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A B S T R A C T

Air motion can be induced in naturally ventilated buildings using passive solar chimneys. This work aimed to
optimize solar chimney design to maximize indoor air velocity induced by natural convection, with a particular
emphasis on thermal comfort. A three-dimensional, quasi-steady computational fluid dynamics (CFD) model was
established for the prediction of buoyant air flow using the renormalization group (RNG) k-ε turbulence model.
In order to validate the CFD model, experiments involving an inclined solar chimney attached to a single room
were performed. The experimental results agree reasonably well with the CFD calculations, with a 5.14% de-
viation between the values. Moreover, a Multi-Objective Genetic Algorithm (MOGA) coupled with Design of
Experiments (DOEs) and the Response Surface Method (RSM) was employed to derive the optimal solar chimney
design for the enhancement of indoor air motion. The optimization results reveal that the maximum indoor air
speed in the living zone is achieved using a solar chimney of 1.85 m height, 2.65m width, 75° inclination angle,
and 0.28m air gap. Sensitivity analyses indicate that solar chimney width is the most influential parameter,
followed by inclination angle and then air gap, while the solar chimney height has a negligible effect. The
proposed solar chimney is able t o passively induce air motion of up to 0.28, 0.47, and 0.52m/s at mean solar
radiation values of 500, 700, and 850W/m2, respectively. These elevated air velocities are capable of enhancing
thermal comfort upper limits by removing sensible and latent heat from the body.

1. Introduction

Egypt’s economy has grown dramatically in the 21st century after
going through a deep recession in the late 1990s (Bolbol et al., 2005).
This economic boom has resulted in swift growth in all development
sectors including both the building and construction industries. Con-
sequently, the country’s primary energy consumption is rising alar-
mingly, having tripled in the last two decades (Egyptian Electricity
Holding Company-Annual Report 2015/2016, n.d.) and experienced a
8.6% deficit between electricity generation and demand in 2013
(Dabaieh et al., 2015). With a population of ∼90 million invariably
driving the growth of housing project construction, the residential
building sector consumes about 52% of the annual consumed energy
(see Fig. 1), compared to 44.2% in 2014 (Attia et al., 2012). This per-
centage is expected to increase substantially due to increasing building-

sector investment and urban sprawl in newly developed cities.
Thermal comfort is a central concern in Egypt, which features a hot

climate, considering that humans spend up to 80% of their time in-
doors, in a closed environment (O’Connor et al., 2016). Notwith-
standing, sustainable construction features such as durability, passive
solar design, and construction materials have not generally attained
serious prominence to date (Ali Ahmed, 2012; Attia et al., 2013, 2012;
Mahdy and Nikolopoulou, 2014; Saleem et al., 2016a; Saleem et al.,
2014).

Generally speaking, most residential buildings are designed and
built considering only economic and functional issues, without a com-
prehensive awareness of the environmental and energy consumption
implications of such approaches; this approach arises primarily from (1)
a lack of restrictive thermal specifications in the governmental building
codes, and (2) a lack of awareness among local architects.
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Consequently, reliance on mechanical devices to provide comfortable
indoor environments for building occupants has been vastly increased,
especially with government’s heavily subsidized domestic energy.
Almost 65% of the total annual energy consumption in any residential
building is attributed to cooling and ventilation (Ibrahim, 2011), as
shown in Fig. 1.

In acknowledgment of this critical issue, the Egyptian government
declared a reduction in subsidized domestic energy costs in 2014 and
seeks to satisfy 20% of the electric energy demand from renewable
energy resources by the year 2020 (Ibrahim, 2011). In this context,
passive design approaches hold great promise for cooling buildings
without resorting to mechanical appliances to provide adequately
comfortable conditions. In hot climates, air movement is an essential
contributor to perceived thermal comfort as it affects body heat transfer
to the environment through convection and evaporation.

Previous studies of naturally ventilated buildings affirm that ele-
vated air speeds can offset indoor temperature increases by removing
sensible and latent heat from the body so that body temperatures are
restored to a comfortable range (Ho et al., 2009; Nicol, 2004; Paliaga,
2009; Schiavon and Melikov, 2008; Yang and Zhang, 2009). According
to the comfort-adaptive approach recently developed in ASHRAE
(2010), the operative temperature comfort limits are based on a 0.2m/s
indoor air speed. However, elevated indoor air speeds are capable of
augmenting these comfort limits. The relationship between air speed
and operative temperature upper limit is depicted in Fig. 2. It has been

observed that the increase in operative temperature cannot be higher
than 3.0 °C above the comfort-zone values, and that the elevated air
speed must not be greater than 0.8m/s.

