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Abstract: The natural ventilation of buildings can be achieved effectively with solar chimneys, which
are classified into wall, roof, and combined wall–roof configurations. Among the combined systems
investigated in the literature, vertical wall–horizontal roof solar chimneys have not been evaluated
thoroughly. This study investigates the performance of a combined vertical wall–horizontal roof solar
chimney numerically. A two-dimensional Computational Fluid Dynamics (CFD) model is employed
to examine the flow and thermal characteristics under various influencing factors relating to the
chimney’s geometry, the flow resistance caused by the bend connecting the vertical and horizontal
portions, the reverse flow at the outlet, and the location of the heat source. Compared to a vertical
wall chimney at the same cavity height, the combined system always had a lower flow rate but had
a higher thermal efficiency at some length-to-total-height ratios. Heating the upper walls induced
higher flow rates but lower thermal efficiency. Particularly, the effect of the bend on the flow rate
was more important than that of the reverse flow at the outlet. These results imply that a combined
chimney is preferred over a vertical one for heating applications, wherein the combined chimney
should have transparent upper walls.

Keywords: combined wall–roof solar chimney; natural ventilation; CFD; reverse flow; bend resistance

1. Introduction

Solar chimneys offer numerous options for energy-saving solutions for green buildings.
Particularly, they have been proven to be effective in natural ventilation and increasing the
energy performance of the building envelope. The flow induced due to the stack effects in a
3.0 m high solar chimney can provide a sufficient ventilation rate for a house of 970 m3 [1].
The air warmed in a chimney cavity used for room heating could save up to 20% of the
heating load for an office building in Japan [2]. According to Al Touma and Ouahrani [3], a
solar chimney embedded in a window can provide an 11.3% reduction in daily heat gain.
Therefore, solar chimneys could help to improve the scores of building ventilation in green
building standards, such as LEED or BEAM [4]

The performance of a solar chimney depends significantly on its specific configura-
tion [5]. The typical solar chimney configurations in the literature can be classified into
three groups of wall, roof, and combined systems. For the solo wall or roof solar chimneys,
the induced flow rate increases with the gap, height, and heat flux [6–9]. The opening size
also significantly influences their performance. In general, the flow rate increases with the
opening size until it becomes constant when the opening height is larger than 3.0–6.0 times
the air gap of a wall solar chimney [10]. For roof solar chimneys, Al-Kayiem et al. [11]
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claimed that the highest flow rate was achieved with a horizontal inlet flow direction.
Particularly, the optimal inclination angle of a roof solar chimney for maximizing the flow
rate is 45◦ [12] for a constant heat flux, from 45◦ to 70◦ at a latitude of 28.4◦ [13], and 67.5◦

at a latitude of 52◦ [14]
For a combined system, the wall and roof solar chimneys can be separate [15] or

connected serially [16–18]. In either case, the performance of the combined system is
enhanced significantly. Liu et al. [16] investigated a combined wall–inclined roof solar
chimney and reported that the flow rate of the combined system was significantly higher
than that of isolated wall and roof chimneys. In addition, the combined system also helped
to eliminate the problem of overheating in winter, which happened with the solo wall
chimney. With similar configurations, AboulNaga and Abdrabboh [17] claimed that a
combined wall–inclined roof solar chimney enhanced the flow rate to three times that of a
roof chimney. Wei et al. [18] reported that increasing the height of the wall chimney was
more effective to boost the flow rate of the entire system. The roof chimney even helped to
increase the flow rate in the wall one when they were isolated [15].

In the above combined systems, the wall solar chimney was vertical while the roof
one was either vertical [15] or inclined [16–18]. The integration of such a system into
a horizontal roof faces both aesthetic and structural issues as the vertical or inclined
roof is separated from the horizontal roof or requires additional structures for support.
Meanwhile, a combined vertical wall–horizontal roof solar chimney is easier to implement
into a building with a horizontal roof as the horizontal part of the chimney can be attached
to the roof.

A few previous studies have investigated the combined wall–inclined roof solar chim-
ney. The inclination angles of the solo roof solar chimneys in Bassiouny and Kourah [15]
and Harris and Helwig [14]’s research were [15◦–75◦] and [20◦–90◦], respectively. The roof
solar chimneys in the combined systems studied by Serageldin et al. [19] and Wei et al. [18]
were, respectively [30◦–60◦] and [10◦–15◦]. Particularly, in Nguyen and Wells [6], the air
channel of the solar chimney was horizontal, and it had two vertical inlet and outlet ducts
to induce the stack effects. However, as the heat source was applied on only the horizontal
channel, the effects of the heat source in the vertical inlet section were not considered.
Nguyen et al. [20] reported the ventilation performance of two vertical wall solar chimneys
connected to a horizontal outlet. Although the heat source was also distributed in the
horizontal section, their analysis was only on the vertical parts.

