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Numerical simulation of solar wind energy towers 
L. Hijazi, I. A. Fayssal, M. Darwish, and F. Moukalled 

Department of Mechanical Engineering, American University of Beirut, Beirut, Lebanon  

ABSTRACT 
A numerical investigation is conducted to study the performance of solar 
wind energy towers. The two-phase flow of air and water droplets in the tower 
is modeled following an Euler–Lagrange approach with air representing the 
continuous phase and water droplets the discrete phase. Results demonstrate 
that energy towers perform best in hot and dry environments. Water injection 
at the inlet to a tower increases the strength of the downdraft current with the 
rate of increase diminishing as the flow at exit approaches saturation. At a 
given water injection rate and tower diameter the downdraft strength 
increases as the height increases, while it is independent of the diameter at 
constant height. Energy analysis shows that for towers of low height the cost 
of electricity is expensive and commercially unfeasible, while it is cheap for 
towers of heights higher than 100 m. 
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Introduction 

A downdraft energy tower is a power plant that produces electricity in hot and dry climates. It is 
composed of a hollow cylinder, a spraying system placed at the top of the tower, and a pumping 
station and turbines located at the bottom of the arrangement. Water is sprayed across the inlet cross 
section of the tower and as droplets move with the air, evaporation takes place. Thus, the air inside 
becomes denser and cooler than the ambient air creating a downdraft within the enclosed space. 
At the bottom of the tower, the high velocity airflow drives turbines and generates electricity. As cool 
air descends, dry and warmer air is sucked in from the top making the process continuous. 

The concept of the energy tower was first introduced by Carlson [1] who suggested initiating a 
downdraft in a hollow duct by spraying water at its top and harnessing power from turbines located 
at its bottom. However, there were many flaws in Carlson’s patent that were tackled by Zaslavsky et al. 
[2]. Abhinava et al. [3] studied theoretically the factors impacting the exit velocity of a 500 m tower. 
Their analysis revealed the importance of the tower height, negative available potential energy, 
precipitation loading, and maximum horizontal momentum on performance. Similarly, Bauer and 
Gasser [4] modeled the transient flow and power production in an energy tower by reducing the 
one-dimensional Euler equations for a compressible humid air gas mixture into an asymptotic system 
of equations, which was solved numerically. 

The stream in the channel is a two-phase flow involving the gas and the droplet phases. The gas 
phase is multispecies composed of dry air and water vapor. The humidity ratio (i.e., the amount of 
water vapor per unit mass of dry air) increases as the air moves down the channel due to evaporation 
of the sprayed liquid water. To simulate the droplet transport and evaporation phenomenon, two 
routes have been followed that are denoted in the literature by the Euler–Lagrange (EL) [5–11] 
and the Euler–Euler (EE) [12–20] approaches. In both methods, the gas phase is represented in an 
Eulerian framework where the Navier–Stokes equations are solved. In the Euler–Euler approach, each 
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phase is treated in an Eulerian Framework with phases treated separately, but interactively. Both the 
spray and gas phases are solved using the same numerical procedure with the Navier–Stokes 
equations extended to incorporate interphase exchange coefficients representing the transfer of mass, 
momentum, and energy between phases. In the Euler–Lagrange approach, droplets represent the 
discrete phase, while the gas represents the continuous phase. Interphase exchange terms of mass, 
momentum, and energy appear in the Eulerian conversation equations and these sources are obtained 
by alternating iterations between equations representing both phases. The advantages of the LE 
method over the EE method for accurately simulating the evaporation process are highlighted by 
Subramaniam [21]. 

Experimental studies have been conducted on small scale energy towers, the passive downdraft 
evaporative cooling (PDEC) tower. This tower is a few stories high and the produced flow is used 
to cool and ventilate spaces rather than to generate electricity. Work reported in Refs [22–24]. used 
numerical simulation and adopted the LE method to predict airflows in PDEC towers. The objective 
of this work is to investigate the performance of solar wind energy towers. Since the cost of building 
an actual tower is prohibitive, a numerical approach is followed. The study differs from previously 
reported ones in analyzing the true performance of the tower. The considered tower is cylindrical 
in shape, the flow is assumed to be axisymmetric, and simulations are performed under steady state 
conditions. The conservation equations governing the flow, mass transfer, and heat transfer fields are 
solved in a LE framework using the FLUENT software package. The air mass flow rate produced in 
comparison with the amount of sprayed water is investigated. The predicted conditions at the exit of 
the tower, including velocity, temperature, density, and relative humidity under various ambient 
conditions and spray characteristics are reported. From these predicted conditions, the power that 
can be extracted from the wind stream exiting the tower is estimated. 

In the remainder of this article, the Euler–Lagrange approach, the physical situation, and the 
conservation equations governing the flow, heat, and mass transfer fields are first reviewed. This is 
followed by a description of the adopted numerical method, the developed user-defined function 

Nomenclature 

Ad droplet surface area (m2) 
Bm Spalding mass transfer number 
BT Spalding heat transfer number 
cp,d water droplet specific heat (J/kg K) 
CD drag coefficient 
dd water droplet diameter (m) 
D tower diameter (m) 
Dv diffusivity of water vapor in air (m2/s) 
E total energy (J/kg) 
h convection heat transfer coefficient (W/m2 K) 
H tower height (m) 
hfg latent heat of evaporation (J/kg) 
hv vapor enthalpy (J/kg) 
k turbulence kinetic energy (J/kg) 
md droplet mass (kg) 
_mair mass flow rate of the gas mixture (kg/s) 