Solar chimneys show promise for the enhancement of air movement
in naturally ventilated buildings using renewable and clean sun energy.
Air movement, in turn, enhances indoor comfort, which can drastically
reduce energy consumption and related environmental effects due to
year-round air conditioning. Egypt has abundant sunny and clear skies,
with a daily average solar energy of 4.9 kWh/m2 (Saleem et al., 2016b).
These climatic features encourage the application of solar chimneys to
provide comfortable conditions in residential buildings.

Indeed, the concept of incorporating solar chimneys into buildings
is not new; solar chimneys have been investigated by numerous scho-
lars due to their potential advantages in terms of energy requirements,
economic impacts, and environmental benefits. A steady-state mathe-
matical model was developed based on the thermal network approach
to predict the induced natural ventilation using passive solar chimneys
by Bansal et al. (1993). Similar approaches were also employed by Al-
Kayiem et al. (2014), Ong (2003), Saleem et al. (2016c). Further,
Hamdy and Fikry (1998) theoretically investigated the theoretical ef-
fect of different solar chimney tilt angles during summer in Egypt; they
found that a 60° tilt angle is optimal in terms of the natural ventilation
rate. Additionally, their findings demonstrate that increases in the air
flow rate through a solar chimney are proportional to the stack height.
Imran et al. (2015) also found a maximum ventilation rate at a 60°
inclination angle using a chimney featuring a 5 cm gap and a 2m height
and width; the ventilation rate was ∼20% higher at this inclination
angle than at an angle of 45°. This study found a maximum air velocity
of 0.8m/s inside the gap for a solar intensity of 750W/m2. Chen et al.
(2003) experimentally investigated the thermal performance of solar
chimneys with variable chimney-gap-to-height ratios and different in-
clination angles using a uniform heat flux; they showed that a solar
chimney of 0.2 m channel depth, 1.5m stack height, and 45° tilt angle
can achieve a maximum flow rate 45% greater than that in a vertical
chimney. Furthermore, Jing et al. (2015) built a solar chimney ex-
perimental set-up with large gap-to-height ratios between 0.2 and 0.6;
the experimental results reveal that a gap-to-height ratio of 0.5 max-
imizes the air flow rate through the chimney. Furthermore, this study
developed a new, improved model to predict the air flow rate, espe-
cially for chimneys with large gap-to-height ratios. Khanal and Lei
(2014) studied the effect of absorber inclination angles ranging from 0°
to 6° in an inclined passive wall solar chimney (IPWSC) with a uniform
heat flux (100–500W/m2) and a fixed channel depth of 0.1 m; they

Fig. 1. Energy distribution profile in Egypt.
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Fig. 2. Air speed required to offset the thermal comfort zone (ASHRAE, 2010).
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revealed that a 6° tilt angle can induce the ventilation rate required by
the ASHRAE standards. Different inclination angles for various air gaps
were examined by (Siva Reddy et al., 2012); their measured experi-
mental results indicate that the maximum ventilation rate of 0.32m3/s
occurs at a 50° inclination angle and a 10 cm air gap. Kumar et al.
(1998) analyzed bioclimatic architecture assisted by a passive solar
chimney for the promotion of natural ventilation and the reduction of
indoor air contaminants in India.

Numerical CFD tests have also been widely used to examine buoyant
air flow through solar chimneys. Harris and Helwig (2007) employed
CFD analysis to scrutinize the effect of inclination angle, double
glazing, and low-emissivity finish on solar chimney thermal perfor-
mance. A solar chimney with a 67° tilt angle achieves 11% greater ef-
ficiency regarding flow rate than does a vertical chimney. Moreover,
the use of a low-emissivity wall surface increases efficiency by 10%.
Amori and Mohammed (2012) developed an unsteady, two-dimen-
sional CFD model to predict the thermal performance and fluid flow
patterns inside a solar chimney; their results agree fairly well with the
experimental data.

Several groups have also employed three-dimensional models. Awbi
and Gan (1992) modeled air movement and air flow rate inside a
chimney using a CFD technique with a K-ε turbulence model; the pre-
dicted numerical results are quite consistent with the experimental
results obtained by Bouchair (1994). Suárez-López et al. (2015) made a
detailed numerical exergetic analysis of a solar chimney, showing a
1.4047W difference between the inlet and exit flow exergies with a
ventilation power of 0.0016W; the thermal exergy efficiency was
0.55%, and the useful exergy efficiency was 0.0006%.