In this study, the performance of a combined vertical wall–horizontal roof solar chim-
ney was investigated, particularly considering the effects of the reverse flow at the outlet,
flow resistance at the bend connecting the vertical and horizontal sections, and the location
of the heat source, as previous studies have demonstrated the crucial roles of these factors.
A reverse flow at the outlet of a vertical solar chimney has been found to lessen the induced
flow rate significantly [12,21–24], but its effects were not reported in Nguyen et al. [20].
Zamora and Kaiser [25] and Nguyen and Wells [6] claimed that the bend resistance was
even enhanced when its downstream recirculation zone merged with the reverse flow.
Particularly, Nguyen and Wells [7] showed that for a vertical wall solar chimney, the
performance was different when the heat source was either on the wall or opposite to
the wall.

The remaining part of this paper is structured in three sections. First, the numerical
method is described. Second, the results are presented and discussed. Finally, the main
findings are summarized.

2. Numerical Method
2.1. Governing Equations

Two-dimensional steady flow and heat transfer in a solar chimney has been modeled
successfully in the literature using RANS (Reynolds-Averaged Navier–Stokes) equations
based on the conservations of mass, momentum, and energy, as presented in
Equations (1)–(3) [8,25,26].
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The following techniques were employed for solving Equations (1)–(3):

• Turbulence terms of u′
iu

′
j and T′u′

j were computed with the RNG k − ϵ model, which
has been utilized intensively in the literature [8,20,26].

• Boussinesq approximation was adapted for the variation of the air properties with tem-
perature.

• The flow and thermal characteristics of the solar chimney were determined according
to the heat transfer from the inner surface to the air inside the cavity. Accordingly,
the solar heat gain was modeled with a heat source distributed on one side of the
air cavity.

• The governing equations were discretized with the Finite Volume Method facilitated
with the commercial CFD software Ansys Fluent (Academic version).

• Radiative heat transfer among the inner surfaces of the cavity was computed with the
S2S model available in Ansys Fluent.

Other numerical setups in Ansys Fluent Solver included the following:

• The SIMPLEC method for pressure–velocity coupling.
• The PRESTO! Scheme for the discretization of the pressure term.
• Second-order discretization for all equations.
• A standard wall function for the near-wall treatment. However, as seen in Section 2.2,

the employed mesh had several cells inside the laminar viscous sublayer, meaning a
wall function was not required [25].

• Details of the above settings can be found in our previous works [6,7,20]

2.2. Computational Domain, Mesh, and Boundary Conditions

Figure 1 depicts the main dimensions of the solar chimney, the computational domain,
and the mesh structure. The combined chimney had a vertical section (wall chimney)
connected to a horizontal portion (roof chimney). The cavity gap is denoted as G and was
uniform along the whole chimney. The lengths of the right wall of the wall chimney and of
the lower wall of the roof chimney are denoted as H and L, respectively, and were named
the “lower walls”, while the opposite walls, i.e., the left wall of the vertical section and the
upper wall of the horizontal portion, were named the “upper walls”. Accordingly, the wall
and roof portions of the solar chimney are presented by the cavities of H × G and L × G,
respectively. According to Gan [26], the domain must be sufficiently extended beyond the
openings of the cavity to obtain a good prediction of the flow field, particularly when there
is a reverse flow at the outlet of the air cavity, as seen in Figure 1b. The extensions of the
domain from the inlet and outlet are denoted as le and 2le, accordingly. The mesh cells
were rectangular and became finer near the walls. The finest mesh cells were near the inner
surfaces of the cavity.
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Figure 1. Sketches of the extended computational domain (a) and the mesh pattern (b).

Boundary conditions were applied to facilitate the natural convective flow in the cavity,
as follows:

• Atmospheric pressure and temperature were applied on the domain boundary to
allow ambient air to freely enter and leave the domain.

