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Abstract

Efficient and sustainable ventilation in urban tunnels is crucial for combating air pollution and safeguarding human health.
This study investigates the design factors impacting solar chimney performance in urban tunnels to optimize ventilation
efficiency. Experimental trials analyzed the effects of blockage ratio, chimney height, and solar radiation on temperature
distribution and ventilation rate. The results demonstrate that increased chimney height and solar radiation positively influence
airflow velocity at the chimney outlet, enhancing ventilation. The temperature rise near absorber is higher than that closed to
glazing wall. Temperature distribution within the chimney follows a distinctive horizontal two-piecewise semi-parabolic
decay pattern, enabling accurate prediction of temperature profiles along the cavity depth. Novel analytical models predict
temperature distribution, airflow velocity, and ventilation rate within the solar chimney system, aiding precise design and
optimization. Remarkably, the blockage ratio has limited impact on ventilation rate, allowing for disregarding vehicle
blockage effects in solar chimney design for urban tunnels. Matching chimney width to tunnel width and ensuring a relatively
high chimney height are emphasized for optimal functionality. The study holds substantial implications for ventilation system
design in urban environments, promoting healthier and more sustainable cities.
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Nomenclature Uc AlrllO.W VCIOCIL.)/ 1ms1ac e Cndninel (1nys)
Uin Velocity at the inlet (m/s)
A Area (m?) Umax Maximum velocity at the centreline of the channel
Abpio. Area in blockage region (m?) (m/s)
A Chimney cavity area (m?) Uout Velocity at the outlet (m/s)
Ain Cavity inlet area (m?) Us Velocity outside the boundary layer (m/s)
Ay Cross-section area of the tunnel (m?) U Airflow velocity in the tunnel (m/s)
Ca Discharge coefficient ) Kinetic viscosity of air (m?/s)
Cp Specific heat capacity (J/ (kg-K)) V Volume flow rate (m*/s)
D, Hydraulic diameter of the cavity (m) Vout Volume flow rate at the outlet (m?/s)
D; Hydraulic diameter of tunnel (m) w Chimney cavity width (m)
d Chimney cavity depth (m) Greek symbols
d Horizontal distance from the absorber & Blockage ratio
o position's lowest temperature (m) 0 Boundary layer thickness (m)
E Power of heating source (kW) & Absorptivity of glazing wall
Eow Energy absorbed by the absorption wall (kW) ¢ Local resistance coefficient
Eqn Energy absorbed by the glazing wall (kW) Chio Resistance coefficient as blockage
Gr Grashof number Cen Resistance coefficient at the tunnel entrance
h Chimney cavity height (m) Cin Resistance coefficient at the inlet
L; Tunnel length (m) Cour Resistance coefficient at the discharge outlet
Pr Prandtl number K Coefficient.
APy Local resistance (Pa) A Friction resistance coefficient
AP Friction resistance (Pa) p Density (kg/m?)
q Heat flux (kW/m?) P0 Ambient density (kg/m®)
R The radius of the channel (m) Pe Density in a chimney cavity (kg/m?)
r Distance from wall (m) Pout Air density at the outlet (kg/m?)
T Temperature (K) T Transmissivity of the glazing wall
Ty Ambient temperature (K) Subscripts and Superscripts
Tuw, max ~ Temperature closed to absorption wall (K) aw Absorption wall
T, Temperature inside the chimney cavity (K) blo. Blockage
Tow, max ~ Temperature closed to glaze wall (K) c Chimney cavity
Tnax Maximum temperature (K) en Tunnel entrance
Tous Temperature at the outlet (K) ow Glazing wall
AT Temperature difference (K) in Chimney cavity inlet
u Airflow velocity (m/s) max Maximum value
Ublo. Airflow velocity in the blockage region (m/s)  out Chimney cavity outlet

1 Introduction

Urban tunnels, as a topic of traffic development in large and middle-sized cities, have been constructed rapidly to relieve
urban centre traffic pressure and save urban land [1]. With the increase in traffic volume in urban tunnels, the poor air quality
inside would cause various adverse respiratory and cardiovascular health problems for commuters, drivers, and residents in
neighbouring communities [2]. A ventilation system, including a mechanical energy driving system or natural shaft, was used
to exhaust the pollution and entrain the fresh air. Mechanical ventilation systems are widely used to exchange polluted air and
prevent smoke movement in urban tunnels [3, 4]. Currently, electricity is used to drive the mechanical ventilation system,
with the annual electricity costs of the ventilation system taking up over 70% of its operating energy consumption (only 20%
for illumination) in the Zhongnanshan Highway Tunnel in China [S]. The energy consumption of mechanical ventilation

systems in metros contributes to 55% of the energy used for contraction purposes [6]. This large electricity consumption (68%
2.
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problems due to pollution released during processing [7]. During fire accident conditions in the tunnel, a forced ventilation
system needs to be constructed and booted up to overcome the smoke movement [4]. Under this circumstance, the energy
consumption would be further aggravated.