Nu Nusselt number 
p pressure (Pa) 
Pr Prandtl number 
Q enhancement in mass flow rate 
r radial coordinate (m) 
Red Reynolds number based on the droplet 

diameter 
Sm source term in continuity and vapor mass 

fraction equations 
Sh source term in energy equation 

Sx source term in x-momentum equation 
Sr source term in r-momentum equation 
Sh Sherwood number 
Sc Schmidt number 
t time (s) 
T temperature (K) 
Tair air temperature (K) 
Td droplet temperature (K) 
Tref reference temperature for enthalpy (K) 
vd droplet velocity vector 
vx axial component of velocity (m/s) 
vr radial component of velocity (m/s) 
v velocity vector of the continuous phase 
Vair velocity of moist air (m/s) 
W humidity ratio (kgvapor/kgdryair) 
x axial coordinate (m) 
xd droplet position vector 
Yv mass fraction of water vapor in the gas phase 

Greek symbols 
ε turbulence dissipation rate (J/kg s) 
μ, μt laminar and turbulent viscosity (kg/m s2) 
λ effective thermal conductivity (W/m K) 
ρ air density (kg/m3) 
ρd droplet density (kg/m3) 
ϕ relative humidity   
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(UDF), and boundary conditions. Then the suggested model is validated by comparing its predictions 
with available measurements obtained from a small scale PDEC tower. The paper proceeds with a 
parametric study showing the effects of the injection rate, ambient conditions, droplet diameter, 
and tower height and diameter on tower performance. The article ends with a section on energy 
analysis showing the electric power that can be produced and its cost. 

Euler–Lagrange approach 

The flow in the current study is composed of two phases denoted by the discrete and the continuous 
phase. The discrete phase is composed of droplets of liquid water while the continuous/gas phase is 
made up of two species, which are air and water vapor. In the Euler–Lagrange approach [5–11], the 
gas phase is predicted by solving its transport equation in an Eulerian reference frame while the 
discrete dispersed phase is solved in a Lagrangian reference frame. Interphase exchange terms appear 
as sources in the time averaged Navier–Stokes equations in the continuous phase, which express the 
exchange of mass, momentum, and energy with the discrete phase. The fully turbulent flow is 
assumed to be steady and axisymmetric and the spray of water is dilute with spherical droplets. Water 
evaporation is assumed to be slow, convection–diffusion controlled, and of constant latent heat. 

Physical situation and conservation equations 

The physical situation can be described by referring to Figure 1. As air enters the domain (the 
continuous gas phase), liquid water is sprayed in the form of droplets into the flowing stream. The 
droplets moving with the air evaporate and decrease in size. Two sets of mass, momentum, and 
energy equations are required to predict the flow, heat, and mass transfer fields. One set for the 
continuous gas phase written in an Eulerian reference frame and a second set for the discrete droplet 
phase expressed in a Lagrangian reference frame. An additional equation to track the mass fraction of 

Figure 1. (a) Physical and (b) computational domain for the solar wind energy tower.  
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water vapor is also needed. Moreover, as the flow is assumed to be turbulent, additional equations to 
compute the Reynolds stresses are necessary. In this work the standard k � ε model [25] is adopted 
for the gas phase, while for the discrete phase the dispersion of droplets due to turbulence is 
accounted for using the stochastic tracking approach based on the integral time scale. Neglecting 
interaction between droplets, the flow field is described by the transport equations presented next. 

Continuous phase equations 

In the continuous gas phase, the equations representing the conservation of mass, momentum, 
energy, and mass fraction of the water vapor in axisymmetric coordinates are solved. To quantify 
turbulence, the k and ε equations of the Standard k � ε turbulence model are appended to the 
conservation equations, leading to the following extended system of Reynolds-averaged Navier– 
Stokes equations: 
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The source terms Sm, Sx, Sr, and Sh appearing in the continuity (Eq. 1), momentum (Eqs. 2 and 3), 
energy (Eq. 4), and vapor mass fraction (Eq. 5) equations represent the interphase exchange terms 
between the continuous and discrete phases and will be summarized in a later section. Detailed 
explanations can be found in ANSYS FLUENT theory guide [26]. 
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Discrete phase equations 

In the discrete phase, the trajectory, velocity, and temperature of the droplets are calculated by 
integrating their respective equations, written in a Lagrangian reference frame, over the discrete phase 
time step. These equations are given by 

dxd

dt
¼ vd ð8Þ

dvd

dt
¼ FD v � vdð Þ þ g

qd � qð Þ

qd
þ F ð9Þ

mdcp;d
dTd

dt
¼ hAd Tair � Tdð Þ þ

dmd

dt
hfg ð10Þ

The trajectory of the droplet is obtained by integrating Eq. (8) over time, while its velocity at each 
point along the trajectory is predicted by integrating Eq. (9) over discrete time steps. The droplet 
momentum equation (Eq. 9) represents a balance between inertia of the droplet (the term on the 
left-hand side) and the forces acting on it (the terms on the right-hand side). The first two terms 
on the right-hand side of Eq. (9) represent the drag and buoyancy forces. The force F accounts for 
all other forces, which may include the virtual mass and the pressure gradient forces. These forces 
are important and should be added when q=qd � 0:1. Since for the considered case q=qd � 10� 3, 
these forces are neglected. The coefficient FD of the drag force is computed as 

FD ¼
18m
qdd2

d

CDRed

24
ð11Þ

where the drag coefficient CD is calculated using the relation developed by Morsi and Alexander [27] 
as 

CD ¼ a1 þ
a2

Red
þ

a3

Re2
d

ð12Þ

The values of a1, a2, and a3 depend on the droplet Reynolds number Red, which is computed based 
on the droplet diameter dd and the relative velocity between the droplet and the surrounding air as 

