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The solar chimney is a reliable passive ventilation system that can largely reduce the energy requirements with both low costs and maintenance for buildings to overcome the current energy crisis. To
optimize its design, an empirical model is developed to predict the performance of typical solar chimneys considering both room and chimney cavity conﬁgurations using easily acquired inputs. Fire Dynamics Simulator (FDS) as an excellent and open-source tool to solve heating, ventilation and air
conditioning problems is selected for this study. The numerical modelling of FDS was ﬁrst validated by
previous experimental data, and then used to develop the empirical model. In this model, a coefﬁcient
describing room and chimney conﬁguration (e.g., room opening, inlet and outlet of cavity) is proposed. It
is shown that room size (length, width and height) and opening location have limited inﬂuence on
performance. Also the radiation from hot walls can be ignored when compared to convection heat
transfer between the hot walls and the air inside the cavity. This study provides key knowledge to
optimize the design of solar chimneys in energy saving for buildings.
© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
Architects and building engineers are highly interested in
exploring ways of ventilating buildings by passive means because
of the problems raised by the energy crisis. The solar chimney
(essentially a solar energy absorber with open top and bottom) is an
excellent passive ventilation system and has been used for centuries to solve the ventilation problem [1]. A solar chimney in a
single-story building can reduce annual total fan shaft power requirements by 50% [2]. It is increasingly proposed as an alternative
to mechanical ventilation systems because of the potential beneﬁts
in operational costs, energy requirements, and carbon dioxide
emissions [3,4]. Its main function is to provide natural ventilation to
the building through solar induced air motion [5].
Previous studies have largely focused on the conﬁguration of the
solar chimney itself, ignoring the inﬂuence of the room and its
openings. Their investigations are based on simpliﬁed twodimensional (2D) models or a three-dimensional (3D) chimney
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cavity. The principle of designing a solar chimney is to maximize
ventilation by maximizing solar gain, thereby creating a sufﬁcient
temperature (or pressure) difference between the inside and
outside which then drives the air ﬂow [3]. A big portion of solar
chimney studies are aimed at ﬁnding optimum design solutions for
enhancing natural ventilation, taking into consideration different
design parameters, such as height [6,7], width and depth of cavity
[8], chimney position [9], type of glazing [10], type of absorber
[11,12], and the inclusion of insulation or thermal mass in the solar
chimney [13,14].
Many analytical/mathematical models have been developed to
predict the performance of solar chimneys under different situations. Andersen [15] developed an analytical model to predict
natural ventilation by thermal buoyancy in a chimney cavity with
two vertical openings. Bansal et al. [16] developed a mathematical
model for a solar chimney considering different sizes of opening
varying discharge coefﬁcients. The effect of chimney inclination
angle on indoor air ﬂow was analytically investigated by Bassiouny
and Korah [17]. However, one of the disadvantages of analytical
models is that their practical applications seem to be hampered if
they require lots of inputs that are hard to acquire, such as
discharge coefﬁcient [18], inlet and outlet pressure loss coefﬁcient
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Nomenclature
A
C
D
E
g
h
H
I
k
L
m_ 00
P
q_00
Q_00
s
00
S_
t
T
U
U
V
W
x, y, z

area (m2)
coefﬁcient (dependent on equation)
diffusivity (m2/s)
speciﬁc enthalpy of material (J/kg)
acceleration of gravity (m/s2)
heat transfer coefﬁcient (W/m2∙K)
height (m)
radiation intensity
thermal conductivity (W/m∙K)
length (m)
mass ﬂow rate (kg/m∙s)
pressure (Pa)
air ﬂow rate (m3/s)
heat ﬂow rate (W/m2)
unit vector of radiation intensity
source term (dependent on equation)
time (s)
temperature ( C)
velocity (m/s)
integrated radiation intensity
volume (m3)
width (m)
coordinate (m)