Recently, Tan and Wong (2013) developed a regression model to
derive the optimum solar chimney design in tropical conditions; they
then extended this work (Tan and Wong, 2014) by investigating the
effect of ambient air speed and internal heat load on solar chimney
thermal behavior using a CFD technique. Similar methodology has been
employed in different solar chimney power plants by Kasaeian et al.
(2014), Patel et al. (2014).

Attempts have also been made to enhance indoor thermal comfort
using passive solar chimneys. For example, Khedari et al. (2000b)
conducted experiments on the effects of air gap on the induced air flow
rate and thermal comfort in a roof-top solar chimney (RTSC). In that
study, two RTSC units of 1.5 m2 each were integrated into the south-
facing roof of a 30m3 single room; the observations reveal an average
air change rate (ACH) of ∼4–5, which is not sufficient to satisfy com-
fort guidelines. Khedari et al. (2000a) extended their work by experi-
mentally investigating various solar chimney configurations in a single-
room school house of 25m3 to increase air speed within the space.
Three different solar chimney configurations were integrated into the
southern wall, while two RTSC configurations were installed on the
southern roof. The resulting ACH values varied between 10 and 15;
however, the induced air motion at the living level was about 0.04m/s,
which does not satisfy the thermal comfort requirements for occupants.
Though growing interest has been devoted to optimizing solar chimney
performance, most endeavors deal primarily with enhancing ventilation
rates for improved indoor air quality; investigations of enhanced
thermal comfort through increasing induced air stream within the space
are relatively rare. Additionally, these studies are unable to consider the
cumulative impact of variation in all parameters, which may produce a
different optimum design.

This research gap spurred both our investigation of the efficiency of
using an inclined solar chimney to elevate indoor air motion and our
particular emphasis on occupant comfort. In the present study, a Multi-
Objective Genetic Algorithm (MOGA) coupled with Design of
Experiments (DOEs) and a Response Surface Method (RSM) using an
ANSYS®17.2 package was employed to derive an optimal solar chimney
design for the improvement of indoor air motion and thermal comfort.
Such optimization methods can integrate all chimney parameters:
height, width, inclination angle, and the air gap between the glass and

absorber wall. This methodology was validated against an experimental
investigation of an inclined solar chimney attached to a single room.
Finally, CFD experiments were performed to predict the detailed space
flow patterns and velocity fields in the optimal design under different
solar intensities.

2. Experimental configuration

A cubic wooden room with an area of 4m2 and internal volume of
8m3 was constructed in the city of Alexandria, Egypt at a longitude and
latitude of 31.2°N and 29.91°E, respectively. The solar chimney was
installed on the roof of this room and oriented south to draw fresh air
from a 0.6m×0.6m north-facing window with a window-to-wall ratio
of 16%. This chimney consisted of an absorber wall measuring 1.4 m in
height and 0.6m in width and made of a 1mm ductile steel sheet glued
and painted matte black. The south side of the chimney was covered by
standard 4mm float glass with a 0.25m air channel gap and without an
emissivity coating that would make the glass opaque to infrared ra-
diation. In this study, heat loss from the back and sides is nearly
eliminated through the use of 0.05m-thick glass wool insulation around
the absorber.

Six T-type thermocouples with an accuracy of up to± 0.3 °C were
used for temperature measurements at different points in the chimney
as detailed in Fig. 3; thermocouples were fixed on the midline of the
absorber surface, the inner surface of the glass, and the air flow region.
Similarly, two WE300 solar radiation pyranometers with an accuracy of
1% were connected to the test setup; the first one was placed on the top
of the outer glass face to measure the ambient solar intensity, and the
other was placed on the absorber surface to measure the radiation flux
on the absorber surface. Both pyranometers were inclined at the same
angle as the solar chimney. Air velocity was measured at the center of
the chimney inlet using a sensitive hot-bead anemometer (TSI 9545
VelociCalc Hot Wire Anemometer) with a maximum error of± 0.015
m/s. Data for all of these instruments were recorded every 15min from
10:00 to 16:00 using a multipoint digital data logger (remote scanner
NEC DC 6100). A schematic of the temperature, air velocity, and solar
radiation instruments can be found in Fig. 3. Weather data such as
ambient dry bulb temperature, solar intensity, and wind speed were
recorded simultaneously using a PortLog weather station installed close
to the experimental measurement site.

