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The purpose of this study was to investigate numerically the effect of moist air on the performance of a
vertical solar chimney. Numerical models were constructed to simulate the heat transfer and fluid flow of
dry air and moist air with a relative humidity of 30–80% in a solar chimney. Computational results of air
velocity and temperature distribution in the solar chimney with dry air were compared to results with
moist air, under a constant chimney wall temperature. Compared to a solar chimney with dry air, the
yield of ventilated air flow was 15.4–26.2% less and the overall air temperature was higher for a solar
chimney with moist air. To maximize ventilation and reduce backward flow at the opening, an aspect
ratio of 14:1 and a limited opening height are recommended for solar chimneys with moist air.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

There have been many investigations of the thermal
performances of variously designed solar chimneys integrated
with buildings. Although invented for use in heating and ventila-
tion applications in a cold climate [1] the solar chimney has been
studied and applied under various climatic conditions. The thermal
performance, in terms of the volume flow rate, air velocity, and air
temperature, depends on the chimney configuration, construction
materials, and integrated renewable energy systems [2].

The amount of water vapor in the air is dissimilar in different
climates. For example, one study in a hot-dry climate reported a
mean ambient temperature in the summer of 30–34 �C and relative
humidity (RH) of less than 20% [3]. Another study in a hot–humid
climate reported an ambient summertime temperature of
33.4–37.5 �C and RH of 46.0–73.5% [4]. The water content of air
was greater in the hot–humid compared to the hot-dry climate
by around 10 grams of moisture per kilogram of dry air. In a
hot–humid climate, high vapor content in the air will affect the
thermal performance of a solar chimney and lead to specific design
specifications. Specifically, air flowing inside a solar chimney in a
hot–humid climate could behave like moist air, or a mixture of
water vapor and dry air.

Studies have covered diverse areas related to the volume flow
rate of solar chimneys of various configurations. In India, for example,
experiments showed results of 2.4–5.6 air change per hour (ACH)
for an absorber area of 0.7–0.9 m2 [5]. In the hot–dry climate of
Iraq, a solar chimney with an incline of 60�, aspect ratio of 13.3,
and chimney length of 2 m gave 4–35 ACH for an inflow velocity
of 0.3–0.8 m/s [6]. A vertical solar chimney integrated with a water
spraying system in Iran [3] gave an average of 4.51–8.28 ACH for
an average velocity of 0.2–0.3 m/s. The room temperature
approached a comfortable temperature with an indoor RH of
10.7–34.3%. The outdoor RH did not have a significant effect on
the air velocity inside the channel.

There have not been many studies of the effects of humidity on
solar chimneys in hot–humid climates because the humidity is not
considered to have a primary effect on the ventilation. Ventilation
performance has been determined by combining the wall and the
roof [7], changing the configuration [8] and [9], increasing the
inclination angle [3], and increasing the temperature difference
between the inlet and outlet [10] and [11] of the solar chimney.
Application of direct evaporation has been avoided in hot–humid
climates. Only one experiment of an inclined solar chimney with
indirect evaporative cooling was found [4], which was performed
in Thailand. Solar chimney is used to drive the warm air inside it
to rise along the wall, which can be used for building ventilation,
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Nomenclature

cp specific heat (J/kg�K)
Di,m mass diffusion coefficient for species i in the mixture

(m2/s)
Di,T thermal diffusion coefficient for species i in the mixture

(m2/s)
gi gravitational acceleration in the i direction (m/s2)
H height of air gap (m)
h height of opening (m)
Ji mass diffusion (kg/s�m2)
k thermal conductivity (W/m�K)
L width of air gap (m)
P static pressure (Pa)
Patm atmospheric pressure (Pa)
Sct turbulent Schmidt number
t time (s)
T time-mean temperature of fluid (�C)
T0 fluctuation temperature (�C)

T0 reference temperature (=31.0 �C)
Tw1 temperature of air contacting the hot surface (�C)
Tw2 temperature of air contacting the cold surface (�C)
Ta1 ambient temperature (�C)
Ta2 air temperature at the inlet (�C)
ui mean velocity component corresponding to i direction