[19], and wall friction coefﬁcient [7].
Numerical modelling plays an important part in investigating
the performance of solar chimneys given the high cost of experiments [3,20e22]. A study by Chen [23] indicated that 70% of the
literature used computational ﬂuid dynamics (CFD) to study indoor
air quality, natural ventilation and stratiﬁed ventilation because
they are difﬁcult to be predicted by other models. Bacharoudis et al.
[24] carried out a 2D numerical investigation of the thermo-ﬂuid
phenomena inside solar chimneys by using FLUENT. Lee and
Strand [4] developed a module implemented in the EnergyPlus
program to address the effects of the chimney height, solar
absorptance of the absorber wall, solar transmittance of the glass
cover and the air gas width on solar chimneys. A CFD analysis based
on the ﬁnite volume method was utilized to predict the thermal
performance and ﬂuid ﬂow in 2D solar chimneys to identify the
effect of different parameters [11].
Although CFD modelling can be used to predict the performance
of solar chimneys, they are not as convenient as analytical models
that can show the clear trends of inﬂuencing factors in practical
applications. Analytical models can also accelerate prediction
without requiring a long calculation time like CFD modelling.
However, the related analytical analysis is difﬁcult for prediction in
complicated situations, such as multiple openings or changeable
room volumes, as the method cannot predict the air movement in
the whole room or targeted domain [25]. It is still unclear what the
design parameters should be, and guidelines for meeting the
ventilation requirements are unavailable [3].
Therefore, this study provides a comprehensive investigation on
the performance of a typical solar chimney. Parameters regarding
chimney and room conﬁguration and cavity materials were analysed to develop an empirical model to predict the air ﬂow rate of
solar chimneys under various scenarios with easily acquired inputs.
It will beneﬁt the design of solar chimneys to save energy for
buildings.
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Greek letters
ε
emissivity ()
k
absorption coefﬁcient (m1)
D
change in variable value ()
r
density (kg/m3)
s
Stefan-Boltzmann constant (W/m2∙K4)
t
viscous stress tensor
u
wavenumber of thermal radiation
Subscripts and Superscripts
0
ambient condition
b
blackbody
c
control volume
conv
convection
d
discharge
hot
hot wall
i
gas species
in
inlet
m
mass
n
neutral plane
open
opening
out
outlet
rad
radiation
r
ratio between inlet and outlet
R
room
sc
solar chimney

2. Methodology
2.1. A computational ﬂuid dynamic model
A CFD software, Fire Dynamics Simulator (FDS) [26], was used to
simulate the air ﬂow in the solar chimney. It has been largely used
to building professionals [27e30]. The reason for using FDS is
because it is an efﬁcient program to construct the model, even for
complicated multiple-storey buildings. Although FDS focuses on
ﬁre related simulation, it is an excellent and open-source tool to
solve heating, ventilation and air conditioning (HVAC) problems
considering all the necessary aspects, such as turbulent ﬂow,
thermal radiation and conduction, particles and buoyancy. Large
eddy simulation (LES) algorithm is implemented in the program,
which can reduce the magnitude of the work by ﬁltering out small
length scales of ﬂow without decreasing modelling accuracy. It is
useful for the simulation of large-scale domain, such as multistorey buildings. In LES, the “turbulence model” refers to the
closure for subgrid-scale (SGS) ﬂux terms and gradient diffusion is
the turbulence model used to close both the SGS momentum and
scalar ﬂux terms [31]. The turbulent diffusivity is obtained using a
constant Schmidt number (for mass diffusivity) or Prandtl number
(for thermal diffusivity).
FDS considers many turbulence models, such as constant coefﬁcient Smagorinsky model, dynamic Smagorinsky model, Vreman's
model and renormalization (RNG) group model. The default to
describe the turbulent viscosity is the Deardorff's model. This was
selected based on comparisons with a wide variety of full-scale
experiments. The computational domain in FDS is three
dimensional.
The above features of FDS enable it to easily simulate the
complicated situations with different building plans, even for
complex buildings. For completeness, some features of FDS
including the governing equations are introduced below.
The continuity equation is expressed by:
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00
vr
þ V$ðruÞ ¼ S_ m
vt

(1)

The momentum equation is given by:

vu
~  PVð1=rÞ ¼ 1 ½ðr  r Þg þ V$t
 u  u þ VP
0
vt
r

(2)

~ is the total pressure divided by the density.
where P
The energy conservation equation is written as:
00
v
DP
ðrEÞ þ V$ðrEuÞ ¼
 V$Q_
vt
Dt

(3)

00

where Q_ represents the conductive, diffusive, and radiative heat
ﬂuxes:
00

Q_ ¼ kVT þ Q_

00

(4)

rad

The net contribution from thermal radiation in the energy
equation is expressed by:

Q_

Z

00

rad

¼ kðxÞ½UðxÞ  4pIb ðxÞ; UðxÞ ¼

Iðx; sÞds

(5)

4p

where k(x) is the absorption coefﬁcient, m1; Ib(x) is the source
term; and I(x,s) is the solution of the radiation transport equation
(RTE) for a non-scattering gray gas:

s$VIðx; sÞ ¼ kðxÞ½Ib ðxÞ  Iðx; sÞ

(6)

To solve the above governing equations, the LES algorithm was
used. The LES equations are derived by applying a low-pass ﬁlter of
width D to the above governing equations. The ﬁlter width is taken
1=3
to be the cube root of the cell volume, D ¼ Vc ; Vc ¼ dxdydz, . Then
for any continuous ﬁeld, f, a ﬁltered ﬁeld is deﬁned as:

1
fðx; y; z; tÞ≡
Vc

xþ
Zdx=2

xdx=2

yþ
Zdy=2

ydx=2

zþ
Zdz=2

fðx0 ; y0 ; z0 ; tÞdx0 dy0 dz0

(7)

zdz=2

In FDS, all the solid surfaces are considered to have thermal
boundary conditions. Heat and mass transfer near the solid surfaces
is described by empirical models. FDS uses a simple, direct-forcing
immersed boundary method (IBM) for block Cartesian geometries.
The default boundary condition for tangential velocity is based on a
log law wall for both smooth and rough walls. Open boundary refers to the non-solid exterior boundary of the computational
domain, at which gases are allowed to ﬂow freely in and out
depending on the local pressure gradient.
Because of the non-linear differential equation for pressurevelocity coupling, iteration is utilized to solve the problem until a
successful convergence check, including the solution checks for
errors in mass conservation, ﬂow reversal over the time step and
the magnitude of change for velocity. The default velocity tolerance
is 0.5dx, where dx is the characteristics grid cell size. Default error
tolerance in units of atoms for the reaction stoichiometry is 105,
and for reaction stoichiometry mass balance is 104. The user also
can control the error tolerance and maximum number of iteration.
Further details about FDS and mathematical models can be seen in
McGrattan et al. [31].
2.2. Experiments for the validation
To validate numerical modelling of FDS, previous experimental
setup and data were used [32]. Experiments were taken in a

wooden room with dimensions of 1.7 m (long)  1.9 m
(wide)  2.0 m (high). The testing environment is considered to be
steady state, which was taken in a large enough building (20 m
long, 10 m wide and 5 m high). The ambient air temperature kept at
20  C in the building. Heat loss from the apparatus was reduced
using 50 mm thick insulation sheets. The walls forming the cavity
were of 2 mm aluminium sheet textured with a layer of sand. The
inner surface of the cavity were heated by horizontal electrical
heaters with the outer faces insulated and the heaters were
mounted behind the plates at a distance of 50 mm so that the radiation heat input was well distributed on the cavity surface. The
separation of the walls of the cavity, the sizes of the air inlet to the
cavity and the window were variable to study their effect on the
rate of air ﬂow. Further details about experimental setup and procedure are described by Bouchair [32].
The computational model of the room and chimney cavity
constructed by FDS is shown in Fig. 1. A moveable wall on the right
hand side is used to construct different width cavities together with
the right wall. Two hot surfaces are on the right side of the right
wall and the left side of the movable wall, respectively. The width of
the air inlet is 1.4 m and its height changes in order to study its
inﬂuence on air ﬂow. Transparent left and front walls in this ﬁgure
are used to show the room interior, but do not imply that these two
walls are transparent in term of properties that allows the radiation
heat to go through directly. A window is located at the centre of the
left wall with a size of 0.5 m (width)  0.6 m (height).
As the details about the thickness of wall were not given in
experiments [32], the thickness of ﬂoor, and walls constructing the
cavity was assumed to be 0.2 m. The thickness of the other walls
was then assumed to be 0.05 m. The length of the solar chimney
cavity is ﬁxed at 1.5 m. Following the experimental conditions, all
the walls were assumed to be following inert boundary condition
except the two walls constructing the chimney cavity, namely the
two hot surfaces. The surfaces of cavity walls were set to speciﬁc
temperature following the experiments. Ambient temperature for
numerical modelling is the same with experiments, namely 20  C.
During the simulation, an expanded domain showing grids was
used in X, Y and Z directions to make sure the simulation was taking
place in an ambient environment, shown in Fig. 1. For the validation
part, a computational domain of 4.0 m (X)  3.6 m (Y)  3.6 m (Z)
was used. For some cases in parametric analysis, such as a higher
than 3.6 m cavity, the computational domain was also expanded
when appropriate. The surrounding boundaries were considered to
be open boundary conditions allowing the air to ﬂow in or out
under pressure difference, which is following the experimental
setup. The grid in three dimensions can be seen in Fig. 1 as well, in
which cubes were used for the control block and its size is
dependent on the grid size.
In FDS, there is a default model for the description of convection
heat transfer between the hot walls and surrounding air [31]. We
have conducted a simulation of the solar chimney using the default
model [33]. It is observed that the modelling results differ somewhat from the experiments. This may be because any kind of
empirical model is based on speciﬁc test geometries with various
kinds of focuses and limitations. For the targeted experiments [32],
it was mentioned that the cavity walls were constructed of insulation board with polished aluminium on their internal faces, so the
heat transfer coefﬁcient of the two hot surfaces was assumed as
15 W/m2∙K, see also [34,35].
To examine grid independence, different mesh sizes were used
in the numerical modelling. A case with inlet height of 0.4 m and
surface temperature of 60  C was chosen for this. The inlet air ﬂow
is an important output and was used to compare the modelling
outputs under these three grid sizes, which can be given by:
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Fig. 1. The computational model of the room and solar chimney constructed by FDS. The size of window is 0.5 m (width)  0.6 m (height); Width of air inlet is 1.4 m and the height
is adjustable; the right wall and movable wall on the right hand side construct the chimney cavity; and the length of cavity is ﬁxed at 1.5 m.