Red ¼
qairdd vd � vairj j

m
ð13Þ

The droplet temperature is predicted from Eq. (10), which relates the sensible heat change in 
the droplet (the term on the left-hand side) to the convective (first term on the right-hand side) 
and latent heat transfer (second term on the right-hand side) between the droplet and the 
surrounding air. The rate of evaporation is computed using the convection-diffusion mass transfer 
model [28, 29] as 

dmd

dt
¼ kcAdqairLn 1þ Bmð Þ ð14Þ

where kc is the mass transfer coefficient and Bm is the Spalding mass transfer number obtained from 

Bm ¼
Yv;s � Yv;1

1 � Yv;s
ð15Þ

where Yv,s and Yv;1 are the vapor mass fraction at the droplet surface and in the bulk gas, respectively. 
The mass transfer coefficient (kc) is calculated from the Sherwood number (Sh) as [30, 31] 

Sh ¼
kcdd

Dv
¼ 2:þ 0:6Re1=2

d Sc1=3 ð16Þ
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where Sc is the Schmidt number defined by 

Sc ¼
m

qDv
ð17Þ

The convection heat transfer coefficient in Eq. (10) is computed as [30, 31] 

Nu ¼
hdd

k1
¼

Ln 1þ BTð Þ

BT
2:þ 0:6Re1=2

d Pr1=3
� �

ð18Þ

where Pr ¼ mcp=kair is the Prandtl number, kair is the air thermal conductivity, and BT is the Spalding 
heat transfer number set equal to Bm. 

The dispersion of particles due to turbulence is evaluated using a stochastic tracking model. In this 
approach the effects of the turbulence of the gas phase on the droplet motion is accounted for using in 
Eq. (9) the actual gas velocity vector v, which is the sum of an average �v and a fluctuating v0 part, i.e., 

v ¼ �v þ v0 ð19Þ

Since a two-equation k � ε turbulence model is used for the gas phase, the solution of the 
continuous phase equations allows predicting �v. In the random walk model, the fluctuating part v0
is sampled by a Gaussian probability distribution function as 

v0x ¼ n

ffiffiffiffiffi

v02x
q

v0r ¼ n

ffiffiffiffiffi

v02r
q

ð20Þ

where ξ is a normally distributed random number, and 
ffiffiffiffiffi

v02x
q

and 
ffiffiffiffiffi

v02r
q

are the local RMS values of 
velocity fluctuations and are represented as 

ffiffiffiffiffi

v02x
q
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q
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2k
3

r

ð21Þ

In addition, each eddy is also represented by a characteristic lifetime τe given by 

se ¼ 2TL ð22Þ

where TL is the Lagrangian time scale. For the k � ε model, this time scale is approximated as 

TL � 0:15
k
e

ð23Þ

Furthermore, the particle eddy cross time is defined as 

tcross ¼ � sLn 1 �
Le

s v � vdj j

� �

ð24Þ

where τe is the droplet relaxation time, and Le is the eddy length scale. The particle is assumed 
to interact with the fluid phase eddy over the eddy lifetime and the eddy crossing time. When 
this time is reached, a new value of the instantaneous velocity is obtained by applying a new value 
of ξ. 

Interphase coupling 

As mentioned earlier, the coupling between the continuous and discrete phases is accomplished 
through the source terms appearing in the various continuous phase equations. 

The transfer of mass by evaporation from the discrete to the continuous phase is computed 
by evaluating the change in the mass of the droplet as it crosses an element using the following 
equation: 

Sm ¼
Dmd

md;0
_md;0 ð25Þ
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where _md;0 is the initial mass flow rate of injected droplets, md, 0 is the initial mass of the droplet, and 
Dmd represents the change in the mass of the droplet as it moves through an element, i.e., the 
difference in the mass of the droplet between the inlet and outlet of an element. 

Similarly, the exchange of momentum appears in the continuous momentum equation in the form 
of the source term SM, which is calculated as 

SM ¼ Sxex þ Srer ¼ FD v � vdð Þ þ g
qd � qð Þ

qd

� �

_mdDt ð26Þ

where _md is the droplet mass flow rate, and Δt is the time step. 
Finally, the volumetric heat source Sh appearing in the energy equation represents the heat transfer 

from the continuous phase to the discrete phase as a droplet passes through a cell, and is computed as 

Sh ¼
�md

md;0
cp;dDTd þ

Dmd

md;0
� hfg þ

Z Td

Tref

cp;ddT
� �� �

_md;0 ð27Þ

where �md is the average mass of the particle in a cell. 

Model description 

Numerical method 

The problem is solved using the FLUENT commercial CFD package, which adopts a cell centered 
finite volume method [32, 33] for the discretization of the continuous phase equations. Therefore, 
the computational domain is decomposed into many nonoverlapping cells and solutions are obtained 
at their centroids. The conservation equations (1)–(7) are integrated over each element in the domain 
and transformed into algebraic equations. The collection of these algebraic equations over the entire 
computational domain results in systems that are solved for the unknown variables. The coefficients 
of these algebraic equations are composed of contributions resulting from the discretization of the 
various terms in the original conservation equations. Convection and diffusion fluxes are evaluated 
at the faces of the cells, while sources are computed at element centroids. The diffusion term is 
decomposed in the contravariant directions [34, 35] with the part in the direction of the line connect-
ing the centroids of the elements straddling the face discretized implicitly using a second-order 
central difference scheme, while the nonorthogonal part treated explicitly following a deferred 
correction approach. The convective fluxes are approximated using a second-order upwind scheme 
also implemented using the deferred correction practice [36]. Mass flow rates at elements faces are 
calculated using the Rhie–Chow interpolation technique [37] to eliminate the possibility of formation 
of checkerboard fields. The pressure–velocity coupling is resolved using the SIMPLE algorithm [38]. 