3. Numerical modeling

Fig. 4 depicts the physical setting of the solar chimney, which is
directly attached to a ventilated space. In the present study, the
ANSYS®17.2 Fluent commercial CFD software program was employed
to develop a three-dimensional numerical model. The experimental
geometry was recreated exactly in the ANSYS DesignModeler program.

3.1. CFD governing equations

The basic assumptions for the CFD simulations included three-di-
mensional, fully turbulent, and incompressible flow. The governing
equations were solved on a staggered grid using the Finite Volume
Method (FVM). The Semi-Implicit Method for Pressure-Linked
Equations (SIMPLE) algorithm was applied to couple the continuity and
momentum equations through pressure. For gradient and pressure
discretization, a least-squares, cell-based pressure staggering option
(PRESTO!) method was applied; momentum, energy, turbulence kinetic
energy dissipation rate, and discrete ordinates were discretized using
second-order upwind methods. All thermo-physical fluid properties are
assumed to be invariant except for density in the buoyancy force term;
this density term can be adequately modeled by the Boussinesq ap-
proximation, which delivers faster convergence than models with fluid
densities that vary as a function of temperature (Ansys Fluent.co,
2015). Thus, the governing equations can be written as follows:
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Fig. 4. Ventilation flow diagram of a single room with a solar chimney.
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Reynolds stress tensor, which represents the effect of turbulent velocity
fluctuations on fluid flow.

Eqs. (1)–(3) are the continuity, momentum, and energy equations,
respectively. As shown, the governing equations do not include the
transient term because all of the simulations were performed at specific
times (i.e., hourly from 10:00 to 16:00). To ensure numerical stability,
the absolute convergence was considered to be achieved when the sum
of the normalized residuals for the discretized equations was less than
10−4.

3.2. Turbulence modeling

Various turbulence models have been used in the literature to model
natural convective flow problems. Among them, the standard k-ε
model, the Reynolds Stress model (RSM), and the renormalization
group (RNG) k-εmodel are commonly used to model natural convective
flow within different solar chimney configurations (Gan, 2006; Gan and
Riffat, 1998; Khanal and Lei, 2015; Serageldin et al., 2016; Sudprasert
et al., 2016). In this study, the RNG k-ε turbulence model was applied to
model air turbulence as described in a study by Chen (1995), which
examined indoor air flow under different turbulence models and con-
cluded that the RNG k-ε model was the most accurate model in terms of
flow separation, streamline curvature, and flow stagnation.

The RNG k-ε turbulence model is a semi-empirical model based on
the transport equations for the turbulence kinetic energy (k) and its
dissipation rate (ε) that was derived using an accurate statistical
method (i.e., not by experimentation). This model can be employed to
near-wall regions without the addition of wall functions in the transport
equations (Calautit et al., 2013). The main difference between the
standard and RNG k-ε turbulence models is the additional term in the ε
equations, which significantly improves the accuracy of turbulent
flows. In the derivation of the RNG k-ε model, the flow is considered
fully turbulent and molecular viscosity effects are neglected. The tur-
bulence kinetic energy (k) and rate of dissipation (ε) are obtained from

the following transport equations:
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In Eqs. (4) and (5), C1ε, C2ε, and C3ε are constants with empirical
values of 1.45, 1.82, and 0.09, respectively (Khanal and Lei, 2015). σk
and σε are the turbulent Prandtl numbers for k and ε and have empirical
values of 0.8 and 1.15, respectively (Khanal and Lei, 2015). G
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Table 1
Thermo-physical properties of materials.

Properties Air Glass Steel Wood Insulation

Density (kg/m3) Boussinesq= 1.18 2220 8030 700 10
Cp (Specific Heat) (J/

(kg K))
1006.43 830 502.48 2310 830

Thermal Conductivity
(W/(m K))

0.0242 1.15 16.27 0.173 0.1

Viscosity (kg/(m s)) 1.7894E−5 – – – –
Thermal Expansion

Coefficient (1/K)
0.00335 – – – –
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Fig. 7. Hexahedral mesh structure used for CFD simulations.
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represents the generation of turbulent kinetic energy due to the mean
velocity gradient and B is the generation of turbulence kinetic energy
due to buoyancy; these variables can be expressed as:

= − ′ ′ ∂
∂

= ∂
∂

G ρu u u
x

B g β
μ T

x
¯ and

Pri j
i

j
i

t

t i (6)

In the ε equation (Eq. (5)), η is defined as:

= =η S k
ε

S G
μ

where
t (7)

3.3. Boundary conditions

The air flow and temperature response within the represented
computational domain were modeled under quasi-steady-state condi-
tions; standard wall functions were used for the turbulence model, and
a rigid no-slip condition was prescribed on all vertical and horizontal
walls. Conductive, convective, and radiative heat transfer were

modeled on all heated surfaces. The absorber plate was considered
adiabatic from the backside, where 5 cm of insulation was provided to
prevent direct heat transfer from the chimney to the ambient environ-
ment (Fig. 5). The thermo-physical properties of the solid and fluid
materials used in this simulation are depicted in Table 1.

The ambient conditions at the outermost boundaries were re-
presented using temperature and inlet velocity values from field mea-
surements and assuming a pressure of 1 atm. Further, the acceleration
of gravity was considered; its value was set equal to 9.81m/s2.

A solar load model was used to model the direction and irradiance
of the direct normal solar beam entering the computational domain.
The solar load model included a solar calculator with the option to
control the sun’s location for a given time of day, date, and position
(Ansys Fluent.co, 2015). In this model, the solar ray tracing algorithm
computed the heat flux on the boundary faces using the direction and
magnitude of the incident solar radiation. A pressure inlet with zero-
gauge pressure boundary condition was prescribed for the room inlet.
The incoming air was assumed to be at the measured ambient tem-
perature. At the chimney exit, a pressure outlet boundary condition was
prescribed in which the fluid pressure was assumed to be equal to the
ambient pressure and the stream-wise variations in the velocity com-
ponents, temperature, turbulent kinetic energy, and dissipation rate
were assumed to be negligible.

3.4. Grid resolution test

The accuracy of the numerical results was ascertained by a grid
independence study, which was performed on seven mesh densities
with hexahedral cells ranging from 8652 to 2,467,984 elements as
depicted in Fig. 6. Air velocity, the parameter of interest, can quantify
the effectiveness of the solar chimney in terms of thermal comfort and
was thus chosen for comparison. Simulations were performed on a
structured, non-uniform mesh created with hexahedral elements (see
Fig. 6); a coarser mesh was used, as it can provide sufficient spatial
resolution at computational times much lower than those required by a
finer mesh. The applied boundary conditions remained fixed
throughout the simulation process to ascertain precise comparisons.
The inlet air velocity stabilized at ∼0.353m/s at 1,027,300 elements.
Fig. 6 shows that the percentage of error between the grid refinements
was minimized (at< 2%) for the benchmark model at 1,027,300 ele-
ments (see Fig. 7).

4. Design optimization

It is worth mentioning that, in the literature (please refer to Section
1), improvements in solar chimney performance depend significantly
on the design variables. Relevant design variables include geometric
parameters that control the shape of the solar chimney, such as height,
width, inclination angle, and channel spacing. To optimize solar
chimney performance and provide detailed and accurate results, almost
all of the parameter probabilities must be scrutinized, which requires an
enormous number of CFD simulations. This study employed the
ANSYS®17.2 FLUENT Design Exploration (DE) technique to optimize
the solar chimney geometry, placing particular emphasis on induced air
motion for the enhancement of indoor occupant comfort; Design Ex-
ploration (DE) is an optimization module that derives the optimal de-
sign variables based on the design constraints and objective function. In
this method, several criteria (such as ‘maximize,’ ‘minimize,’ or ‘de-
termine target value’) are used to explore chimney performance
through one or more output parameters.

The overall optimization process encompasses the initial sampling
step through Design of Experiments (DOEs), followed by the appro-
priate interpolation technique using a Response Surface Method (RSM);
finally, the data from the preceding two steps are used for optimization
in a Multi-Objective Genetic Algorithm (MOGA). The detailed optimi-
zation procedures are depicted as a flowchart in Fig. 8. Initially, the

Table 2
Design points generated from the Design of Experiments (DOEs).