00
m_ ¼ u$r$A=L

(8)

Fig. 2 shows the inlet air ﬂow within 100 s using different mesh
sizes, including 0.10 m, 0.08 m, 0.05 m and 0.004 m. The CPU
calculation time using these four grid sizes based on an Intel dualcore computer (3.0 GHz) are about 7 min, 15 min, 75 min and
200 min, respectively. It is observed from the ﬁgure that the air
inlet ﬂow decreases a little bit when grid size reduces from 0.10 m
to 0.08 m, but it shows limited inﬂuence on the outputs when grid
size is below 0.05 m, especially after the simulation approaches
stable stage. This means that the grid size of 0.05 m can be
considered as grid independent. In the subsequent modelling a grid
size of 0.05 m will be utilized in x, y and z directions unless
otherwise speciﬁed.
For the experiments conducted by Bouchair [32], the air inlet

Fig. 2. Comparison of air inlet mass ﬂow using different mesh sizes. X axis shows the
time and Y axis represents the air inlet mass ﬂow.

ﬂow of the solar cavity, as an important parameter to determine the
performance of solar chimney, were measured under the inﬂuences
of cavity width, surface temperature and inlet height. The air inlet
ﬂow is the stable value when the ﬂow achieves stable condition
under speciﬁc surface temperature. These experimental data were
used to validate the numerical modelling under various conditions.
We did not compare the detailed numerical outputs, such as the air
velocity at speciﬁc locations, as the original experiments did not
provide such data.

2.3. Validation of modelling
Scenarios with various air inlet heights, cavity widths and surface temperatures were included to validate the numerical
modelling, shown in Table 1. It can be seen in Fig. 2 that the air inlet
ﬂow will approach a stable stage after a period of time. For typical
cases, a modelling time of 50 s was utilized and the average air inlet
ﬂows during the last 10 s were compared with experiments. For the
cases with 0.5 m and 1.0 m wide cavity, stabilizing the inlet air ﬂow
takes a little longer time so the modelling time under these scenarios were 100 s and 300 s, respectively, and air ﬂows during the
last 10 s were averaged for the comparison.
Fig. 3 shows air inlet ﬂow stream with 60  C hot surfaces at 50 s
for a 0.2 m wide chimney cavity. The air in the room is driven by the
pressure difference caused by the two hot surfaces. The temperature of the air between the two hot surfaces increases by convection, which is strongly dependent on the heat transfer coefﬁcient of
the wall materials. The pressure inside the cavity reduces as hot air
rises under buoyancy. The reason for the pressure drop inside the
cavity is the high temperature, according to the ideal gas law. Air
inside the room then enters the cavity through the inlet under the
pressure difference. At the same time, the outside air enters the
room through the window, and the speed decreases a little along
the ﬂow path. After the air ﬂow hits the wall, it splits into two
streams: one goes up to the roof, blocked by the ceiling and goes
back again; another goes down to the ﬂoor, then enters the cavity. It
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Table 1
The scenarios and modelling parameters for the validation.
Item

Description

Symbol

Unit

Value

Solar chimney

Air inlet height
Cavity width
Surface temperature
Grid size
Heat transfer coefﬁcient
Emissivity of wall
Computational domain

Hin
Wsc
Tsc
Dx
h
ε
-

m
m

C
m
W/m2∙K
e
m

0.1, 0.4
0.1, 0.2, 0.3, 0.5, 1.0
30, 40, 50, 60
0.05
15 [34,35]
0.15 [36]
4.0 (wide)  3.6 (long)  3.6 (high)

Modelling

Fig. 3. The air ﬂow of 0.2 m wide solar chimney cavity with 60  C hot surface at 50 s. The colour bar on the right shows a velocity range of 0e0.7 m/s. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

is observed that the maximum air ﬂow speed above the cavity is
about 0.7 m/s when the two hot surfaces are at 60  C, which is
similar to the ﬂow entering through the window. It should be
noticed that the air ﬂow at the top cavity was not calculated solely
by the velocity of 0.7 m/s and the area. This is because a maximal
velocity of 0.7 m/s does not represent the whole plane is under such
air velocity. During numerical modelling, we used a built-in function to monitor the ﬂow rate of the whole deﬁned plane in FDS.
Fig. 4 shows the comparison between experiments and
modelling outputs. Four surface temperatures (30  C, 40  C, 50  C
and 60  C), two inlet heights (0.1 m and 0.2 m), and ﬁve cavity
widths (0.1 m, 0.2 m, 0.3 m, 0.5 m and 1.0 m), were included in the
comparison. In this ﬁgure, symbols represent the experimental
results and the lines are the modelling outputs. It is observed that
FDS can predict the air ﬂow reasonably well under various scenarios. It is also noticed that modelling results are slightly lower
than the experimental results for 1.0 m wide cavities, but the
modelling shows the same trend as the experiments under the
effect of hot surfaces.
It is noticed that convection heat between the air in the cavity
and hot surface is the main source for the heating up. Take the 60  C
surface with a heat transfer coefﬁcient of 15 W/m2∙K for example,
the radiation heat and convection heat transfer are about 0.65 W/

m2 and 600 W/m2, respectively, obtained from Eqs. (11) and (12).
Therefore, the convection process takes the lead among these two
heat sources. The convection process can be clearly identiﬁed at the
beginning of modelling outputs, shown in Fig. 5.