The shaft natural ventilation systems with low energy consumption have attracted much attention that always combines
with a jet fan system to reduce energy consuming in the tunnel. The horizontal ventilation caused by the jet fan eliminates the
polluted emission of the vehicle through the shaft under operation mode, and the shaft venting exhausts the hot smoke under
fire conditions. For a 11377 m long tunnel, using a vertical shaft combined with a jet fan can save electricity charges of CNY
308,790 per year [8]. Engineering cases showed that shaft natural ventilation combined with jet fans could reduce tunnel
operating costs by 20-35% annually[9]. However, only the natural shaft shows a limited ventilation rate due to a lack of
driving kinetic energy. Thus, the jet fans are always combined with the shaft to create sufficient momentum inducing airflow
and overcoming smoke movement under fire conditions, resulting in limited energy-saving but construction costs for natural
shaft ventilation. A renewable energy ventilation system with optimal ventilation performance is necessary for the tunnel.

A solar chimney (SC), which consists of a chimney cavity (glazing wall and absorption wall) and airflow opening (inlet
and outlet)[10], is frequently integrated into building ventilation [11, 12] and power generation to save energy [13-15]. The
solar chimney absorbed solar radiation to heat the internal air inside the cavity. The temperature difference between indoor
spacing and a chimney cavity induces a difference in air density. The thermal buoyancy drives the airflow to achieve the
purpose of ventilation and air exchange indoor spacing. Applying solar chimneys in building ventilation can help reduce
electricity consumption and gas emissions [16]. Miyazaki et al. [17] concluded that solar chimney ventilation systems can
reduce fan shaft power requirements by 50% annually in Japan. The Solar natural ventilation adopted in buildings saves
almost 10-15% of the annual fan power requirement [ 18] and enhances the air changes per hour indoors under more convenient
operational and climatic conditions [19]. A solar chimney can simultaneously implement room heat and ventilation, such as a
Trompe wall. The energy saving by reduced electricity consumption for building heating and ventilation is obvious as reducing
greenhouse gas emissions [20].

The extensively used solar chimney in buildings has achieved good energy savings, while its application in tunnels
(underground spacing) has rarely been reported and studied. Following the same principle, the solar chimney is viable for its
applications in tunnels and has been investigated numerically by Cheng et al. [10]. Most urban tunnels are just a couple of
meters below the ground, making it feasible to adopt solar chimneys, such as urban traffic link tunnels [ 21, 22] and Metro
Shallow Buried Interval Tunnels. Otherwise, the vertical shaft has always been applied in the tunnel to improve ventilation
performance and illumination [23]. The solar energy integrated into the vertical shaft could accelerate the airflow velocity in
the tunnel, generating the stack effect. Because solar radiation heats the internal air, the thermal gradient results in a significant
density difference. Thus, using the solar chimney to replace the conventional vertical shaft has energy-saving and functional
stability merits. However, the corresponding research barely exists, and experimental investigation is rarely reported. When
a solar chimney is applied in the tunnel, the related influence of solar chimney configuration on ventilation performance may
be quite different from that of buildings because of different structure and airflow characteristics (as shown in Table 1). The
related in-depth theoretical analysis model is critical and significant to quantify this effect and expand the application of solar
chimneys in a practical tunnel. Therefore, the experiment is critically needed to investigate the ventilation performance of
solar chimneys in the tunnel and confirm its application. Developing a theoretical model is crucial to quantify the influences
of realistic designing factors on ventilation performance and guide the practical applications.

Although the theoretical model for solar chimneys has been studied over the past decades, these models are mainly for
building ventilation [16, 18, 24]. In the previous analytical model, the temperature distribution inside the cavity was assumed
to be uniform [25]. The vertical linear temperature distribution combined with horizontal parabolic temperature has also been
conducted to establish a theoretical model for a tunnel solar chimney [10]. Sengupta found that the inside temperature
adjusting to the absorption wall is higher than near the glazing wall [26]. He et al. [27] and Gong et al. [28] also found that
the temperature near the external glazing wall surface is lower than that adjusted to the back-absorbed wall [29]. However, a
quantitative assessment of the effect of asymmetric temperature distribution on solar chimney performance is lacking. This

gives rise to the difficulty of applying solar chimneys in tunnels and design. The diversity of real-life applications raises a
-3-
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solar chimneys adopted in tunnels.
Table 1 Difference in solar chimney integrated into building and tunnel