(m/s)
u0

i fluctuation velocity component in the i direction (m/s)
xi coordinate direction i (m)
Yi local mass fraction of each species

Greek symbols
b coefficient of thermal expansion (=1/T0) (1/K)
q density of fluid (kg/m3)
l laminar dynamic viscosity (kg/m�s)
t kinematic viscosity (m2/s)
c diffusion coefficient
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power generation, drying, etc. The solar chimney for building
ventilation is similar to the solar updraft tower (also called solar
chimney) for power generation [12]. In a solar updraft power
plant where the buoyancy effect was applied to drive the wind
turbine, under high relative humidity, the power generation
became smooth, power was increased, and condensation was
observed [13].

In the design of solar chimney configurations, the commercial
CFD software has been widely used to determine the proper height
to width ratio of the air gap [14] and the inlet positions [15] to max-
imize the mass flow rate. The height of the air gap (H), width of the
air gap (L), and height of the opening (h) affected the ventilation
rate of the solar chimney. A numerical study showed that the opti-
mal aspect ratio varied with the Raleigh number (RaL) under
Fig. 1. Air gap of the solar chimney subjec
uniform heat flux and uniform wall temperature [16]. On the basis
of computational results, Gan (2006) recommended an air–gap
height to width ratio (H/L) of 11.11 or 20.0. A wall solar chimney
in Thailand showed the highest volume flow ratewithH/L = 14 [17].

The purpose of the present study was to compare the air flow
and temperature distributions within a vertical solar chimney
when using moist air compared to dry air. Here, moist air refers
to air with a range of RH typical of Thailand (RH = 40–80%). The
air velocity and temperature distribution of moist air in the air
gap were obtained simultaneously by using the computational
software ANSYS Fluent 14.0. Results obtained from moist air simu-
lated by the species transport model were compared to results
from the dry-air model. Effects of moist air on the solar chimney
aspect ratio and inlet height were also studied.
ted to constant surface temperatures.



Table 1
Temperatures (�C) of solar chimney wall and air gap [17].

Time Surface W1 (Tw1) Surface W2 (Tw2) Air in middle (Ta) Inlet air

16.00 32.28 29.00 31.20 30.80
16.15 32.38 28.79 30.90 27.40
16.30 32.10 28.91 31.20 30.10
16.45 32.38 29.03 31.00 30.70
17.00 32.35 29.09 30.90 27.50

Table 2
Mass fractions of inflow air-vapor mixture.

Relative humidity (%) Vapor Dry air

– 0 1.000
40 0.010 0.990
50 0.013 0.987
70 0.019 0.981
80 0.023 0.977

Table 3
Thermal properties of air and vapor at operating temperature [20].

Properties Unit Air Vapor

k W/mK 0.02588 0.01896
cp J/kgK 1007 1874
q kg/m3 1.164 0.723
t m2/s 1.872 � 10�5 1.407 � 10�5

Table 4
Average velocity at the openings of the dry air and air-vapor mixture models.

Relative humidity (RH, %) Average air velocity
(m/s)

Difference from
dry air (%)

Inlet Outlet Inlet Outlet

Dry air 0.0550 0.0693 – –
40 0.0408 0.0586 25.8 15.4
50 0.0407 0.0586 26.0 15.4
70 0.0407 0.0585 26.0 15.6
80 0.0406 0.0585 26.2 15.6

Fig. 2. Boundary conditions for analysis of heat transfer and fluid flow.
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2. Problem formulation and numerical modeling