3. Parametric analysis
3.1. Analytical model
The air ﬂow rate under thermal buoyancy driven by temperature differences for a space with two different height openings can
be expressed by Ref. [15]:

!1=3
2=3
00
00
Q_ Ahot Hn
q_ in ¼ 0:037Cd

2=3

Ain

(9)

where Hn is the distance between the inlet centre and the neutral
plane, m.
Air in the cavity is heated by two kinds of heat transfer methods,
with the total heat input expressed by:
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Fig. 4. Comparison between experiments and modelling for various cavity widths: (a) 0.1 m; (b) 0.2 m; (c) 0.3 m; (d) 0.5 m; and (e) 1.0 m. The symbols (circles and squares are for
0.4 m and 0.1 m high air inlet, respectively) are the experimental data and lines shows the numerical outputs. The low right corner of each subﬁgure shows the cavity width.

00
00
00
Q_ ¼ Q_ rad þ Q_ conv

(10)

The radiation heat can be given by the Stefan-Boltzmann's law:



00
4
 T04
Q_ rad ¼ εs Tsc

(11)

The convection heat transfer between the two different temperature surfaces can be obtained by Newton's law of cooling:
00
Q_ conv ¼ hðTsc  T0 Þ

(12)

After inserting Eqs. (10)e(12) into Eq. (9), we obtain that:

be ignored when it is compared with the convection heat. So, Eq.
(13) can be approximated by:

h
i1=3
2=3
00
q_ in ¼ 0:037Cd $ h$Ahot $Hn $A2in $ðTsc  T0 Þ

(14)

Eq. (14) can be utilized to predict the air inlet ﬂow rate for a solar
chimney. However, the prediction does not consider the room
conﬁguration, such as room size and the openings. The air inlet
ﬂow considering the room conﬁguration can then be expressed by:

h
i1=3
00
q_ in ¼ C$ h$Ahot $Hn $A2in $ðTsc  T0 Þ

(15)

h 

i1=3
2=3
1=3 1=3 2=3
00
4
 T04 þ hðTsc  T0 Þ
Ahot Hn Ain
q_ in ¼ 0:037Cd εs Tsc
(13)
It can be seen from the above analysis that the radiation heat can

3.2. Installation of solar chimney
The whole parametric analysis is based on the original room
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Fig. 5. The temperature in the 0.2 m wide cavity with a hot surface temperature of 60  C along the time: (a) 1 s; (b) 2 s; (c) 4 s; (d) 5 s; (e) 20 s; and (f) 50 s. The colour bar on the
right shows a temperature range of 20e30  C. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

conﬁguration, shown in Fig. 1, with a surface temperature of 60  C
and heat transfer coefﬁcient of 15 W/m2∙K. Several chimney
conﬁguration parameters are investigated, such as air inlet height,
air inlet width, cavity width and chimney height, as shown in
Table 2. The interval in this table shows the increment for various
scenarios.
In Eq. (15), the distance between the neutral pressure plane and
the inlet centre, Hn, can be estimated by Ref. [15]:

Hn ¼

Hsc

(16)

1 þ ðAin =Aout Þ2

After combining Eq. (15) with Eq. (16), a proportional relationship can be gained between the inlet air ﬂow rate and area of inlet
and outlet,

"
00
q_ in ¼ C$

#1=3

A2in

00
q_ in ¼ C$f ðAr Þ

(18)

where Ar is the ratio between Ain and Aout, which is given by:

Ar ¼ Ain =Aout

(19)

Based on Eq. (18), the relationship between q_00 in and Ar can be
seen in Fig. 6. In this ﬁgure, the circles are the data from numerical
modelling and the line is the regression line. It is observed these
two agree reasonably well, with the equation for the regression line
given by:
00

q_

in

¼ 0:16  0:009Ar  0:025A1
r

(20)

Eq. (20) is consistent with practice. It is known that the air inlet
ﬂow increases under a higher Ain, but the increasing rate slows

(17)