Before computing the discrete phase trajectory and obtaining the discrete phase source terms, the 
flow field is first initialized. The set of coupled ordinary differential equations of the discrete phase are 
solved by stepwise integration over discrete time steps using a semi-implicit trapezoidal scheme. The 
continuous phase is then calculated with the inclusion of the source terms adopted from the discrete 
phase. The discrete phase is then recalculated using the new flow field of the continuous phase. The 
process is repeated until a converged solution is achieved. 

User-defined function 

A UDF to calculate moist air density, overwrite the buoyancy forces calculated by the code, and extract 
additional psychrometric variables not computed in the package is written and hooked to FLUENT. 

Mixture density 

For psychrometric calculations, quantities are computed based on a unit mass of dry air (not unit 
mass of the mixture). The humidity ratio (W) represents the mass of water vapor per unit mass of 
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dry air and is computed in each cell as 

W ¼
Yv

1 � Yv
ð28Þ

The density of dry air qdry air is calculated using the well-known ideal gas equation of state. Making 
use of W and qdry air, the density of moist air is extracted using 

qmoist air ¼ qdry air
1þW

1þ 0:609�W
ð29Þ

Buoyancy force 

The reference density qref is calculated at the reference temperature Tref using the ideal gas equation 
of state. Then the buoyancy force due to density difference is computed and added as a source term in 
the momentum equation according to 

Fbuoyancy ¼ g qmixture � qrefð Þ ð30Þ

Relative humidity 

An additional functionality of the UDF is the calculation of the relative humidity ϕ of the gas phase 
(i.e., moist air). Assuming moist air to behave as an ideal gas, ϕ is computed as [39] 

/ ¼ 100�
pw

pws
ð31Þ

where pw is the partial pressure of water vapor given by 

pw ¼
p�W

W þ 0:62198
ð32Þ

and pws is the partial pressure of water vapor at saturation, which depends on the dry bulb tempera-
ture T of the gas phase, and is computed for the range of temperature involved using the following 
relation [39]: 

pws ¼ exp
C8

T
þ C9 þ C10 � T þ C11 � T2 þ C12 � T3 þ C13Ln Tð Þ

� �

ð33Þ

where the coefficients can be found in [39]. 

Boundary conditions 

The tower considered in this study is a vertical hollow cylinder of height H and diameter D (Figure 1). 
Air enters at the top of the tower where water is sprayed. Wind catchers are used to direct the wind 
into the tower, which are not modeled in the current study. The flow is assumed to be axisymmetric. 
A total pressure is imposed at inlet with the velocity direction assumed normal to the inlet plane. 
Mathematically the total pressure po,H at inlet is given by 

po;H ¼ ps;H þ
1
2
qv2

wind;H ð34Þ

where ps,H is the static pressure at height H calculated following the US standard atmosphere model, 
and vwind,H is the prevailing wind speed at height H above the earth’s surface. Therefore, depending 
on the conditions at inlet to the tower, air may be accelerated or decelerated with static pressure trans-
formed into dynamic pressure and vice versa, leading to an increase or decrease in the air mass flow 
rate entering the tower. This is in essence the purpose of spraying water, which is expected to enhance 
the downdraft by increasing the entrained air mass flow rate at inlet. The air temperature and water 
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vapor in atmospheric air are also assigned values. For the droplet phase, the injected liquid water mass 
flow rate and temperature are given. Water is uniformly sprayed over the inlet cross-sectional area 
following a surface injection technique. For all cases, water droplets enter the domain at a tempera-
ture of 290 K. The no slip boundary condition is applied on the tower wall, which is assumed to be 
insulated. At outlet from the domain, a zero-normal gradient is applied on all variables. 

Model validation 

The model is validated by comparing its predictions with measured data reported in Ref [22]. from a 
PDEC test facility located in Catania, Sicily at the Conphoebus Institute. The facility, shown in 
Figure 2 [40], is composed of a Tower with dimensions 4.1 m � 4.4 m � 10.7 m, a wind catcher at 
the top, and two rooms connected at the north and south sides of the tower each 6 m � 3.6 m � 4 m. 

The wind catcher is composed of a metallic structure with two adjustable louvers of dimensions 
1.7 m � 3.7 m in the east-west direction to capture wind according to the prevailing wind direction. 
After wind is captured at the top, a straightener directs the wind toward a micronizer spray system 
composed of four circuits; each circuit has the number of nozzles shown in Table 1a, while each 
nozzle has a water flow rate of 7 L/h. The total number of nozzles is 20, giving the facility flexibility 
to inject water from 7 L/h up to 140 L/h. Depending on external ambient conditions and indoor 
requirements [40], an optimal flow rate is calculated and discharged by the spray system. The droplets 
are assumed to be 30 µm in diameter. 

Sensors placed at five different locations of the outlet section measure the temperature and relative 
humidity of the air exiting the tower. As shown in Table 1b, seven cases having different external 
ambient temperature (Tamb) and relative humidity /ambð Þ are considered [22]. Results generated 
by the model are compared in Figure 3 with measured data. Figure 3a compares predicted (Tp) 
and measured (Tm) average temperatures while Figure 3b reports a similar comparison between 

Figure 2. Passive downdraft evaporative cooling experimental test facility [40].  