• All solid surfaces were non-slip surfaces.
• A uniform heat flux, I, of 400 W/m2 was applied on either side of the air cavity in

two cases, namely in heating the upper and lower walls, as displayed in Figure 1a to
represent two cases of the absorbing surface of the chimney. A chimney with opaque
upper walls absorbs solar radiation on the upper walls. Accordingly, the upper walls
are heated by solar radiation. The absorbed heat is then transferred to the air in
the cavity from the inner surfaces of the upper walls. Therefore, this case is named
“heating the upper walls (HUW)”. On the other hand, with transparent upper walls
such as glass-plate walls, solar radiation is transmitted through the upper walls, heats
the lower surfaces, and then is transferred to the air in the cavity. Consequently, this
case is named “heating the lower walls (HLW)”. With the dimensions denoted in
Figure 1a, the heating length of the upper and lower surfaces are H + L + 2G and
H + L, respectively.

• Other solid walls were adiabatic.

From the CFD solutions, the flow rate, Q, induced through the cavity and the tempera-
ture rise, ∆T, through the cavity were calculated using Equations (4) and (5), respectively,
where Q, ∆T, and the mean air temperature at the outlet, To, were evaluated at the outlet of
the cavity. Q represents the ventilation performance, while To and ∆T relate to the thermal
performance of the chimney.

Q =
∫ G

0
ρu1.dl (4)

∆T = To − Ta =
1
G

∫ G

0
T.dl − Ta (5)

In Equations (4) and (5), u1 is the horizontal (x) velocity component of the cell whose
length is dl and temperature is T. Equations (4) and (5) were calculated along the line mn
along the gap and at the outlet, as seen in Figure 1a.

The mesh density and the extension le were also carefully evaluated. First, an extension
le = 10 G was applied. The mesh density was then increased gradually by increasing the
number of cells as well as changing the growth rate of the cell sizes from the solid surfaces.
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Accordingly, the y+ value also decreased gradually. Figure 2 shows the variations in the
flow rate and temperature rise versus y+ for the case of L = H = 0.5 m and G = 0.05 m. Q
and ∆T were compared to those of the coarse-mesh case, which had a y+ value of 1.375. As
seen in Figure 2, Q and ∆T converged as y+ decreased. Particularly, the variation in Q and
∆T was within 0.5% when y+ became less than 0.35, which had 40 cells in G and 50 cells in
L or H. This result agrees with those reported in previous reports [6,25].

Figure 2. Variations in the flow rate and temperature rise versus y+ (HLW).

Next, the mesh resulting y+ < 0.35 was kept and different extension lengths of 0.0 G,
5.0 G, and 10.0 G were evaluated. Table 1 presents the flow rate and temperature rise
obtained with these three extension lengths and scaled by those of le = 0 for the two
combined chimneys. It is seen that increasing le from 0.0 G to 5.0 G changed Q and ∆T up
to 0.8% (G = 0.05 m) and 1.7% (G = 0.1 m), respectively. However, increasing le from 5.0 G
to 10.G modified Q and ∆T less than 0.2% in both chimneys.

Table 1. Comparison of the flow rates and air temperatures obtained with different domains. Qsc and
∆Tsc indicate the results obtained for le = 0.

Extension,
le (m)

Case G = 0.05 m
H = 0.5 m, L = 0.5 m

Case G = 0.1 m
H = 0.375 m, L = 0.625 m

Q/Qsc ∆T/∆Tsc Q/Qsc ∆T/∆Tsc

0 1.000 1.000 1.000 1.000

5 G 0.992 1.014 1.004 1.017

10 G 0.993 1.013 1.007 1.017

In addition, the length of the reverse flow, Lp, which is the horizontal distance from
the outlet to the last streamline of the reverse flow, was also examined. Lp changed from
0.158 m in Figure 3a (no extension) to 0.142 m in Figure 3b (5.0 G extension). However,
increasing le from 5.0 G to 10.0 G (Figure 3c) resulted in a similar Lp of 0.14 m. Therefore,
le = 10.0 G was selected and employed hereafter.
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Figure 3. Temperature fields and streamlines of the reverse flow at the outlet obtained with different
domains of (a) no extension, (b) 5 G extension, and (c) 10 G extension.

2.3. Validation

The numerical model was validated against the experiment by Burek and Habeb [27]
for the induced flow rate of a vertical solar chimney with H = 1.025 m and G = 0.04 m–0.08 m.
A heat source of 400–1000 W/m2 was applied on one side of the wall surface. Figure 4
plots the flow rates predicted with the present CFD model and measured by Burek and
Habeb [27]. As seen, the predicted flow rates match well with the measured ones. The
maximum difference between the results is within 8.0%, showing the accuracy of the
CFD model.
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Figure 4. Comparison of the induced flow rates computed (CFD) with the present CFD model and
measured (Expt) by Burek and Habeb [27].