1 þ ðAin =Aout Þ2

However, no linear relationship was found between q_00 in and
½A2in =ð1 þ ðAin =Aout Þ2 Þ1=3 after inputting the data from the numerical modelling. This is probably because the Hn is used for the case
where both inlet and outlet are vertical. When Aout increases with a
higher cavity width, the air ﬂow in the cavity is then turbulent,
resulting in backward ﬂow in the cavity. The process in the present
study is signiﬁcantly different with a vertical outlet. Therefore, a
relationship between the inlet air ﬂow and the area of inlet and
outlet is then assumed to be,

Table 2
The parametric analysis of the installation of solar chimney.
Parameter

Symbol

Unit

Analysis range

Interval

Air inlet height
Air inlet width
Cavity width
Chimney height

Hin
Win
Wsc
Hsc

m
m
m
m

0.05e0.60
0.3e1.5
0.1e1.0
1.2e3.2

0.05
0.1
0.1
0.2

Fig. 6. The inﬂuence of inlet and outlet areas on the inlet air ﬂow. Circles are numerical
outputs and line is regression line.
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down when Ain keeps rising. This is because the buoyancy ﬂow
keeps constant even though the air resistance produced by the inlet
is decreasing. Inlet air ﬂow increases with a higher Aout, but the air
inlet ﬂow decreases when Aout keeps rising, which is because a
wider cavity increases the Reynolds number, then resulting in
backward air ﬂow. A similar phenomenon was also found in previous studies. Andersen [37] indicated that cavity width of solar
chimney should be above 4.7 cm but less than 0.2e0.3 m as the
maximum inlet ﬂow happens during this range. Zhai et al. [38]
observed backward air ﬂow from experiments with a cavity
width of 0.2 m.
A range of solar chimney height (1.2e3.2 m) was also investigated, shown in Table 2. The change of chimney height results in a
change of area of hot surface (or wall), Ahot, as well. It is known from
Eq. (15) that q_00 in is linear to ðHs Ahot Þ1=3 , which is reﬂected by the
modelling outputs, shown in Fig. 7. The relationship is given by:
00

q_

in

¼ 0:06ðHsc Ahot Þ1=3

(21)

This result agrees well with the buoyancy ﬂow, which is driven
by pressure (or density) difference at different heights. According to
the ideal gas law, air density decreases with a higher temperature.
Similar results were also found from previous studies, for example,
Lee and Strand [4] indicated that a higher solar chimney with great
absorber wall resulted in a larger building natural ventilation.
3.3. Room conﬁguration
To address the effect of room conﬁguration on the air inlet ﬂow,
several parameters were considered, such as the area of the
opening, width, length and height of the room, opening locations,
and height of opening centre, as shown in Table 3. Openings in this
study are not limited to windows, but also doors and skylights. An
additional opening with the same size as the original window,
namely 0.5 m  0.6 m, was added in the middle of the front wall
(window), back wall (window), roof (skylight) or back wall (door,
which is located at the left corner near the left wall).
As shown in Eq. (15), q_00 in is inﬂuenced by areas of inlet and
outlet. The q_00 in against the area of window (Aopen) was addressed,
shown in Fig. 8(a). It should be noted that the Aopen in the numerical
modelling varies by adjusting its width or height individually. So
the cases in Fig. 8(a) reﬂect the trend of a single increase of window
width or height. In Fig. 8(b), Aopen increases by adjusting both width
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and height with an increment of 0.1 m from the original size
(0.5 m  0.6 m) until the left wall is totally replaced by window (or
opening) (1.8 m  1.95 m).
It can be seen from Fig. 8 that both situations result in the same
trend along q_00 in in that it increases dramatically with Aopen initially
but the rate of increase then slows down. The trend can be given by:
00

q_

in

¼ Aopen



0:65 þ 5:2Aopen



(22)

Eq. (22) reﬂects the air resistance (or pressure difference) as air
ﬂows in to the room through the window, then is exhausted by the
chimney cavity.
Fig. 9 shows the inﬂuence of room conﬁguration (width, length
and height of room, location of opening and height of opening
centre) on air inlet ﬂow rate. It is observed that the room size has
limited inﬂuence on q_00 in , which stays at 0.137 m3/s for various room
sizes, shown in Fig. 9(a)e(c). It indicates that the room size has
limited resistance on the air ﬂow. The pressure between the inside
and outside could be the same when the room size changes, indicating that the whole room can be considered as a control volume
for future analytical analysis. As the window is located on the left
wall, the length of room also reﬂects the distance from the opening
to the air inlet, shown in Fig. 9(a). This shows that this distance has
limited effect on air inlet ﬂow.
The effect of additional openings on q_00 in can be seen in Fig. 9(d).
The ﬂow q_00 in is higher than those data from Fig. 9(a)-(c) because
there is an additional opening compared to the original setup.
Similarly, the q_00 in did not vary too much with different locations of
opening. However, the skylight in the roof shows a slightly higher
value than the others.
The height of the opening centre was also addressed, shown in
Fig. 9(e). It is observed that the q_00 in tends to increase with a lower
opening position. This is because the air ﬂow from a lower opening
enters the solar chimney more easily under similar height. The air
ﬂow could be smoother without going through vortexes by
bouncing from the wall and then entering the cavity. Details of the
whole process can be seen in Fig. 3. Although the q_00 in seems to
increase with a lower opening, the whole variation is less than
0.014 m3/s even when the opening moves from the very top to the
very bottom on the left wall, which means that the difference
induced by the opening location can be ignored.
From the above analysis, it can be concluded that:
00

q_

in



¼ Constant WR ; LR ; HR ; Opening location; Hopen

(23)