Design
points

air gap
(m)

Chimney width
(m)

Inclination angle
(°)

Stack height
(m)

1 0.2 2.75 28 1.92
2 0.288 2.65 46 2.04
3 0.192 0.85 68 1.76
4 0.208 2.95 56 1.8
5 0.128 1.55 42 2.4
6 0.216 1.75 26 2.32
7 0.248 2.55 72 2.2
8 0.28 1.15 54 1.68
9 0.296 1.35 40 2.24
10 0.168 1.95 74 2
11 0.136 1.65 34 1.56
12 0.24 2.35 48 2.48
13 0.232 1.05 32 1.84
14 0.272 1.25 70 2.16
15 0.16 2.85 52 2.36
16 0.104 2.45 60 1.88
17 0.256 2.05 36 1.6
18 0.264 2.15 66 1.64
19 0.144 0.65 44 1.72
20 0.12 2.25 38 1.96
21 0.112 0.95 62 2.08
22 0.176 1.85 58 1.52
23 0.184 1.45 64 2.44
24 0.152 0.75 30 2.12
25 0.224 0.55 50 2.28
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Fig. 10. A Goodness of Fit (GoF) chart showing output parameter values si-
mulated by CFD versus those predicted from RSM.

A. Abdeen et al. Solar Energy 180 (2019) 524–536

530



solar chimney design variables (height, width, air gap, and inclination
angle) were defined in the Design Modeler. The mass flow rate and
average air velocity in the activity zone were introduced as an output
parameter in the fluent solver. The complete analysis of the initial de-
sign included drawing, meshing, solving the governing equations, and
defining inputs and parameters.

4.1. Design of experiments (DOEs)

The large number of tests required to obtain the optimal solar
chimney design are quite time-consuming and not efficient from an
economic point of view. Moreover, traditional one-by-one experimental
parameter optimization is implicit, and one could argue that the cu-
mulative impact of all parameters might produce a different optimal
design. A DOEs approach was taken to the CFD simulations to provide
an explicit conclusion. DOEs is a branch of statistics that explores in-
teractions between design and output variables through a minimum
number of sampling points; this technique randomly distributes the
experiments throughout the design space based on the fit of a multi-
factor linear regression model to the data. In this study, a minimum-
density design point grid spanning the multivariable design space was
generated using the Optimal Space Filling Design (OSFD) technique,
which was selected for its ability to provide large amounts of in-
formation with a minimum number of numerical simulations; OSFD is
an extension of Latin Hypercube Sampling Design (LHS) that involves

post-processing (Ansys Fluent.co, 2015).

4.2. Response surface method (RSM)

The Response Surface Method (RSM), which is used extensively to
optimize industrial applications, is an explicit approximation function
that produces correlations between input and output parameters used
by the fitting algorithm indicated in the DOEs methodology. The RSM is
obtained using the second-order polynomial regression model set and
the results generated from the DOEs, which can be written as follow (Al
Jubori et al., 2017):

∑ ∑ ∑ ∑= + + +
= = = = ≠

f β β x β x β x x
j

n

j j
j

n

jj j
i

n

j i j

n

ij i j0
1 1

2

1 1, (8)

These correlations reflect the relationships between the design
parameters and the response surface, where f is the response, x is the
design variable, n is the number of design variables, and β0, β1, etc. are
regression coefficients.

4.3. Goal driven optimization

The Design Exploration module in ANSYS®17.2 FLUENT applies a
distinctive approach in which the Pareto optimal solution is used for the
multi-objective optimization; this involves a set of optimal solutions
that are inconsistent with each other (Ansys Fluent.co, 2015). After the
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Fig. 11. Response surfaces of mass flow rate versus solar chimney parameters: (a) width and air gap, (b) inclination and air gap, (c) height and inclination angle, and
(d) width and inclination angle.
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response surface data has been produced, so-called Goal Driven Opti-
mization (GDO) is performed. In this study, the MOGA algorithm was
applied to derive the optimal design based on the targets sets by
maximizing the mass flow rate and average velocity in the activity
zone. MOGA is an evolutionary algorithm with several objective

functions that are optimized simultaneously and subject to inequality
and equality constraints (Ansys Fluent.co, 2015). This algorithm can be
expressed mathematically in vector form as (Ennil et al., 2016):

The objective function vector:
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Fig. 12. Response surfaces of average velocity in the activity zone versus solar chimney parameters: (a) width and air gap, (b) inclination and air gap, (c) height and
air gap, and (d) width and inclination angle.
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Subject to: ⩽ =g x i m( ) 0 { 1, ..... }i

= =h x j p( ) 0 { 1, ..... }j

where k is the dimensional space of the objective functions and g x( )i
and h x( )j are the inequality and equality constrains, respectively.