3. Results and Discussion

The flow and heat transfer characteristics of the combined vertical wall–horizontal roof
solar chimney were examined under different combinations of L, H, and G, as presented in
Table 2. The according Rayleigh number was from 1.3 × 1012 to 2.1 × 1013, where the flow
was turbulent [12]. The examined parameters consisted of the flow rate, the length of the
reverse flow, and thermal efficiency. The performance of the combined solar chimney was
also compared to that of a vertical one named the base case in Table 2.

Table 2. Dimensions of the combined solar chimney.

Lt = L + H (m)
Rayleigh Number Base Case Combined Solar Chimney

Ra = gβIL4
t /ανλ L (m) H (m) L (m) H (m) G (m) G/Lt

1.0 1.3 × 1012 0 1.0 0.125–0.625 0.875–0.375 0.025–0.1

0.025–0.11.5 6.6 × 1012 0 1.5 0.1875–0.9735 1.3125–0.5625 0.375–0.15

2.0 2.1 × 1013 0 2.0 0.25–1.5 1.75–0.5 0.05–0.2

3.1. Flow and Temperature Fields

The flow and temperature fields obtained with the CFD model are displayed in
Figures 5–7 to demonstrate the effects of L, H (Figure 5), G (Figure 6), and the heat source’s
location (Figures 6 and 7).
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Figure 5. Streamlines (a) and temperature fields (b) as L and H change (Lt = 1.0 m, G = 0.1 m, HUW).
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Figure 6. Streamlines (a) and temperature fields (b) as G changes (Lt = 1.0 m, L = H = 0.5 m, HUW).

Figure 7. Streamlines (a) and temperature fields (b) as G changes (Lt = 1.0 m, L = H = 0.5 m, HLW).
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Figure 5 demonstrates different cases of L (Lt = 1.0 m and G = 0.1 m). The velocity
and thermal boundary layers are observed on both walls of the channel. Figure 5a shows a
decrease in the flow velocity as L increases and H decreases accordingly due to the fixed
Lt = L+ H = 1.0 m. In contrast, the temperature on the L portion of the combined chimney
is much higher and increases with L. There occurs a recirculation zone downstream of the
bend in the combined chimney, which has also been reported in vertical solar chimneys with
a horizontal inlet [24,25]. Particularly, a reverse flow appears at all L values in Figure 5a
and brings air at an ambient temperature into the air channel near the outlet (Figure 5b,
L = 0.5 m). In Figure 5a, the reverse flow is detached from the recirculation at L = 0.25 m
and 0.5 m, but they combine at L = 0.125 m. Such a combination was also demonstrated by
Zamora and Kaiser [25] at G

Lt
= 0.175.

Figure 6 displays the flow and temperature fields as the gap changes for the case of
Lt = 1.0 m and L = H = 0.5 m (HUW). Increasing the gap changes the temperature and
flow fields as follows:

• The flow velocity and temperature decrease, particularly in the L portion.
• A recirculation occurs at all gaps, but its size enlarges as G increases.
• A reverse flow takes place at G = 0.05 m. Its size also increases with G. A lower air

temperature is also seen in the reverse-flow region (Figure 6b, G = 0.1 m), similar to
that in Figure 5b.

Because of the nature of the HUW scenario, higher air temperatures are seen near
the upper walls. In contrast, in Figure 7, in HLW, higher air temperatures are seen near
the lower walls. Nevertheless, the flow and temperature fields are visually similar in
Figures 6 and 7. Indeed, Figures 8a and 9a reveal that they exhibit similar lengths of flow
reversal, but HUW has a slightly higher flow rate.

Figure 8. Cont.



Buildings 2024, 14, 1501 11 of 21

Figure 8. Lengths of the reverse flow obtained with different chimney lengths, chimney heights, and
sizes of the chimney gap (dashed lines: HUW, solid lines: HLW).
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Figure 9. Induced flow rates obtained with different chimney lengths, chimney heights, and sizes of
the chimney gap (dashed lines: HUW, solid lines: HLW).
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3.2. Length of the Reverse Flow

Figure 8 displays the lengths of the reverse flow obtained with the combined chimney.
The length was also normalized by the total chimney length, i.e., Lp/Lt, and is plotted as a
function of other non-dimensional parameters G/Lt and L/Lt.

A reverse flow was not observed in the base chimney with all heights. This is not
surprising, as Bouchair [28] and Chen et al. [12] claimed that a reverse flow appeared when
G/Lt > 0.25 and 0.3, respectively. The highest G/Lt in the base chimney was only 0.1 and
thus was lower than that threshold gap.