Table 1a. The micronizer spray system of a PDEC test facility [22]. 
Circuit # # of Micronizers Total flow rate (L/h)  

1 2 14 
2 4 28 
3 6 42 
4 8 56 

PDEC, passive downdraft evaporative cooling.   
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Table 1b. Boundary conditions for the experimental facility [22]. 
Case Tamb (°C) /amb (%)  

1  31.7  62.9 
2  31.0  55.7 
3  32.5  50.7 
4  33.0  45.4 
5  36.9  29.0 
6  37.4  27.7 
7  37.9  28.0   

Figure 3. Comparison between measured [22] and predicted (a) average temperature and (b) relative humidity at exit from the 
PDEC tower. Note: PDEC, passive downdraft evaporative cooling.   
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predicted ð/pÞ and measured /mð Þ average relative humidity values at the exit of the PDEC tower. As 
shown, results are in good agreement with a maximum difference in temperature and relative 
humidity between predictions and measurements of 5.93 and 5.30%, respectively. 

Results and discussion 

The validated model is used to perform a parametric study on towers of different heights. The considered 
towers are hollow cylinders with their height to diameter ratio, unless otherwise stated, fixed at 2.5. Four 
towers of heights 20, 100, 400, and 1,000 m are investigated. For each tower the effects of varying the 
injection rate, droplet diameter, ambient air temperature, and outdoor relative humidity on performance 
is investigated. This is in addition to studying the influences of changing the tower height at fixed 
diameter and the tower diameter at fixed height on functioning. Exit conditions are evaluated at the 
outlet section before diverting the airflow into channels where the turbines are located. 

The grid independence of results is established by generating solutions in a 100 m tower using two 
meshes with sizes of 100,000 and 196,000 elements. Grid systems are generated by adopting a mapped 
face meshing technique with near wall refinement. The variations in air density, pressure, tempera-
ture, and axial velocity over the tower height are compared in Figures 4a–4d, respectively. As shown, 
results are on top of each other justifying the use of 100,000 elements. Similar tests performed for 
other heights confirmed that grid independent solutions for towers with heights of 20, 400, and 
1,000 m are obtained using grid systems with sizes of 32,000, 200,000, and 310,000 elements, 
respectively. 

A base case (BC) is considered against which the performance of the energy tower under other 
conditions is compared. The BC represents a hot and dry region with an outdoor temperature and 
relative humidity with values of 309.15 K and 13%, respectively. The droplet diameter and its 
temperature are considered to have the values 50 µm and 290 K, respectively. 

The base case is compared with two other conditions; the first is a cold and dry condition obtained 
from the BC by decreasing the outdoor temperature to 25°C (298.15 K), and the second is a hot and 
humid condition obtained from the BC by increasing the outdoor relative humidity to 50%. All other 
parameters are kept constant. 

Impact of injection rate 

Computations are performed to study the effects of varying the water mass flow rate on the 
performance of the solar wind energy tower for the hot and dry (BC), cold and dry, and hot and 
humid conditions. Predictions are reported in Figures 5–8 for an energy tower with height of 
20, 100, 400, and 1,000 m, respectively. Results show the variations, with varying the water injection 
rate, of the average air density (Figures 5a–8a), relative humidity (Figures 5b–8b), temperature 
(Figures 5c–8c), and velocity (Figures 5d–8d) at exit from the tower. Profiles presented in the figures 
indicate that the trend of results is independent of the tower height. 

As the water injection rate increases, the average moist air density (Figures 5a–8a), relative 
humidity (Figures 5b–8b), and velocity (Figures 5d–8d) increase, while its temperature decreases 
(Figures 5c–8c). Sensible heat is absorbed from the air by saturated liquid water to change phase 
to saturated vapor, which decreases the air temperature (Figures 5c–8c). A decrease in moist air tem-
perature and/or an increase in water vapor in moist air cause an increase in the air relative humidity, 
indicating that the capacity of moist air to hold more water vapor is decreasing. The rate of increase in 
relative humidity shown in Figures 5b–8b is seen to be higher than the rate of increase/decrease in 
other variables and this is due to the double effect caused by the decrease in temperature and the 
increase in the humidity ratio (i.e., the amount of water vapor in air). Once saturation is reached 
(i.e., ϕ becomes 100%) no additional liquid water can be evaporated, the temperature reaches its satu-
ration value (i.e., the wet bulb temperature of atmospheric air) and remains constant unaffected by 
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increasing the water injection rate. Since within the range of temperature and pressure used moist air 
can be treated as an ideal gas, a decrease in air temperature is associated with an increase in its density 
(Figures 5a–8a), knowing that the pressure at exit is constant (atmospheric) independent of the injec-
tion rate. The increase in the average velocity of the air at exit from the energy tower clearly demon-
strates the increase in the downdraft effect with an increase in the water injection rate (from 
continuity the average velocity of the air at inlet is only slightly different than the velocity at exit, 
see Figure 4d). Comparing Figures 5d–8d, velocity is the parameter affected by the channel height. 
The taller the tower, the higher is the air velocity. In all cases, as water injection rate increases the 
rate of change in exit conditions decreases because air cannot hold water beyond saturation. 