5. Results and discussion

5.1. Experimental and validation results

To test the reliability and accuracy of the CFD model for inclined
solar chimney calculations, the RNG k-ε turbulence model simulation
results are compared with the experimental measurements. Fig. 9
compares the numerically predicted and experimentally measured ab-
sorber temperature, glass temperature, air flow temperature, and air
velocity at the chimney inlet under the same operating conditions.
Reasonable agreement is achieved between the numerical predictions
and experimental measurements, which highlights the ability of the 3D
CFD model to accurately predict buoyancy-driven ventilation. The de-
viation between the numerical and experimental results ranges between
0.33% and 8.52% with an average of 5.14%, which can be compared to
average errors of 14% and 23% in Imran et al. (2015), Mathur et al.
(2006), respectively.

These error improvements may be attributed to heat loss from the
chimney glass and room walls to the surroundings, which can be ex-
pressed using the following equation, as reported by Ong (2003):

= +h V5.7 3.8wind (10)

In both the experimental and numerical results, significant tem-
perature differences in the chimney components are observed to cor-
respond with the solar intensity; temperature increases linearly in all
chimney components as the solar intensity increases. The glass surface
temperature reaches a maximum of 335 K at a solar intensity of 850W/
m2. The temperature of air trapped within the chimney cavity is always
higher than that of the glass surface due to convection from both sides
and the very high temperature for the black absorber wall, which
reaches 350 K at a solar intensity of 850W/m2. The absorber surface is
at higher temperature than both the glass and air flow due to additional
captured radiation and the storage of a large amount of thermal energy.
The energy absorbed by the black wall increases the air flow at the
chimney inlet by about 0.5 m/s at a solar intensity of 850W/m2.

5.2. Optimization results

Following the validation of the CFD model as discussed in Section
5.1, an extended 3D numerical model was developed with a square area
9m2 and a height of 3m, which represents a typical room in an
Egyptian dwelling. In this model, the applied boundary conditions were
similar to those defined in Section 3.3, except for the inlet flow to the
room, which was defined to pressure inlet. To obtain the optimal solar
chimney geometry and design variables, CFD analysis coupled with
MOGA optimization was performed at average summer operational
conditions (solar intensity= 700W/m2; ambient tempera-
ture= 305 K).

In the DOEs stage, a set of 25 design points were generated as shown
in Table 2 using the OSFD technique and varied continuously over
specified ranges. These ranges were selected to be consistent with
Egyptian building laws and regulations. Initially, the generated design
points were solved via new volume finite analyses in the Fluent solver
in order to calculate the output parameters. In the current study, the
genetic aggregation meta-model technique was chosen to generate re-
sponse surface data. Using a sample set generated from the DOEs ap-
proach, a Goodness-of-Fit (GoF) chart was generated in order to ex-
amine the interpolation approach used for solar chimney optimization;
the GoF graph shows the output parameter (mass flow rate) predicted
from the response surface versus the values calculated from CFD si-
mulations. It is evident from Fig. 10 that the interpolation approach
used herein produces reasonably accurate predictions, as a smaller
spread of points around a straight line indicates better predictions
(Thompson et al., 2017).

Subsequently, the results generated by DOEs were fed to the RSM to
examine the influence of solar chimney parameters on the mass flow
rate and average velocity in the activity zone, as shown in Figs. 11 and
12, respectively. These figures demonstrate that both response variables
increase almost linearly with increments in the solar chimney width, air
gap, and inclination angle. However, no significant changes are ob-
served with changes in chimney height. Consequently, the mass flow
rate can be used as an indicator for average air velocity, which drives
thermal comfort.

Fig. 13 highlights the local and global sensitivities of mass flow rate
with respect to solar chimney parameters. Local sensitivity is defined as
the sensitivity of the objective output to changes in one input parameter
holding all other input parameters fixed, while global sensitivity eval-
uates the effects on the objective output of all of the changing input
parameters acting simultaneously over their ranges of uncertainty
(Haaker and Verheijen, 2004). Solar chimney width is the most sensi-
tive parameter, followed by inclination angle, and then air gap, while
the solar chimney height has a negligible effect. During global sensi-
tivity analysis, all possible values of the input parameters are examined
to determine these sensitivity values.