Solar chimney in the tunnel Typical solar chimney in a building
Outlet
Outlet Outlet
Inlet
Schematic Inlet .
Opening
Opening Opening )
Inlet Opening
Structure type Long-narrow space Chamber space
Airflow opening Two entrances One opening
Location Underground Ground
Chimney type Top vertical Side vertical / Roof inclined
Airflow feature Confluence flows into the cavity Single flow into the cavity

This study conducted experiments to investigate the ventilation performance of a solar chimney in an urban tunnel. This
research aims to understand the ventilation potential of a thermal-driven solar chimney in a tunnel and to establish a global
analytical model for estimating the ventilation rate of a solar chimney installed in a tunnel. The influences of solar radiation,
blockage ratio of the vehicle, and solar chimney height on the ventilation performance of the solar chimney at the top of a
tunnel were determined. An analytical model for the temperature distribution and airflow velocity in the cavity depth direction
is developed by considering the asymmetric parabolic temperature profile inside the solar chimney cavity. Ultimately, a
simple-to-use analytical model is established to predict the ventilation rate throughout a solar chimney in realistic scenarios.
2 Experimental methodologies
2.1 Solar chimney in the tunnel

A series of experiments were conducted for a roof solar chimney in the tunnel, as shown in Fig.1. The model tunnel was
10 m in length, 0.5 m in width and 0.25 m in height. The front sidewall of the tunnel was constructed using transparent
fireproof glass (conductivity 1.2 W / (m-K)) with a thickness of 5 mm to provide visual observation inside the tunnel. The
other walls of the model tunnel were made of 1.5 mm stainless steel plate with thermal conductivity of 12.1 W/(mK). A solar
chimney was installed at the top of the tunnel. The width of the chimney cavity (w) was 150 mm, and the cavity depth (d) was
100 mm (all internal sizes). Three cavity heights (%) of 150 mm, 250 mm, and 300 mm were conducted. Two sidewalls of the
solar chimney cavity were constructed using 10-mm-thick extruded polystyrene (XPS) and a 3-mm-thick aluminium plate
wrapped around the XPS from the periphery. The absorption wall was constructed using a 5-mm thick black fireproof. A 5-
mm thick aerogel composite board was attached to the absorption wall (fireproof board) for insulation purposes [30]. The
aerogel composite board (ACB) was wrapped using a 3 mm thick aluminium plate from the periphery, as shown in Fig.1 (b).
The front wall of the solar chimney was made using 3 mm thick transparent glazing with a thermal conductivity of 0.76 W /
(m-K). Artificial lights were used to simulate the sunshine [30]. The artificial lights included eight rows of iodine-tungsten
lamps with a 3 x36 array and 864 lamp beads. These lamps are used to simulate solar radiation, which can provide uniform
radiation heat on the glazing wall within a range of 0-2000W/m?. The radiation intensity is varied by controlling the distance
between the lamps and the solar chimney. A light intensity radiometer (SM206, with an accuracy of 0.1W/m?, ranging from
0 to 2000W/m?) was employed to measure the radiation intensity over the glazing surface. The artificial light penetrates the
transparent glazing wall and heats the inside air. Three solar radiation intensities of 400 W/m?, 600 W/m? and 800 W/m? were
measured.

Three different blockage ratios inside the tunnel (the ratio of blockage cross-section area to tunnel cross-section area) were
conducted to investigate the effect of the vehicle or train on the airflow performance induced by the solar chimney, which was
0, 0.12 and 0.24. To provide a stable test environment, the experiments were conducted in a large indoor laboratory where the

wind velocity was zero.
-
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Fig. 1 Schematic of the solar chimney in a tunnel: (a) 3D model of the experimental platform, (b) top view, (c) front view,
(d) from left to right: three cavities with different height, picture of experiment bench.

2.2 Measurement system

A hot-wire anemometer (KANOMAX model KA12) with four channels (1CH — 4CH) was used to detect the outlet velocity.
Three measurement positions along the chimney cavity depth were installed at an interval of 45 mm away from the glazing
wall: 5, 50 and 95 mm. The accuracy of the measured velocity is 0.01m/s.