By comparing profiles within a plot in Figures 5–8, it is obvious that a larger amount of water 
evaporates when the air is hotter, as warmer air can hold more water vapor. Therefore, the ideal situ-
ation for evaporation is a hot and dry condition (i.e., the BC). Results show that the tower performs 
best under the BC conditions followed by the cold and dry conditions Tinlet ¼ 25�Cð Þ, and finally the 
hot and humid conditions /inlet ¼ 50%ð Þ. The highest average velocity is achieved with the hot and 

Figure 4. Comparison of air (a) density, (b) pressure, (c) temperature, and (d) axial velocity along the centerline of a solar wind 
energy tower of height 100 m and diameter 40 m generated using two grid systems with sizes of 100,000 and 196,000 elements.  
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dry weather conditions, reaching 4.51, 10.57, 21.01, and 33.17 m/s for an energy tower with height of 
20, 100, 400, and 1,000 m, respectively. Moreover, predictions demonstrate that saturation is achieved 
faster in a humid environment. This is to be expected as moist air enters the domain holding a larger 
amount of water than for other weather conditions. This is followed by the cold and dry conditions, 
with the hot and dry conditions (i.e., the BC) being capable of evaporating the largest quantity of 
water. 

Impact of ambient conditions 

In this section, the effects of varying the ambient temperature at constant relative humidity and 
varying the ambient relative humidity at constant temperature is investigated in an energy tower 
of height 20 m and diameter 8 m (H/D ¼ 2.5) for different injection rates. In the first set of results 
(Figure 9a) the outdoor relative humidity is fixed at 13% and the outdoor temperature is assigned 
consecutively the values of 20, 25, 30, and 36°C. In the second set of results (Figure 9b) the outdoor 

Figure 5. Effect of water injection rate on average air (a) density, (b) relative humidity, (c) temperature, and (d) velocity at exit 
from a solar wind energy tower of height 20 m and diameter 8 m.  
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temperature is fixed at 36°C and the outdoor relative humidity is assigned consecutively the values of 
13, 25, 50, and 75%. Figures 9a, b show the exit velocity as a function of outdoor temperature and 
outdoor relative humidity, respectively, for different values of the water injection rate. 

The strength of the downdraft is mainly driven by the difference in temperature between the 
outdoor air and the air flowing inside the tower. The amount of water that can be evaporated into 
air is limited by the difference between the dry bulb and wet bulb temperature (the process may 
be approximated as an evaporative cooling process occurring along a line of constant wet bulb 
temperature). 

At the lowest injection rate of 0.31 kg/s, all droplets evaporate in the upper part of the tower and 
the temperature drop over the range of ambient temperature varies between 5.1 and 5.3 for tempera-
tures of 20 and 36°C, respectively. This is translated into a negligible downdraft intensity difference 
ranging from 2.43 to 2.47 m/s (Figure 9a). By increasing the water injection rate for saturation to be 
achieved, the air temperature at saturation drops to its wet bulb temperature value. For an outdoor 
relative humidity of 13%, the wet bulb temperatures at dry bulb temperatures of 20, 25, 30, and 36°C 

Figure 6. Effect of water injection rate on average air (a) density, (b) relative humidity, (c) temperature, and (d) velocity at exit 
from a solar wind energy tower of height 100 m and diameter 40 m.  
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are 8.11, 11.1, 14, and 17.39°C, respectively. Consequently, the maximum possible drops in air tem-
peratures are 11.89, 13.9, 16, and 18.61°C, respectively. Therefore, at a given relative humidity, a 
higher ambient temperature leads to a higher cooling potential and eventually a stronger downdraft 
(Figure 9a). It is only at high injection rate that the difference in performance of the tower becomes 
evident. For instance, when the ambient temperature is 20°C, an injection rate of 0.94 kg/s brings the 
exit temperature very close to the wet bulb temperature. Therefore, any increase in the injection rate 
will not appreciably enhance the performance of the tower. Whereas when the ambient temperature is 
36°C, an injection rate of 0.94 kg/s yields a temperature drop of only 11.14°C while it is possible to 
decrease the temperature by 18.61°C. This is why a more intense downdraft is obtained for an 
ambient air temperature of 36°C in comparison with a temperature of 20°C (Figure 9a). Results 
reported in Figure 9a indicate that the air average velocity at exit from the energy tower (and conse-
quently the power that can be extracted) increases with increasing air ambient temperature and/or 
increasing water injection rate. 

Figure 7. Effect of water injection rate on average air (a) density, (b) relative humidity, (c) temperature, and (d) velocity at exit 
from a solar wind energy tower of height 400 m and diameter 160 m.  

794 L. HIJAZI ET AL. 



Similarly, Figure 9b demonstrates that the highest exit velocities are achieved at the lowest outdoor 
relative humidity (i.e., 13%). The average velocity of the air at exit decreases with increasing the 
ambient relative humidity and increases with increasing the water injection rate. For an ambient 
temperature of 36°C, the maximum drops in air temperature for relative humidity values of 13, 
25, 50, and 75% are 18.75, 15.08, 9.02, and 4.12°C, respectively. For an outdoor relative humidity 
of 75%, injecting 0.31 kg/s will quickly bring the exit temperature close to the wet bulb temperature, 
and therefore injection rates exceeding 0.31 kg/s have small impact on temperature drop, which 
translates into a relatively small change in exit velocity in comparison with the change at low relative 
humidity. 

Droplet evaporation 

The droplet evaporation process is illustrated in Figure 10 by presenting at different injection rates the 
variation in the diameter of a droplet as it moves inside a 100 m high energy tower. The analysis is 

Figure 8. Effect of water injection rate on average air (a) density, (b) relative humidity, (c) temperature, and (d) velocity at exit 
from a solar wind energy tower of height 1,000 m and diameter 400 m.  
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done considering the base case conditions with injected water droplets of size 50 µm. As shown, the 
evaporation process is gradual. For low injection rates, the droplet evaporates within the first 18 m of 
the tower. For the highest injection rates considered (25.13 and 31.42 kg/s) the domain becomes 
saturated within the top 80 and 50 m, whereby the droplet diameter is reduced from 50 to 5 and 
30 µm, respectively. Therefore, as a droplet continues descending (beyond 80 and 50 m, respectively), 
it no longer changes size as air becomes saturated incapable of holding more vapor and consequently 
suppressing the evaporation process. 