The MOGA method was applied to explore the optimal solar
chimney design variables in relation to the objective function. The
MOGA relies on the Non-Dominated Sorted Genetic Algorithm-II
(NSGA-II), which is one of the most robust algorithms for solving multi-
objective optimization problems; this strategy implements a “Pareto-
optimal” solution to generate 10,000 designs in a single optimization
run and sorts the samples according to the set objective, which in this
case is the maximization of the mass flow rate and average velocity in
the activity zone. Table 3 shows the three optimal designs according to
the desired objectives and specified boundaries; these optimal designs
feature a few slight differences (see Table 4).

5.3. CFD for comfort analysis

Candidate #1 (1.85 m height, 2.65m width, 75° inclination angle,
and 0.28m air gap) is the optimal solar chimney design as it maximizes
both mass flow rate and air velocity in the activity zone, which measure
0.6848 kg/s and 0.38m/s, respectively. To examine the performance of

Table 3
Design parameter ranges.

Design parameter Minimum value Maximum value

Air gap (m) 0.1 0.3
Solar chimney width (m) 0.5 3.0
Inclination angle (°) 25 75
Solar chimney height (m) 1.5 2.5

Table 4
Three optimal chimney design candidates with regard to the desired objectives.

Candidate #1 Candidate #2 Candidate #3

Air gap (m) 0.28 0.28 0.28
SC width (m) 2.65 2.73 2.68
Inclination angle (°) 75 74.6 74.15
SC height (m) 1.85 1.85 1.85
Mass flow rate (kg/s) 0.6848 0.6834 0.6812
Average air velocity in activity

zone (m/s)
0.3846 0.38412 0.3838
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the proposed solar chimney design in terms of comfort conditions, the
optimal design was simulated under different solar intensity values.
Fig. 14 shows contour plots of velocity for the considered geometry
domains under different boundary conditions. It is clear that the

greatest velocity values generally appear at the window and chimney
inlets and fill a significant portion of the space; however, flow is ap-
proximately stagnant in the corners of the room. Under the selected
optimal design, it is interesting to note that there is no reverse flow

Fig. 14. Velocity contours resulting in the optimal solar chimney design at solar intensities of (a) 200, (b) 500, (c) 750, and (d) 850W/m2.

A. Abdeen et al. Solar Energy 180 (2019) 524–536

534



within the chimney under the different conditions examined; this can
be explained by the narrow chimney inlet cross-section, which de-
creases the chance of fluid flow separation.

Under 700 and 850W/m2 of solar radiation, the indoor air velocity
in the activity zone reaches 0.47 and 0.52m/s, respectively. According
to (ASHRAE, 2010), these air velocities offset the comfortable operative
temperature by approximately 1.7 °C by removing sensible and latent
heat from the body. At 500W/m2 of solar radiation, the induced air
motion in the activity zone reaches 0.28m/s, which can offset the
comfortable operative temperature by ∼0.9 °C. Solar radiation is con-
sidered to be the main force driving the solar chimney mechanism.
Hence, at a low solar radiation of 250W/m2, the induced buoyant air
motion reaches only 0.14m/s in the activity zone, which does not have
a significant effect on the operative temperature.

6. Conclusions

In this paper, a three-dimensional quasi-steady CFD model was
developed and validated against experimental results. Moreover, a
novel optimization technique (using the ANSYS®17.2 FLUENT Design
Exploration module) was used to ameliorate indoor occupant comfort
by increasing the air velocity resulting from buoyancy effects inside the
space. This optimization method can integrate a variety of chimney
parameters, including the height, width, inclination angle, and air gap
between the glass and the absorbing wall. Moreover, CFD simulations
were performed to simulate the proposed optimal chimney design
under different solar intensities and predict detailed flow patterns in the
test space. The main achievements of this study can be described as
follows:

• Results from the CFD model developed herein show reasonable
agreement with the experimental results (5.14% average deviation).

• The optimal solar chimney derived from the optimization method,
which features a 1.85m height, 2.65m width, 75° inclination angle,
and 0.28m air gap, successfully enhances thermal comfort under
solar intensities higher than 500W/m2.

• In terms of air motion induced by buoyant force, solar chimney
width is the most sensitive parameter, followed by inclination angle,
and then air gap. The effect of solar chimney height is negligible.

These findings clearly highlight the potential and advantages of
employing this 3D optimization technique to enhance thermal comfort
in Egyptian residential buildings by elevating indoor air velocity
through the use of passive solar chimneys.
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