, the air relative humidity was comparatively large, and still

(a) Qd=0.1 kg/s 

(b) Qd=0.3 kg/s 

(c) Qd=0.5 kg/s 

Fig. 11. Mass fraction of moisture in the air distributions under different
mass flow rates of spray droplets.
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increased in the direction of the chimney height. When the amount of
spray droplets was 0.5 kg/s, the air relative humidity quickly climbed
to near 100%, while at the same time, the water droplets evaporated
and the air inside the chimney tended to be saturated. That is, when the
amount of spray droplets was in the range of 0.4–0.5 kg/s, the air re-
lative humidity inside the chimney could reach 100% in the rising
process. The relative humidity was always maintained at 100% when
the air increased inside the chimney and condensation phase transfor-
mation occurred. After updraft through the chimney outlet, the air

relative humidity was quickly consistent with the relative humidity of
the ambient in the height direction. These analyses suggest the con-
clusion that the evaporation of the spray droplets improved the relative
humidity of the air inside the chimney and reduced the condensation
height of the air moisture to a lower height, as shown in Fig. 13. When
the amount of spray droplets was 0.5 kg/s, the condensation height
inside the chimney was only about 15 m, while it was higher for lower
amounts of spay droplets.

When the spray droplets had completely evaporated, the relative
humidity of the ascending airflow in the chimney was greatly im-
proved. In the process of increasing the thermal airflow, the enthalpy
loss of the air was constantly changing into the potential energy of
gravity, so that the air temperature along the way decreased, and the air
relative humidity continued to increase. If the relative humidity ex-
ceeded 100%, i.e., as the condensation level was reached, saturated air
would undergo condensation phase transformation. If however, the
condensation level was below the chimney height, the air would con-
dense inside the chimney. Here, it was defined that the amount of
condensed water inside the chimney was:

= + −Q Q Q Qcons inlet d outlet (25)

where Qinlet represents the air mass flow rate at the inlet of collector,
Qoutlet represents the air mass flow rate at the exit of the chimney.

Fig. 14 shows the chimney outlet flow rate and the condensed water
for different amounts of droplet spray. With increasing amount of spray
droplets, the chimney outlet flow rate decreased. When the amount of
spray droplets had not been able to cause the air to undergo con-
densation phase transformation inside the chimney, the chimney outlet
flow rate slightly decreased and maintained a high linear relationship.
Fig. 14 shows that when the amount of spray droplets was sufficient to
enable the condensation phase transformation of the humid air inside
the chimney, the chimney outlet flow rate decreased sharply, and the
flow performance of system was greatly weakened. After the amount of
spray droplets exceeded 0.5 kg/s, the chimney outlet flow rate began to
smooth and decreased; however, when the amount of spray droplets
was 0.8 kg/s, the chimney outlet flow rate was very low with only
about 58.6 kg/s. At the same time, air velocity was as low as 1.6 m/s;
therefore, if we continued to increase the amount of spray droplets, it
would potentially stop the flow of the SCS. In summary, the chimney
outlet flow curve can reflect the change in the flow performance of the
SCS as the amount of spray droplets increased. In the condensed water
curve, when the amount of spray droplets was below 0.5 kg/s, the
amount of condensed water inside the chimney was 0. I.e., the amount
of spray droplets was not sufficient to cause condensation of air inside
the chimney. When the amount of spray droplets was more than 0.5 kg/

(a) Qd=0.1 kg/s

(b) Qd=0.3 kg/s

(c) Qd=0.5 kg/s

Fig. 12. Three-dimensional iso-surface distributions of the moisture content of air in the
SCS under different mass flow rates of spray droplets.
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s, the condensed water curve increased almost linearly with the in-
creasing amount of spray droplets. In other words, even if the chimney
system's flow performance was weakened as the amount of spray dro-
plets increased, the amount of condensed water would still maintain a
good output trend, and the condensed water would directly reflect the
output performance of seawater desalination. Thus, as the amount of
spray droplets increased, the amount of freshwater produced by the SCS
was increasing and the rate of increase was almost constant.

To clearly describe the desalination performance of SCS, Fig. 15
shows the condensation efficiency curves of chimney system under
different amounts of spray droplets. The condensation efficiency is the
ratio of the condensed water to the amount of spray droplets:

=η Q
Qcons
cons

d (26)

As can be seen from Fig. 15, when the amount of spray droplets was
sufficient to initiate air condensation inside the chimney, the con-
densation efficiency gradually increased with increasing amount of
spray droplets. Although from the slope of the curve, the increase in the
rate of condensation efficiency decreased with the amount of the spray
droplets, but in general, the increase in the amount of spray droplets
was conducive to improving the desalination efficiency of the SCS.