Fig. 1 depicts the physical configuration of a two-dimensional
(2-D) air gap of a vertical solar chimney. In this study, the solar
induced ventilation is assumed mainly effect across the inlet and
outlet openings placed on the right and the left walls, respectively.
This assumption is valid when the widths of inlet and outlet
openings are identical to the width of the walls and themeasurement
of air temperature and velocity are conducted at the middle section
of the wall. According to the control volume of the solar chimney
reported in previous studies [17,18], a 2-D air gap in a solar chim-
ney with an H/L ratio of 14:1 was used (Fig. 1). The height of the
inlet and outlet openings was 0.05 m. The surface temperature of
the solar chimney was slightly different from that in previous stud-
ies [17,18]. Surface temperature along the vertical walls was
assumed to be constant and equal to Tw1 and Tw2 along the external
and internal wall, respectively. The upper roof and bottom walls
were assumed to be adiabatic. The bottom inlet was subjected to
room air (Ta2), and the top outlet was exposed to ambient air (Ta1).

Due to the buoyancy effect contributed by heat accumulated on
the external wall, warm air in the air gap was discharged to the
ambient air via the outlet at the top of the external wall. Then,
room air was drawn into the air gap through the inlet opening at
the bottom of the internal wall, creating natural ventilation in
the adjacent room. The constant surface temperatures were taken
from previous research [17], as shown in Table 1. Data were
averaged every 15 min for 1 h between 4 and 5 p.m. in a solar
chimney installed in the west end of a testing room. The wall
temperatures were steady, while the air temperature at the inlet
varied from 27.4 to 30.4 �C, during the hour (Table 1).

As the present work was mainly concerned with the effects of
moist air on the volume flow rate and aspect ratio of the solar
chimney, dry and moist air were the two working fluids studied
in solar chimneys of similar configurations. The dry-air model
employed the air property of an ideal gas. Moist air was simulated
as an air-vapor mixture using the species transport model [19].
Mass fractions of the air-vapor mixture corresponding to
RH = 40–80% are shown in Table 2. Thermal properties of the air
and vapor at an operating temperature of 30.5 �C are shown in
Table 3. Under the moist-air condition, solar chimney aspect ratios
of 30:1, 14:1, and 10:1 were considered. Ratios of the opening
height to the solar chimney width (h/L) of 0.25, 0.50, and 0.75 were
examined in the solar chimney with an aspect ratio of 14:1.

To analyze the numerical CFD models of dry and moist air, the
problem was simplified by assuming constant thermal properties
of air and vapor. Air flow in the air gap was assumed to be
turbulent, and the k–e Re-Normalisation Group (RNG) turbulence
model was used to simulate the effect of turbulence. The difference
in air temperatures between the inlet and outlet of the solar
chimney was not high, and the Boussinesq approximation was
employed in the dry air model.



Fig. 3. A two-dimensional finite volume grid of the air gap in solar chimney.

Fig. 4. Comparison of numerical and experimental results of volume flow rates.
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In the simulation of moist air, the water vapor had no reaction
and no phase change. Moist air was assumed to be a mixture of
water vapor (H2O) and gas (O2, N2) molecules. Thus, the species
transport model was used to compute air velocity and temperature
distribution from the input properties of the air-vapor mixture.
Under this assumption, the governing equations can be solved for
a 2-D transient turbulent flow, as follows [21]:

Continuity equation:

@q
@t

þ @

@xi
ðquiÞ ¼ 0 ð1Þ
Momentum equation:

@

@t
ðquiÞ þ quj

@ui

@xj
¼ � @P
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Energy equation:
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Fig. 5. The transient simulation results of air velocity in the solar chimney with (a) dry air and (b) moist air.
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For all flows, the ANSYS Fluent program was used to solve the
conservation equations for mass (Eq. (1)) and momentum
(Eq. (2)). For flow involving heat transfer, an additional equation
for energy conservation (Eq. (3)) was solved. For flows involving
a mixture of species, the species conservation equation was solved.
To solve conservation equations for species, the ANSYS Fluent
software predicts the local mass fraction of each species, Yi,
through solution of a convection–diffusion equation for the ith
species. This conservation equation takes the following form:
@

@t
ðqYiÞ þ r � ðquiYiÞ ¼ �r � Ji ð4Þ

There are two species in the CFD model: water vapor (species 1)
and air (species 2). In turbulent flow, ANSYS Fluent computes the
mass diffusion in the following form:

Ji ¼ � qDi;m þ lt

Sct

� �
rYi � Di;T

rT
T

ð5Þ
2.1. Boundary conditions

Boundary conditions needed to solve the governing equations
are shown in Fig. 2. Air contacting the external or internal wall
was considered to have a boundary condition of constant temper-
ature Tw1 or Tw2, respectively. The top wall (#3) and bottom wall
(#4) were assumed to be adiabatic. Boundary conditions for solv-
ing the momentum equation were no-slip at the boundaries and
atmospheric pressure at the openings.