One cluster includes five thermocouples arranged in the chimney cavity depth direction at the outlet. The thermocouples
from left to right are labelled as T1, T2, T3, T4 and TS5 away from the left glazing wall 5 mm, 20 mm, 50 m, 80 mm and 95
mm, respectively. That means T1 closes to the glazing wall's internal surface, TS closes to the internal surface of the absorber
wall, and T3 is in the centre position. The array inside the solar chimney cavity is shown in red in Fig. 1 (d). Eleven
thermocouples were used to measure the longitudinal temperature at the tunnel centreline, which were placed on the left side
with an interval of 0.4 m, shown as a dotted line in Fig. 1. All the thermocouples in this experiment are K-type with 1 mm
diameter. The range of measurement was from -100°C to 1500°C with an accuracy of 1.0 °C and +£0.05%. A data acquisition

system (Keysight DAQ970A) was used to collect the measured signal and transform the information into a PC.
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Table 1 lists 27 experimental cases. Three chimney cavity heights of 150, 25, and 300mm were conducted. The blockage
ratio ranged from 0 to 0.24, and the solar radiation varied from 400W/m? to 800W/m? with an interval of 200 W/m?. The
artificial light was turned on to preheat the glazing before the test, ensuring uniform solar radiation intensity. The measurement
duration was 1.5 h. The results of velocity showed that the system reached a quasi-steady state at approximately 3000s, as
shown in Fig. 2 (a). Thus, the measured data during the quasi-steady state were used for the following analysis. Each test was
repeated three times to address the repeatability of the experiments. The results showed good repeatability of the experimental
rig, with details shown in Fig. 2 (b).

Table 1 Summary of test conditions.

No. Cavity height (mm)  The solar radiation (W/m?) Blockage ratio
1-3 150 400
4-6 150 600
7-9 150 800
10-12 250 400
13-15 250 600 0,0.12,0.24
16-18 250 800
19-21 300 400
22-24 300 600
25-27 300 800
(@) 0% — - (b) 0.40
Solar radiation 800W/m", h=150mm Solar radiation 800W/m? h=150mm —— Frist test
0.30 035 —— Second test
€ i Third test
L 025 g
£ g 0.30
S 0.20 | 2 w0
S ! _ S0z | ’QM‘ ) U ’ » ,uh f ’w’m
B o5 ! ! 2 w \ \ L
§ ! Stable period ! é
2 010§ ! ! 50201
2 ——Closed to glazing ! ! 'S
—— Channel center ! ! S ol
005 Closed to absorber : : ="
0.00 ‘ 1 1 ' 1 1 L 0.10 . 1 . 1 . 1 . 1 , 1 ,
0 1000 2000 3000 4000 5000 0 50 100 150 200 250 300
Time (s) Time (s)

Fig. 2 Measured data during the test process with solar radiation 800 W/m?, cavity height 150 mm and no blockage: (a)
stabilization of the measured velocity, (b) repeatability of velocity closed to the absorbed wall during steady state.

3 Results and discussion
3.1 Without blockage

Solar radiation is an essential factor for the optimization design of solar chimneys as it provides varied thermal intensity.
Fig. 3(a) shows the typical outlet temperature distribution along the cavity depth direction, where the cavity height is 150 mm
without blockage. The air temperatures at the outlet were non-uniform, like two semi-parabolic attenuate curves from the
opposite wall to the centre. The temperature in the depth direction decreased to the minimum value and then increased away
from the glazing wall. The temperature near the glazing wall surface increased slightly but was lower than that adjusted to the
absorption wall [29, 31]. The air temperature near the absorption wall was the highest. The maximum temperature difference
between the glazing and absorption walls can rise to 7°C under solar radiation 800 W/m?. The solar energy transits the glazing
wall and is absorbed by black fireproof. The absorption surface has been heated, resulting in the highest temperature over this
side. Due to the convective heat transfer, the temperature decreased from the absorption wall to the cavity centre. In the present
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Previous researchers also found that the temperature decreased gradually as the distance from the heated back wall increased
[27-29]. Fig. 3(b) shows the temperature along the tunnel centreline kept stable. Additionally, solar radiation shows a limited
impact on the temperature in the tunnel.

The lowest temperature rise at the outlet was achieved at 3 °C under radiation heat flux 400 W/m?. The highest temperature
rises adjusted to the absorption wall was 33 °C, 37.4 °C, and 41.7 °C under radiation intensities of 400 W/m?, 600 W/m?, and
800 W/m?, respectively. The average temperature is usually predicted using the heat balance given in Eq.1. Obviously, it is
applied only to the uniform temperature profile. Therefore, the average temperature analysed using the heat balance method
is unsuitable for predicting the temperature gradient inside this solar chimney cavity.