5. Discussion

Due to the presence of an unstable environmental lapse rate in the
atmosphere, the updraft of the SCS could cool down along the chimney
and spontaneously precipitate condensated water, thus providing the
possibility of recovering and collecting fresh water from the air.
However, the air temperature reduction or the air relative humidity
increment produced by the environmental lapse rate was apparent only
when the chimney was sufficiently high. In this case, it was possible to
allow the updraft inside the chimney to reach the lifting condensation
level, resulting in the occurrence of condensation conditions. Therefore,
the actual construction of a tall chimney is a matter that poses problems
of high costs and engineering feasibility, and even conducting the re-
levant experimental work to further validate the practical application of
fresh water generation remains difficult. For this reason, although Starr
and Anatii et al. [38,39] proposed to partially replicate the natural
warm wet air convection process inside the chimney to recover liquid
water from air in 1971, research on this issue has rarely been reported
during the past decades. In our previous work [42], through the pri-
mary theoretic modeling and sensitivity analysis of the SCPPS, which

combined the functions of power generation and water production, we
found that the air relative humidity at the chimney inlet had a sig-
nificant influence on the condensation level and the amount of con-
dense water. More encouraging is that a few hundred meters of chim-
neys can even precipitate condensate water. As a result, the problem
focuses on one point: a method to increase the relative humidity of the
airflow when entering the chimney. In this article, the provided sug-
gestion is the use of seawater or of brackish water. The thermal airflow
at the chimney inlet is water sprayed and wetted via pumping or other
means, so that the wet warm air would be brought closer to the satu-
rated state. The idea of recovering water from the air thus transformed
into a method for seawater desalination. This is expected to reduce the
chimney height, thus reducing the chimney construction costs and the
corresponding technical problems. Satisfyingly, the numerical results of
a plant of the same size of the Manzanares pilot model were in line with
expectations.

Most the existing literature presented the theoretical calculation for
the SCPPS with a high chimney, and consequently tend to suffer from
apparent errors. In this article, through eliminating the errors caused by
various non-ideal boundary conditions, and by incorporating the am-
bient wind, solar radiation, environmental lapse rate, and spraying
conditions, the mathematical model of water droplet evaporation and
air condensation were established. In addition to analyzing the flow and
temperature distributions inside and outside the SCS, the seawater
desalination performance of this device was also analyzed.

The readers may pose the question whether this technique of water
harvest from ambient air will lead to a reduction in natural rainfall, this
resulting in related negative effects for natural environment. Actually,
rainfall enhancement due to power plants cooling towers has been
studied [50–52]. It can be argued that this situation is similar to the
damage caused by the artificial transformation of natural reservoirs,
such as irrigation and diversion channel, which began thousands of
years ago. Based on the sprayed humidification solution proposed in
this article, the SCS would no longer extract water from the ambient air,
but from human-made saturated air originating either from seawater or
brackish water, conducting to desalination. Through this sprayed hu-
midification solution, the chimney height can be greatly reduced, and
the method will be beneficial and harmless for the environment. In-
stead, such a SCS has the effect of improving local microclimate and
enhancing local rainfall.

In fact, the atmosphere is rich in freshwater humidity, and SCS is
not only a solar thermal application system able to achieve output
power, but also a concept for an artificial rainfall promotion device.
Particularly, on isolated islands, the only source of fresh water is de-
salination; therefore, the SCS can be used to achieve practical
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applications. Moreover, since it does not consume conventional energy,
low pollution, low running cost, high degree of fresh water, and en-
hancing the local rainfall has a greater practical value; consequently,
the proposed SCS for seawater desalination has a great practical value.
After the preliminary research and exploration of the idea of water
recovering from the air and seawater desalination for a plant of the
same size of the Manzanares pilot model was conducted in this article,
and future work could be gradually considered to add the time-varying
ambient factors (including ambient wind and solar radiation) and a
radiation model. However, two-channels within the chimney could also
be built [42], to achieve power generation and seawater desalination
functionality of the SCS. Finally, the most critical issue will be how to
balance the efficiency of power generation and the efficiency of sea-
water desalination, to achieve maximum efficiency of solar energy
utilization and to minimize the system cost. Moreover, constructing a
small feasible experimental structure would also be a practical way for
further validation from the scientific point of view.

6. Conclusion

In this article, through the idea of the introduction of seawater, the
warmed airflow under the solar collector of a SCPPS was sprayed and
wetted at the chimney inlet position, to achieve the purposes of redu-
cing chimney height and system cost to recover liquid water from the
air inside the chimney by partially replicating a natural warm wet air
convection process. The main conclusions are as follows:

(1) When the warmed airflow was sprayed and humidified, the air
temperature inevitably decreased, regardless of whether the air
condensed inside the chimney, resulting in a decrease in the tem-
perature difference between the system and the ambient, and a
weakening of the driving force and the system’s flow performance.

(2) When the ambient crosswind conditions remain constant, a higher
amount of spray droplets will increase the mass fraction of water in
the air, and the impact on the local environment microclimate;
evaporation of the spray droplets improved the relative humidity of
the air in the chimney, and reduced the condensation level to a
lower height.

(3) With increasing amount of spray droplets, the output water of SCS
increased, which was conducive to improving the desalination ef-
ficiency of the SCS.
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