3.4. Inﬂuence of cavity materials

Fig. 7. The inﬂuence of chimney height on the air inlet ﬂow. Circles are numerical
outputs and line is regression line.

Cavity material is also an important aspect related to the performance of the solar chimney as it affects the heat gained from
radiation. To address the inﬂuence of cavity material, characteristics of wall materials such as surface temperature (absorption of
solar radiation), heat transfer coefﬁcient and emissivity were
included, shown in Table 4.
Surface temperature under solar radiation can be calculated by
its absorption coefﬁcient and thermal conductivity if the material is
not transparent. The accumulated heat inside the wall is a balance
between the absorption of solar radiation and thermal conductivity. The details about the calculation process are given in Bassiouny
and Koura [39], in which an empirical model was developed to
predict the average temperature of a solar absorber. Based on Eq.
(15), q_00 in is linear in ðTs  T0 Þ1=3 , which has been conﬁrmed by the
data from numerical modelling, shown in Fig. 10(a). The relationship can be given by:
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Table 3
The parametric analysis of the Conﬁguration of room.
Parameter

Symbol

Unit

Analysis range

Interval

Width of window
Height of window
Length of room
(Distance of opening)
Width of room
Height of room
Opening location
Height of opening centre
Area of opening

Lopen
Hopen
LR

m
m
m

0.1e1.0
0.1e1.0
0.4e4.0

0.1
0.1
0.4

WR
HR
Hopen
Aopen

m
m
e
m
m2

0.6e4.2
1.2e3.2
windows, skylight, door
0.3e1.5
0.49e3.51

0.3
0.2
e
0.2
Length and height increase by 0.1 m

The emissivity of the wall material related to the radiation heat
absorption from the high temperature wall was also included. Not
surprisingly, the emissivity has limited effect on the performance of
the solar chimney, as shown in Fig. 10(c). The reason has been
provided above in that the radiative heating by the hot wall can be
ignored when compared with the convective heating. For hot wall
radiation, q_00 in is given by:
00

q_

in

¼ Constant ðεÞ

(26)

Eq. (26) only implies that the performance of the solar chimney
is not affected by emissivity in the aspect of radiation from the hot
wall, but this does not mean that the emissivity of cavity materials
is not important for the performance under other radiation sources,
such as the sun. The material with a higher emissivity would be
prone to absorb more solar radiation, resulting in higher temperature walls. As this study is focused on the performance based on a
speciﬁc temperature of the cavity wall, the emissivity in this study
is then related to the wall radiation, not the solar radiation. Details
about the solar absorption can be found in Harris and Helwig [40].

3.5. Empirical model
In the above sections, the effects of cavity and room conﬁguration and thermal properties of cavity materials on the performance
of chimney have been addressed. It is shown that the area of
opening, inlet, outlet, hot wall, heat transfer coefﬁcient, chimney
height and surface temperature inﬂuence performance. Some other
parameters regarding room conﬁguration (e.g., room size, opening
location, opening height) show very limited inﬂuence. In the aspect
of heat gained by hot wall, emissivity of cavity materials did not
affect the performance much.
After combining Eq. (15) and Eqs. (20)e(26), the air inlet ﬂow
based on a speciﬁc temperature wall can be expressed by:
Fig. 8. The inﬂuence of opening on the air ﬂow rate: (a) area of window; and (b) area
of opening. Circles are numerical outputs and line is regression line. In (a), the opening
area varies by adjusting its width or height individually; and in (b) the opening area
varies by adjusting both width and height from the original size until the left wall is
totally replaced by window/opening.

00

q_

in

¼ 0:04ðTsc  T0 Þ1=3

(24)

Fig. 10(b) shows the relationship between q_00 in and h, which is
similar to the surface temperature in that q_00 in increases exponentially with increasing h. As discussed above, the convection heat
transfer is the main heating source for the air inside the cavity to lift
the air under the buoyancy. The relationship can be expressed by:
00

q_

in

1=3

¼ 0:056h

(25)

C þ C2 Ar þ C3 A1
00
r
½h$Hsc $Ahot $ðTsc  T0 Þ1=3
q_ in ¼ 1
C4 þ C5 A1
open

(27)

The coefﬁcients in Eq. (27) can be obtained by inputting the data
from the numerical modelling in this study. An empirical model
was then developed to predict the air inlet ﬂow under various
situations:
00
q_ in ¼ CR $½h$Hsc $Ahot $ðTsc  T0 Þ1=3

(28)

where CR is the room conﬁguration coefﬁcient related to room
openings, chimney inlet and outlet.