The lengths of the reverse flow in the combined chimney are presented in Figure 8.
As seen for all values of Lt, Lp is 0 or ignorable at the lowest gap of G

Lt
= 0.025. Further

increases in both G and L show the following trends, which apply to all cases of Lt.
First, the threshold G/Lt for the occurrence of a reverse flow decreases with L but

is similar for all values of Lt, as seen in Table 3. Increasing L/Lt from 0.25 to 0.5 results
in a decrease in the threshold G/Lt from 0.075 to 0.025. Particularly, for L/Lt = 0.625, a
reverse flow is observed at G/Lt = 0.025. Accordingly, its threshold gap is expected to be
less than 0.025. The threshold gap in Table 3 is much lower than that for a vertical solar
chimney, which was higher than 0.25 observed in the experiments by Bouchair [28] and
Chet et al. [12]. This difference can be explained by observing the flow fields in Figures 5–7.
The upward air flow at the outlet of the combined chimney facilitates the reverse flow at
the lower portion of the outlet.

Table 3. Threshold G/Lt at different values of L and Lt.

L/Lt Lt = 1.0 m Lt = 1.5 m Lt = 2.0 m

0.125 0.05 0.05 0.05
0.25 0.075 0.075 0.075
0.375 0.05 0.05 0.05

0.5 0.025 0.025 0.025
0.625 <0.025 <0.025 <0.025

Second, Lp increases with G and L while Lp/Lt increases with Lt. Such dependence of
Lp on G was also reported by Khanal and Lei [22] and Nguyen [29] and was explained as
the increased the gap enlarging the volume of less-heated air at the outlet, hence facilitating
a reverse flow. For the combined chimney, increasing L is associated with a decrease in
H and, accordingly, a reduction in the flow rate due to the lower stack height. Therefore,
increasing L enhances the reverse flow. The fact that Lp/Lt increases with Lt was also
shown by Khanal and Lei [22] and Nguyen [29] for vertical solar chimneys. Khanal and
Lei [22] changed the Rayleigh number, which is proportional to L4

t (Table 2), from 109 to
1011 and obtained an increase in Lp/Lt from 0.46 to 0.73. In Figure 8 (HUW, G/Lt = 0.1,
L/Lt = 0.625), increasing Lt from 1.0 m to 2.0 m is associated with an increase in Lp/Lt
from 0.135 to 0.204.

Third, the difference between HUW and HLW is significant only at G/Lt = 0.1 and
L/Lt ≥ 0.5, where Lp/Lt is noticeable and HUW has a higher Lp. This accords with the
flow and temperature fields in Figures 6 and 7.

In Figure 8 and Table 3, the case L
Lt

= 0.125 departs from the general trends of Lp and
the threshold G/Lt of other cases. This is due to the combination of the reverse flow and
the recirculation, as seen in Figure 5.

3.3. Mass Flow Rate

Figure 9 shows the flow rates obtained with both the base and combined solar chim-
neys. The flow rate is plotted as a function of G, L, and the heating location.

Figure 9 shows consistent trends of the increase in the flow rate with the gap and
height for both the base and combined solar chimneys. In all cases of Lt, the base case
always offers the highest flow rate, which increases with both G and Lt. For example, when



Buildings 2024, 14, 1501 14 of 21

G increases from 0.025 m to 0.1 m (Lt = 1.0 m), the flow rate increases 2.7 times, from
0.0144 to 0.0394 kg/s. Increasing Lt from 1.0 m to 1.5 m (G = 0.075 m) results in an increase
in the flow rate by 1.3 times, from 0.0335 to 0.0448 kg/s. In the experiment by Burek and
Habeb [27] on a stand-alone vertical solar chimney, the flow rate also increased 3.4 times
as the gap increased from 0.02 m to 0.1 m. For a wall-embedded solar chimney, Nguyen
and Nguyen [10] reported an increase of 1.35 times as the height increased from 1.0 m to
1.5 m. Increasing the gap and the height results in increases in the effective flow area and
the stack height, respectively, hence enhancing the flow rate [5].

Figure 9 reveals that the flow rate of the combined chimney also increases with the
gap, similar to the base case. However, the combined case induces a notably lower flow
rate. The reduction in the flow rate increases with L. The rate of the increase in the flow
rate versus G in the combined case is also less than that in the base case. For comparison,
Figure 9 is replotted in Figure 10, where the flow rate of the combined case is scaled with
that of the base case. The following is seen when applied to both cases of heating:

• Q/Qbase decreases as G/Lt increases, showing that the increasing rate of the flow rate
versus the gap in the combined case is less than that in the base case.