Figure 9. Effect of outdoor (a) temperature and (b) relative humidity on average air velocity at exit from a solar wind energy 
tower of height 20 m and diameter 8 m.  
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Flow field evolution 

The effects of varying the water injection rate and droplet diameter on the axial variations of the flow 
field properties along the centerline of a 20 m energy tower are studied. The base case conditions are 
considered and predictions are presented in Figure 11. The figure displays the axial profiles of the air 
density (Figures 11a, b), relative humidity (Figures 11c, d), and temperature (Figures 11e, f). The 
effects of varying the water injection rates can be inferred from Figures 11a, c, e, while the influences 
of changing the droplet diameter can be deduced from Figures 11b, d, f. When varying the water 
injection rate, the droplet diameter is held fixed at 50 µm; when changing the droplet diameter, a 
water injection rate with value of 0.63 kg/s is used. In all cases, evaporation increases the air density 
and relative humidity and decreases temperature for the reasons discussed earlier. 

At low injection rates, all water droplets evaporate in the upper part of the tower. Consequently, 
variations in properties occur in that section and become constant afterwards. When the injection 
rate increases, variations in properties extend over the channel height and the rate of variation 
decreases as saturation is approached and evaporation becomes more gradual. Moreover, once the 
injected quantity is capable of causing saturation, injecting additional water has a minor effect on exit 
conditions. 

With an increase in the droplet size for the same quantity of injected water (i.e., 0.63 kg/s), the 
contact surface area between droplets and air decreases. For example as the droplet diameter is 
doubled, the surface area is halved. Therefore, a longer distance (taller tower) is required to evaporate 
the same quantity of water, as revealed by the axial profiles shown in Figures 11b, d, f. Carlson [1] 
suggested that the droplet diameter should not exceed 100 µm for all droplets to evaporate. In 
Figures 11b, d, f, the exit conditions for the droplets with size of 100 µm become constant toward 
the exit of the tower, indicating complete evaporation within the domain. For droplet sizes 
greater than 100 µm, droplets leave the domain not fully evaporated since the evaporation is reduced 
due to an increase in the droplet size, which is associated with a decrease in the evaporation area. 
Moreover, the rate of evaporation decreases as the droplet size increases. The slightly lower 

Figure 10. The decrease in the size of a 50 µm water droplet due to evaporation as it moves downward in a tower of height 
100 m and diameter 40 m for different water injection rate values.  
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temperature and higher density and relative humidity predicted with droplets of size 100 µm in com-
parison with droplets of size 50 µm, even though the same quantity of water was evaporated in both 
cases, is only a local effect as variations are presented along the tower centerline and do not represent 
average values. 

Figure 11. Variation of air (a, b) density, (c, d) relative humidity, and (e, f) temperature along the centerline of a solar wind energy 
tower of height 20 m and diameter 8 m for different (a, c, e) water injection rates and (b, d, f) droplet diameters..  
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Enhancement of the entrained air mass flow rate by water injection 

The enhancement in the mass flow rate that can be produced by an energy tower due to water 
injection is represented by Q, which is equal to the ratio of mass flow rate produced with water 
injection to the mass flow rate in the tower without water injection. 

Figure 12a illustrates, for a 20 m energy tower, the variation of Q with varying the ambient con-
ditions for different water injection rates. Using the base case as a reference, outdoor air temperature 

Figure 12. Variation of Q (the ratio of mass flow rate produced with water injection to the mass flow rate in the tower without 
water injection) (a) with water injection rate for different outdoor conditions for a tower of height 20 m and diameter 8 m, and 
(b) with air relative humidity at exit for towers of different heights.  
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values of 20, 25, and 30°C and relative humidity values of 25, 50, and 75% are considered. It is 
observed that the tower performs best in the base case; injecting 2.5 kg/s of water produces 15.6 times 
the air mass flow rate that could be produced without water injection. The poorest performance of the 
tower is obtained with an outdoor relative humidity of 75%. 

The variation of Q is also studied for all tower heights using the base case conditions. Predicted 
values, which are presented in Figure 12b, are plotted as function of the air relative humidity at exit 
from the tower. For every tower height, the rate of water injection varies between zero and a 
maximum value sufficient to produce saturated air at exit. Since towers are of different heights, 
different water injection rates are used. At low injection rates, the rate of change of Q is high as 
air is still relatively dry and capable of absorbing water vapor. As saturation is approached, the rate 
of increase in Q diminishes as the evaporation rate decreases. Furthermore, predictions indicate that 
the mass flow rate of entrained air increases as the tower height increases and reaches the value of 115, 
72, 35, and 15.6 for a tower with height of 1,000, 400, 100, and 20 m, respectively. The relationship 
between Qmax and tower height (for a fixed height to diameter ratio with value of 2.5) is correlated 
through the following equation: 

Figure 13. Effect of the height of a solar wind energy tower on average air (a) density, (b) relative humidity, (c) temperature, and 
(d) velocity at exit for different water injection rates.  
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Qmax ¼ 3:62
ffiffiffiffi
H
p

ð35Þ

with a maximum error less than 0.5%. 

Impact of tower height 

The effect of tower height on performance is reported here by comparing the air average density 
(Figure 13a), relative humidity (Figure 13b), temperature (Figure 13c), and velocity (Figure 13d) 
obtained for two towers of heights 400 and 1,000 m. Using the base case conditions, values are 
predicted for different water injection rates while holding the diameter constant at 160 m. The effect 
of height is included by calculating the total pressure at inlet based on the available wind speed 
(following the wind profile power law). The presence of wind catchers at inlet, which are not 
physically modeled, is accounted for by imposing a downward wind direction. Optimization of wind 
catchers at tower inlet that allow redirecting the air with minimum losses is not a target of this study. 