2.2. Calculation procedures

Navier–Stokes and energy equations with boundary condition
Eqs. (11)–(15) were solved by using the computational fluid
dynamic code ANSYS Fluent. Convective terms in the governing
equations for momentum, turbulent kinetic energy, turbulent
dissipation rate, and energy were discretized with the second-order



Fig. 6. The transient simulation results of air temperature in the solar chimney with (a) dry air and (b) moist air.
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upwind scheme. PRESTO! was used as the pressure interpolation
scheme because the solar chimney has natural convective flow
with a high Rayleigh number. Coupling between velocity and pres-
sure was performed with the SIMPLE algorithm.

Convergence of the numerical solution was considered to have
been achieved when the sum of the normalized residuals for each
flow equation was less than 10�4. The convergence test was
conducted to identify the appropriate number of grids required. To
validate the independence of the solution on the grid, four node
numbers (4100, 6400, 11,200 and 24,700) were investigated.
Simulation results showed that the temperature distribution and
velocity vectors were similar with node numbers of 11,200 and
24,700.Hence, themodelwith 11,200nodeswas selected for further
studies. Fig. 3 shows the results of the uniform grids in the solar
chimney.
3. Validation of numerical results

Apart from the investigations of grid independency, the heat
transfer and fluid flow characteristics were compared with avail-
able experimental results. To validate the reliability of the numer-
ical method being used, the numerical simulation was conducted
with the solar chimney with the same geometrical configuration
as presented in [17]. Dry and moist air are the working fluids in
the simulation models. Temperature values at the wall boundaries
and inlet in the simulation models followed the experimental
results in Table 1.

Fig. 4 shows the numerical and experimental results of the vol-
ume flow rate after 1 h of operation. The volume flow rate from the
simulation results of the dry-air model were very different from
the experimental results. Simulation results of the moist-air model



Fig. 7. Temperature profile along the air gap height.
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agreed well with experiment results, with a difference of 20–33%.
This difference was still high because the results obtained from the
2-D model limit the prediction of the experimental results. The
local speed computed at some points may not be real. However,
the comparison showed that using the species transport model
for the computational modeling of moist air can improve the
calculation of volume flow rate through the solar chimney.
4. Results and discussion

The following sections present the numerical results obtained
from the 2-D model shown in Fig. 2. The transient simulations
approached the steady state at 100 s. Simulations were carried
out under a hot wall temperature of Tw1 = 33 �C and cool wall tem-
perature of Tw2 = 29 �C. Computational results of air velocity and
temperature distribution in the air gap were analyzed through
graphical displays produced by the CFD package. Ventilation
performances of the solar chimney with different water vapor
contents are presented in terms of the volume flow rate.

4.1. Air velocity in the solar chimney with the dry- and moist-air
models

Fig. 5 shows the transient simulation results of air velocity in
the air gap of the solar chimney with dry or moist air. The dry-
air model (Fig. 5a) depicted air close to the hot surface flowing
upward from the inlet due to the buoyancy effect, starting from
2 s until 100 s. A portion of the air left the air gap through the out-
let, while another portion of air turned back to the cool surface. The
backward air flowed down to 0.44 m above the inlet opening and
flowed up again close to the hot surface. This recirculation around
the borders of the air gap created a region of zero air velocity at the
center of the air gap.