• Q/Qbase depends on L/Lt but is almost independent of Lt. The differences among the
scaled flow rates of the three values of Lt at a value of L/Lt increases with G/Lt, but
the maximum discrepancy is only 5.0%.

Figure 10. Normalized flow rates of the combined chimney: (a) HLW; (b) HUW.

Figures 9 and 10 show that HUW offers higher flow rates, due to the larger heating
area of 2 G, as discussed in Section 2.2. Table 4 displays a comparison of the flow rates
obtained in both cases of heating. With G

Lt
= 0.025–0.1, the heating area of the upper walls

is from 5% to 20% times that of the lower one. QHUW is from 3.0% to 15% higher than
QHLW , and this enhancement increases with G/Lt. Moreover, QHUW/QHLW is similar for
all values of Lt at each G/Lt. The influence of L/Lt also seems insignificant.

For the combined chimney, increasing L results in lower values for both the flow
rate and the rate of its increase, as shown in Figures 9 and 10. According to the litera-
ture, the three main factors causing this reduction consist of (i) the reduction in the stack
height as L increases [18], (ii) the pressure loss associated with the bend, particularly the
recirculation downstream of the bend, and (iii) the reverse flow at the outlet, as seen in
Figures 5–7 [6,21,25]. To estimate the effect of the bend, the data in Figure 8 were replotted
as a function of L/Lt and G/Lt. Furthermore, they were also fitted with quadratic poly-
nomials, which have good values of R2, as seen in Figure 11. As L → 0 , the effects of the
stack height reduction and those of the reverse flow vanish; thus, there remains the sole
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effect of the bend. Applying L
Lt

= 0 to the regression equations in Figure 11 offers the
corresponding Q/Qbase, as seen in Table 5.

Table 4. Comparison of the flow rates for both cases of heating, QHUW /QHLW .

L/Lt G/Lt AHUW/AHLW Lt=1.0 m Lt=1.5 m Lt=2.0 m

0.125

0.025 1.05 1.03 1.04 1.04

0.05 1.10 1.06 1.07 1.08

0.075 1.15 1.10 1.10 1.11

0.1 1.2 1.13 1.12 1.11

0.25

0.025 1.05 1.04 1.04 1.05

0.05 1.10 1.06 1.07 1.07

0.075 1.15 1.08 1.08 1.07

0.1 1.20 1.08 1.08 1.07

0.375

0.025 1.05 1.04 1.04 1.05

0.05 1.10 1.07 1.07 1.08

0.075 1.15 1.08 1.08 1.08

0.1 1.20 1.08 1.08 1.08

0.5

0.025 1.05 1.04 1.04 1.05

0.05 1.10 1.07 1.07 1.08

0.075 1.15 1.08 1.08 1.08

0.1 1.20 1.09 1.08 1.08

0.625

0.025 1.05 1.04 1.04 1.06

0.05 1.10 1.07 1.08 1.09

0.075 1.15 1.08 1.08 1.10

0.1 1.20 1.11 1.10 1.15

Figure 11. Cont.
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Figure 11. Q/Qbase plotted as a function of L/Lt and G/Lt for HUW (a) and HLW (b). In the
regression equations, y and x denote Q/Qbase and L/Lt, respectively.

Table 5. Q/Qbase obtained with L/Lt = 0 in the regression equations in Figure 11.

G/Lt HUW HLW

0.025 0.9263 0.9005
0.05 0.8645 0.8094
0.075 0.8176 0.7308

0.1 0.7591 0.6561

Table 5 shows that as the gap increases, Q/Qbase|L/Lt=0 decreases; hence, the bend
effect becomes more significant. Its influence is also stronger for HLW. The reduction in the
flow rate as G/Lt increases from 0.025 to 0.1 is from 7.4% to 24%, and from 10% to 35%, for
HUW and HLW. Therefore, the bend effect is crucial in a combined solar chimney.