CR ¼

0:1 þ 0:0016Ar  0:003A1
A
r
; where Ar ¼ in
Aout
9:9 þ 1:5A1
open

(29)

Fig. 11 shows the comparison between the experimental data

L. Shi, G. Zhang / Building and Environment 103 (2016) 250e261

259

Fig. 9. The inﬂuence of room conﬁguration on the inlet air ﬂow: (a) Length; (b) Width; (c) Height; (d) opening location; and (e) height of opening. Circles are numerical outputs and
line is regression line.

Table 4
The parametric analysis of the cavity materials.
Parameter
Surface temperature
Heat transfer coefﬁcient
Emissivity

Symbol

Unit

Analysis range

Interval

Tsc
h
ε



25e80
3e30
0e1.0

5
3
0.1

C
W/m2∙ C
e

[32] and numerical modelling in this study using Eq. (28). It can be
seen that the prediction agree reasonably well with both the
experimental and numerical data. The comparison between the
prediction and experiments shows that the maximum and minimal
differences are 55.4% and 0.24%, respectively, with an average difference of 10.9%. The big difference between these two are due to
the eight predictions for 1.0 m wide solar cavity, with a range of
errors of 23.4e55.4%. If we ignore the cases for a 1.0 m wide solar
cavity, the maximum and minimal differences between the prediction and experiments then drop to 17.7% and 0.24%, respectively,
with an average difference of 7.6%. From this ﬁgure, it is observed
that the predictions of eight points for 1.0 m wide cavity are much

lower than the experiments, which is similar to those cases in the
validation part. This extreme situation of wide solar cavity will be a
focus in our future study.
4. Conclusions
An empirical model was developed to predict the performance
of typical solar chimneys considering both room and chimney
conﬁgurations using easily acquired inputs. An open-source tool,
Fire Dynamics Simulator (FDS), was selected and validated by the
experimental data. It is observed from the comparisons that FDS
can predict the air inlet ﬂow of solar chimney quite well with
various inlet heights, chimney widths and surface temperatures,
except the numerical results for 1.0 m wide cavity are a little lower
than the experiments. Based on the numerical modelling, the inﬂuences of room and cavity conﬁgurations and cavity materials
properties on the inlet ﬂow rate of solar chimney were addressed:
(1) The air inlet ﬂow rate increase with bigger inlet or outlet
areas and chimney height, however, the increasing rate slows
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Fig. 10. The inﬂuence of cavity material properties on air inlet ﬂow: (a) Surface temperature; (b) heat transfer coefﬁcient; and (c) Emissivity. Circles are numerical outputs and line is
regression line.

bottom on the left wall is negligible. The air inlet ﬂow rate
rises with a bigger opening, but the ﬂow seems to approach a
maximum value. It is obtained that:
00

q_

in



¼ Constant WR ; LR ; HR ; Opening location; Hopen

(3) A cavity material which results in a higher temperature can
optimize the chimney performance. For a speciﬁc wall temperature, the convective heat transfer between the wall and
the air inside the chimney cavity is the leading source for the
buoyancy ﬂow.
(4) In the empirical model, a room coefﬁcient (CR) is proposed to
describe the inﬂuence of both the room and chimney conﬁgurations on the inlet air ﬂow of the solar chimney. The
empirical model can be expressed by:
00
q_ in ¼ CR $½h$Hsc $Ahot $ðTsc  T0 Þ1=3 ; where CR

Fig. 11. Comparison of inlet air ﬂow between experimental and numerical data and
empirical model. Open circles are numerical outputs, ﬁlled triangles are experimental
data [32] and the 45 line represents the equivalence between X and Y data.

down when they keep rising. For the outlet, the air inlet ﬂow
rate decreases when its area continues rising, which is
because a wider cavity could bring in backward air ﬂow
under high Reynolds number.
(2) It is observed that the room size (e.g., length, width and
height) has limited effect on the air inlet ﬂow. This indicates
that the whole room space can be considered as a single
control volume for future analytical analysis. The air inlet
ﬂow of solar chimney seems to increase under a lower
opening position, but its effect can be ignored as the variation when the opening moved from the very top to the very

¼

0:1 þ 0:0016Ar  0:003A1
A
r
; Ar ¼ in
Aout
9:9 þ 1:5A1
open

In this study, FDS was used to predict the performance of solar
chimney using large eddy simulation (LES) algorithm. We believe
the inﬂuence of turbulence models on the modelling accuracy will
be a very good topic for future research.
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