In the moist-air model with RH = 70% (Fig. 5b), warm air started
moving at 10 s. The flow characteristics were similar to those of the
dry-air model. However, the portion of air that turned back was
larger in the moist-air model, and the volume of this moist air fell
to 0.13 m above the inlet opening. Images on the right-hand side in
Fig. 5a and b show the magnification of velocity vectors in the solar
chimney at 100 s for the dry- and moist-air models, respectively.
There was greater mixing of the room air entering the inlet with
the warm recirculation stream in the moist- compared to the
dry-air model. Because the disturbance at the inlet was less, dry
air flowed into the solar chimney at higher velocity than the moist
air.
4.2. Effect of vapor content on air velocity

An increase in RH at a constant mixture temperature involves
an increase of the vapor mass fraction in the air-vapor mixture.
Increasing the vapor in the mixture by increasing the RH from
40% to 80% reduced the average velocity in the solar chimney
(see Table 4). Compared to the results of the dry model, the air-
vapor mixture model with RH = 80% delivered 15.6% lower air velo-
city at the exit. The vapor density was smaller than that of the dry
air, resulting in the reduction of buoyancy in the moist-air model.
In addition, vapor required higher heat to increase the temperature
by 1 �C, due to its higher specific heat compared to dry air of the
same mass. Overall, the buoyancy force decreased when vapor
was considered in the computational model.
4.3. Temperature distribution in the solar chimney with dry- and
moist-air models

Fig. 6 shows the numerical results of air temperature in the
solar chimney with the dry- (Fig. 6a) or moist-air model (Fig. 6b).
The air temperature was distributed from 300 to 306 K in the
dry-air model, with an average air temperature in the air gap of
303.46 K (30.46 �C). Fig. 6b shows the results of the air tempera-
ture obtained from the moist-air model with RH = 70%. The
temperature distribution was similar for RHs of 40% to 80%. The
average air temperature in the moist-air model was 303.96 K
(30.96 �C), which is slightly higher than the average temperature
in the dry-air model.

The temperature range in the moist-air model was higher than
that of the dry-air model, which can be explained by the delayed
and reduced discharging of air. Heat quickly dissipated in the air
gap, and the temperature increased in the first 2 to 4 s because
of the static moist air. At steady state (100 s), the bottom of the
air gap with dry air became cool at the inflow air temperature.



Fig. 8. Simulation results of dry air with aspect ratios of 30:1, 14:1 and 10:1, (a) air velocity and (b) temperature distribution in steady state.
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The inlet moist air mixed with the recirculated warm air, and the
temperature at the bottom of air gap increased.

Fig. 7 shows the temperature profile along the air–gap height.
The dry- and moist-air models had identical temperature profiles;
however, the air temperature in the moist-air model was higher
than in the dry-air model at equivalent heights in the solar
chimney. Compared to experimental research in a hot–humid climate,
the moist-air model is more accurate in the prediction of air
temperature in the air gap.

4.4. Effect of the aspect ratio

Effects of aspect ratios (H/L) of 30:1, 14:1, and 10:1
(L = 0.1, 0.2, and 0.3 m, respectively, for H = 3.0 m) on the perfor-
mance of the solar chimney were investigated and compared
for the dry- and moist-air models. Fig. 8 shows the simulation
results of air velocity (Fig. 8a) and temperature (Fig. 8b) at
steady state for the dry-air model. The directions of flow and
recirculating air were similar at all three aspect ratios, except
for backward flow at the outlet opening with the largest air
gap. The largest air gap has a larger portion of backward airflow
than the smallest air gap. For L = 0.1, 0.2, and 0.3 m, dry air
flowed into the air gap through the inlet and exited through
the outlet. Air temperatures at the three aspect ratios were
stratified, with a low temperature at the bottom and high
temperature at the top of the air gap.