Concerning the two other factors, taking the case of G/Lt = 0.025, Figure 8 shows that
a reverse flow does not occur or is ignorable. Accordingly, the effect of the reverse flow
vanishes, and the further decrease in Q/Qbase as L/Lt increases in Figure 11 is solely due
to the stack height reduction. For other cases of G/Lt, as the trends of the regression curves
are similar to that of the G/Lt = 0.025 case, and these curves are almost shifted down from
the curve of the G/Lt = 0.025 scenario by the according values in Table 3, it is deduced
that the effect of the reverse flow is minor compared to the effects of the bend and the stack
height reduction. This finding is in contrast with the results of a vertical solar chimney
study by Jing et al. [21], who tried to model the effects of the reverse flow in an analytical
model for a vertical solar chimney. They showed that taking the reverse flow into account
significantly improved the accuracy of their mathematical model and achieved results close
to the experimental ones. Zamora and Kaiser [25] and Nguyen and Wells [6] also reported
that a combination of the reverse flow and the recirculation downstream of the bend caused
an abrupt reduction in the flow rate, which did not happen in this study for the case of
L/Lt = 0.125, as seen in Figures 5a and 10. A possible explanation for this difference is
that in a vertical solar chimney, as reported by Khanal and Lei [22] and Ren et al. [23], the
reverse flow almost occupies the whole outlet area except for the thermal layer and yields a
higher flow resistance than those seen in Figures 5–7.

The fact that the effect of the bend is more significant than that of the reverse-flow
resistance in the combined solar chimney is useful for practical applications. In previous
studies, to enhance the performance of vertical solar chimneys, the focus has been mainly
placed on suppressing the reverse flow. Khanal and Lei [22] employed an inclined wall
in the air channel. Nguyen [29], Nguyen et al. [30], and Ren et al. [23] distributed heat
sources on both sides of the air channel. These methods effectively eliminated the reverse
flow and enhanced the flow rate. For the combined solar chimney in this study, the focus
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should be on the bend design to reduce the resistance and particularly to eliminate the
recirculation zone.

3.4. Thermal Efficiency

The thermal efficiency of a solar chimney is defined using Equation (6), where Q and
∆T are obtained from Equations (4) and (5).

η =
Qcp∆T

I
(6)

Figures 11–14 present the thermal efficiency of the combined solar chimney. The data
show that the general trends are as follows:

• η decreases as the gap increases. This observation applies to both the base and the
combined solar chimneys and aligns with the results reported in the literature.

• Increasing L/Lt results in a decrease in η. However, for G/Lt > 0.05, the highest η is
obtained with L/Lt = 0.25.

• η of the base case is close to that of the case where L/Lt = 0.375.
• η slightly decreases as Lt increases, as seen for both the base and the combined chim-

neys.
• HLW shows a higher thermal efficiency than HUW.

Figure 12. Thermal efficiency rates of the combined solar chimneys with Lt = 1.0 m.

Figure 13. Thermal efficiency rates of the combined solar chimneys with Lt = 1.5 m.
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Figure 14. Thermal efficiency rates of the combined solar chimneys with Lt = 2.0 m.

Previous studies have shown that thermal efficiency decreases as the gap increases [6,7].
As seen in Equation (6), η is proportional to both the flow rate and the temperature rise in
the channel, which is again determined by the temperature at the outlet using Equation (5).
Although increasing the gap offers higher flow rates (Figure 9), it also results in a higher
volume of unheated air, and accordingly lower To and ∆T values (Figures 5b, 6b and 7b).
With the occurrence of a reverse flow, To is lessened even further.

Though the general trend is that η decreases as L increases, the η value of L/Lt = 0.125
is still lower than that of L/Lt = 0.25 for G/Lt > 0.05. This may be due to the combination
of the reverse flow and the recirculation (Figure 5a), resulting in lower air temperatures
at the outlet (Figure 5b). Nguyen and Wells [6] also observed a sharp reduction in the
thermal efficiency when there appeared to be a combination of a reverse-flow zone and a
recirculation zone at the vertical outlet of a horizontal absorber surface solar chimney.

It is interesting to note that η of the base case is not the highest and is even lower than
that of L/Lt = 0.25. This may be due to better air mixing in the combined chimney. Figure 5
shows that the reverse flow of L/Lt = 0.25 is minor (Figure 5a) and the air temperature at
the outlet of the combined chimney (307.9 K) is much higher that of the base case (300.8 K).
Though the flow rate of this case of the combined chimney is lower than that of the base
case, i.e., 0.026 vs. 0.0384 kg/s, the thermal efficiency calculated with Equation (6) for the
combined case is higher, i.e., 0.8 vs. 0.75. This finding may be useful for heating applications
employing the combined chimney where the outlet air temperature is more desired. With
the same Lt values, between the two design options of either a vertical or a combined
chimney, the latter is expected to offer better performance.