Results displayed in Figure 13a–13d show that, at a given mass flow rate, increasing the tower 
height results in lower average density (Figure 13a) and relative humidity (Figure 13b) and higher 
temperature (Figure 13c) and velocity (Figure 13d) at exit. Therefore, increasing the tower height 
enhances its performance by increasing the downdraft and allowing higher velocities to be obtained. 

Figure 14. Effect of the diameter of a solar wind energy tower of height 400 m on average air (a) density, (b) relative humidity, 
(c) temperature, and (d) velocity at exit for different water injection rates.  
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For example, the velocity reaches 28.9 m/s in a 1,000 m tower versus 21 m/s for a 400 m tower at an 
injection rate of 200 kg/s. At this injection rate, saturation conditions are achieved in the 400 m tower, 
while it reaches only 65% in the 1,000 m tower. Thus, injecting more water will not enhance the per-
formance of the 400 m tower since air is already saturated. However, the performance of the 1,000 m 
tall tower will be further improved as the flowing air is still capable of evaporating additional water. 

Impact of tower diameter 

The height of the energy tower is fixed at 400 m and its diameter is assigned the values of 115, 160, 
and 267 m corresponding to values of the height to diameter ratio of 3.5, 2.5, and 1.5, respectively. 
Simulations in the three towers are conducted subject to the base case conditions and predictions 
are compared in Figure 14. Figure 14a–d depict, respectively, the variations in the average air 
density, relative humidity, temperature, and velocity at exit from the towers as function of the water 
injection rate. 

Saturation conditions (Figure 14b) are achieved first in the tower of diameter 115 m at an injection 
rate of 150 kg/s; second in the tower of diameter 160 m at an injection rate of 200 kg/s; and last in the 
tower of diameter 267 m at an injection rate of 352 kg/s. This is because as the total volume of the 
tower increases, more water is needed to saturate the air inside. The variations in average density 
and temperature at exit follow the general trend presented earlier and once saturation is reached their 
values become the same independent of the tower diameter (i.e., density approaches 1.206 kg/m3 and 
temperature approaches 290 K). Under this condition, the velocity at exit from the towers of diameter 
115, 160, and 267 m is 21.6, 21.4, and 21.1 m/s, respectively. Therefore, the tower diameter has little 
effect on the average velocity and consequently Q. Furthermore, since at saturation the density in all 
towers is the same, it can be deduced that the saturated air mass flow rate for a given tower height and 
water injection rate is mainly controlled by the cross-sectional area of the tower. 

Energy analysis 

The power that can be extracted from a wind stream by a wind turbine [41] is given by 

Pgenerated ¼ gwind turbine
16
27

1
2

_mairV2
air;exit

¼ gwind turbine
16
27

1
2
qair

pD2

4

� �

V3
air;exit gwind turbine � 0:40

ð36Þ

In this study, the rotor diameter of the turbine D is considered to be equivalent to the diameter of 
the tower. The power generated is computed based on the mass flow rate that will enable all water 
droplets to evaporate within the domain producing saturated conditions at tower exit. Not all power 
generated is available as a portion of it is required to pump water and run auxiliary equipment such as 
the injectors. In the analysis, the power consumed is computed based on the power required to pump 
water, which represents the largest portion. The power required to run auxiliary equipment is 
assumed to be accounted for in the pump efficiency, which is assigned a value of 70%. Thus, the 
consumed power is computed as 

Pconsumed ¼
_mwatergH
gpump

gpump � 0:7 ð37Þ

The net power is computed based on the difference between the power generated and the power 
consumed and is calculated as 

Pnet ¼ Pgenerated � Pconsumed ð38Þ

The electric energy and power generated, displayed in Table 2a, are computed for all tower heights 
(H/D ¼ 2.5) assuming an ambient temperature of 309.15 K, an outdoor relative humidity of 13%, and 
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droplets of size and temperature 50 µm and 290 K, respectively. The cost of electricity is displayed in 
Table 2b for the cases presented in Table 2a. The tower is assumed to operate 12 h a day when sun-
shine is available over a period of 50 years. The construction, operation, and maintenance costs are 
extracted from a study conducted by Zaslavsky et al. [42]. The calculations are performed based on 
present worth without accounting for future inflation and rate of return. The analysis shows that for 
towers of 20 and 100 m high the cost of electricity is expensive and commercially unfeasible. Whereas 
adopting tower heights of 400 and 1,000 m yields cheap electricity costing 0.014 and 0.011 $/kwh, 
respectively. 

Closing remarks 

The performance of solar wind energy towers was investigated numerically. An Euler–Lagrange 
approach was adopted to resolve the two-phase flow of air and water droplets in the tower. The effects 
of tower height, tower diameter, water injection rate, ambient temperature, and ambient relative 
humidity on the strength of the downdraft current was assessed. It was found that hot and dry con-
ditions are best for the operation of energy towers. The higher the ambient temperature the more 
water can be evaporated and the stronger will be the downdraft. Further, the lower is the ambient 
relative humidity, the higher will be the capability of the air to absorb water vapor and the stronger 
will be the downdraft. For a certain tower diameter, the higher the tower the stronger will be the 
downdraft at a given mass flow rate. At a given channel height, changing the tower diameter has 
no effect on the downdraft strength. The conducted energy analysis revealed that short towers are 
not economical while tall towers are highly competitive. 
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