Fig. 9 shows the simulation results for the moist-air model in a
solar chimney with different aspect ratios. For a solar chimney
with an air–gap width of 0.1 or 0.3 m, two regions of air recircula-
tion separated by static air developed in the steady-state condition
(Fig. 9a). Outflow involved only warm air that had collected near
the outlet, and excluded the stream of inflow air. Furthermore,
reverse flows were found at the inlet. The flow of moist air was
clearly inefficient in the air gap with the incorrect aspect ratios.
The nonuniformity of air velocity in the air gap led to a variation
in temperature distribution (Fig. 9b). The aspect ratio of 14:1,



Fig. 9. Simulation results of moist air with aspect ratios of 30:1, 14:1 and 10:1, (a) air velocity and (b) temperature distribution in steady state.
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reported in Refs. [17,18] was verified to be appropriate for moist-
air application in this study.

4.5. Effect of the height of the opening

Heights of the inlet and outlet openings were varied to study
their effect on the ventilation performance of the solar chimney.
The recommended opening height was 0.05 m (h/L = 0.25) for the
inlet and outlet. Simulation results showed the detailed thermal
behavior of the dry and moist air. The h/L ratios of 0.25, 0.50, and
0.75 were created for an air gap with a height of 3 m and width
of 0.2 m.

Fig. 10 shows the computational results of air velocity (Fig. 10a)
at steady state andair temperature (Fig. 10b) fordryair in the air gap.
Changing the inlet and outlet opening heights in the dry-air model
did not alter the flow pattern or temperature distribution in the air
gap. Reverse flow at the inlet and outlet openings was found in the
air gap with a large opening (h/L = 0.50 and 0.75). The air tempera-
ture in the air gapwas almost identical for all three h/L ratios, except
that reverse flow produced a high temperature at the outlet.

Fig. 11 shows the simulation results obtained from the analysis of
moist air in the air gap of the solar chimney with three opening
heights. Changing the opening height of the inlet and outlet had dif-
ferent effects on theair gap. Very largeopenings reduced theupward
flow (Fig. 11a), decreasing the magnitude of the upward velocity
while increasing the size of static air region, especially for air gaps
with h/L = 0.5 or 0.75. Reverse flowswere found at the inlet and out-
let openings. In otherwords, ambient air entered the air gap through
theoutlet, andair in the air gapflowed into the room.Nonuniformity
of the air flow was also reflected in the temperature distribution
(Fig. 11b). High air temperature was found at the middle of the air
gap height because of the backward flow. Therefore, the opening



Fig. 10. Computational results of (a) velocity and (b) temperature in steady state of dry air in the air gap with h/L ratios of 0.25, 0.50 and 0.75.

654 S. Sudprasert et al. / International Journal of Heat and Mass Transfer 102 (2016) 645–656
height should be limited to h/L = 0.25 for application of a solar
chimney with moist or dry air, to avoid reverse flow.
5. Conclusions

This study investigated the effects of the vapor mass fraction
in the air-vapor mixture on the temperature distribution and
velocity flow patterns in the air gap of a solar chimney. Effects
of increasing the RH at a constant temperature on the air tem-
perature distribution and airflow were ascertained by numeri-
cally simulating transport models of heat transfer and species
conservation. The air temperature distribution was directly
influenced by the amount of water vapor in the air. Increasing
the vapor mass fraction of the air-vapor mixture reduced the
air velocity at the inlet and outlet openings by 26% and 15.6%,
respectively, compared to dry air under the same boundary con-
ditions. Furthermore, increasing the vapor mass fraction intensi-
fied the recirculation of warm air near the openings and
reduced the ventilation through the air gap. The air temperature
distribution in the air-vapor mixture model developed similarly
to the temperature distribution in the dry-air model, but with a
slightly higher air temperature.

From these results, we conclude that the water vapor
should be considered in the application of a solar chimney
in a hot–humid environment. The suggested aspect ratio (H/L)
of 14:1 was verified with the air-vapor mixture simulation
model. To increase the upward flow and prevent backward
flow into the room, small opening heights, such as h/L = 0.25,
are recommended for solar chimneys used with moist air.



Fig. 11. Computational results of (a) velocity and (b) temperature in steady state of moist air in the air gap with h/L ratios of 0.25, 0.50 and 0.75.
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