The reduction in η as Lt increases has been shown in Ong [31] for a vertical so-
lar chimney of G = 0.145 m. His mathematical model predicted that η decreased from
0.27 to 0.22 as H increased from 1.0 m to 4.0 m. In Figures 12–14, the maximum reduction in
the base and the combined cases is about 7% and 15%, respectively. The higher reduction
rate for η of the combined case is also possibly due to the larger reverse-flow length as Lt
increases (Figure 8).

When comparing HUW and HLW, although HUW induces higher flow rates (Table 2),
its thermal efficiency is slightly lower. For example, when taking Lt = 1.0 m, G = 0.1 m,
and L = 0.25 m, ηHUW = 0.81, while ηHLW = 0.9. The main source of this higher ηHLW
may be due to a lower Lp (Figure 8a) and correspondingly higher ∆T, i.e., ∆THLW = 15.6 K
compared to ∆THUW = 14.8 K. Accordingly, in practical applications, a combined chimney
in an HUW scenario, i.e., opaque upper walls, would be preferred for ventilation applica-
tions where a higher flow rate is expected. On the other hand, for heating applications, a
combined chimney with the HLW scenario, i.e., transparent upper walls, should be selected
due to its higher thermal efficiency.
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4. Conclusions

The performance of a combined vertical wall–horizontal roof solar chimney has been
numerically examined and compared to that of a base solar chimney, being a vertical one,
considering the effects of L, G, Lt, and the heating location, i.e., HUW and HLW. The main
findings are summarized as follows.

First, a reverse flow does not occur in the base case but takes place at the outlet
of the combined cases when G/Lt is beyond a threshold gap, which decreases with L
but is independent of Lt. The threshold G/Lt decreases from 0.075 to below 0.025 for
L/Lt= 0.25–0.625. Above the threshold, Lp increases with G and L, while Lp/Lt increases
with Lt. The difference between HUW and HLW is significant only at G/Lt = 0.1 and
L/Lt ≥ 0.5, where HUW has a higher Lp. Particularly, in the case L/Lt = 0.125, the reverse
flow is combined with recirculation, resulting in a higher Lp and a lower thermal efficiency,
which does not follow the general trends seen in the other cases.

Second, the flow rates of both the base and combined cases increase with G and Lt.
The flow rate of the base case is higher than that of the combined case, which decreases
as L increases and also has a lower increasing rate with G. Noticeably, Q/Qbase is almost
unchanged with Lt. Due to it having a higher heating area of 5–20%, HUW has higher
flow rates of 3%–15% compared to HLW. Particularly, the bend effect is crucial as it may
contribute to the reduction in the flow rate in the combined chimney of 7.4% to 24%, and of
10% to 35%, for HUW and HLW, respectively. The effects of the reverse flow on the flow
rate are found to be minor.

Third, the thermal efficiency decreases as G, L, and Lt increase. The highest η is
obtained at L/Lt = 0.25, while η of the base case is similar to that of L/Lt= 0.375. Between
the heating cases, HLW shows a higher thermal efficiency. The reverse flow plays a crucial
role in the reduction in thermal efficiency.

As the results indicate that the bend significantly affects the induced flow rate of the
combined chimney, potential future works may examine this factor in more detail using
both numerical simulations and experiments. In addition, cost analyses may be considered
alongside technical investigations.
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Nomenclature

y+
non-dimensional maximal distance of the first cells on the walls, y+ = max

∣∣∆1uτ/ν
∣∣,

where uτ is the friction velocity (m/s) and ∆1 is the distance of the first mesh cell from
the wall;

α thermal diffusivity of air (m2/s);
β thermal expansion coefficient of air (1/K);
η thermal efficiency;
λ thermal conductivity (W/m·K);
ν kinematic viscosity of air (m2/s);
ρ density of air (kg/m3);
ϵ turbulent kinetic energy dissipation rate (m2s−3);
A heating length (m);
CFD Computational Fluid Dynamics;
Expt. experiment;
G chimney gap (m);
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g gravitational acceleration (m/s2);
H height of the wall section (m);
I heat flux (W/m2);
L length of the roof section or total length or length of the reverse-flow zone (m);
p pressure (Pa);
Pr Prandtl number;
Q mass flow rate (kg/s);
Ra Rayleigh number;
T time-averaged temperature (K);
u velocity (m/s);
k turbulence kinetic energy (m2/s2).
Subscripts:
a ambient;
base base case;
e extension;
HLW heating the lower walls;
HUW heating the upper walls;
p reverse flow;
o outlet;
sc case of no domain extension;
t total.

Superscripts:
′ fluctuating component;

time-averaged.
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