h
AT= . g (1)
U,DCp
@ ® N o A ®) %
o L : =150mm, no blockage ~—m— 288 W;mZ : &— 400 W/m?
€ 40 | Transparent — o= 00w, mz S o —A— 600 W/m®
S , 9lazing wall A 800 Wim”. | gar —*— 800 W/m?
E .. /. o
S | VI, 2 18°C
= ' ir p! S 18
20l ! v/ ! JYEEPEPE ~ e s S
3 30 | B h ° : 8
= I s I €5t 16 °C
So25F 1 . I E
g o \aee o A I S
Q. — i -
% - | - - Absorption wall S 12
1 1
= \ Ambient temperature {
15 ; 1 1 1 1 ; 9 1 1 1
0 20 40 60 80 100 0 1 2 3 4
Distance to the glazing (mm) Distance to cavity inlet (m)

Fig.3 Measured temperature results (a) in the cavity depth direction and (b) along the tunnel centreline.

Figure 4 reveals the velocity through the air outlet without blockage. The velocity adjusted to the glazing and absorption
walls both increased with increasing solar radiation [32]. The reason is that the greater solar radiation enhances the temperature
gradient between the airflow inside and outside the solar chimney cavity, which produces a stronger stack effect to drive the
airflow. The cavity height significantly affected the airflow velocity adjusted to the absorption wall. The higher cavity height
means a larger total absorption wall area; thus, more radiation flux is absorbed to heat inflow air. Consequently, the airflow
velocity was greater with higher cavity height due to the enhancement of the stack effect [10]. However, the airflow velocity
over the glazing wall surface was insensitive to the cavity height when / was larger than 250 mm. Because most solar radiation
is absorbed by the back absorption wall, the absorption coefficient of transparent glazing is relatively small, while the heat
dissipates quickly from the glazing. Low heat absorption and large heat dissipation result in less thermal storage to improve
the surface temperature. Thus, the cavity height has a limited impact on airflow velocity over the glazing wall surface.

For turbulent flow, an approximation model for the cross-section velocity has been developed [27, 33], expressed as Eq.
(2). Unfortunately, this model is only applied for round flow with velocity decreasing gradually from the centreline of the
pipe to the boundary layer, which has not considered the influence of thermal buoyance. It has been noted that it is unsuitable
for the airflow velocity profile inside the solar chimney channel. For thermal boundary layer flow, the cross-section velocity
is dependent mainly on the thermal boundary layer thickness. Eq. (3) can be used to calculate the airflow velocity at an axial
distance [34]. Based on Eckert’s study, Hou et al. [29] proposed different power coefficients and constants to predict us and
0.
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Fig. 5 Predicted airflow velocity in the cavity depth direction using the previous model, #= 150mm.

Figure 5 shows the predicted airflow velocity inside the solar chimney cavity by Eq. (3) based on the measured temperature,
with a cavity height of 150 mm and no blockage. Higher predictions near sidewalls were obtained using the equation proposed
by Hou et al. A slightly higher velocity was given at the centre position using the equation established by Eckert. However,
compared with the experimental airflow velocity at the chimney cavity outlet, the current equation based on thermal boundary
theory seriously overestimated the airflow velocity. Under these circumstances, the existing model is inapplicable. Therefore,
an improved theoretical model must be developed to predict the practical airflow velocity in the solar chimney at the top of a

tunnel.
-8-
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The blockage was located at the tunnel floor, where £ was used to represent the blockage ratio A, / Ai. The influence of
blockage on airflow velocity at the solar chimney outlet is shown in Figs. 6 and 7. The airflow velocity was enhanced
significantly under greater solar irradiation intensity. This is consistent with previous studies [35, 36]. Additionally, with the
increase in cavity height, the airflow velocity improved for all blockage ratio conditions. The absorber area is increased with
a larger cavity height, which means the total solar energy is absorbed to heat the fresh air inside the solar chimney. Thus, a
larger air temperature gradient between the inlet and the outlet is gained to drive the airflow.

Generally, the airflow velocity close to the absorber was higher than that near the glazing wall. The maximum difference
in the airflow velocity between the absorber and glazing exceeded 0.058 m/s under solar radiation of 400 W/m? with a cavity
height of 300 mm. The average value of improvement airflow velocity close to the absorber than that near the glazing was
0.035, 0.033, and 0.04 m/s for cavity heights of 150, 250, and 300 mm, respectively. It can be seen that the cavity height has
a limited impact on the velocity gradient between the glazing wall and the absorption wall.

From Figs. 6 and 7, the effect of the blockage ratio on airflow velocity at the outlet is insignificant for all solar intensities
and cavity heights. This means that vehicles with relatively small cross-section areas, such as cars, in the urban tunnel have a
limited impact on the solar chimney design. However, the effect of blockage on ventilation performance could not be neglected
for a greater blockage ratio, such as in small cross-section urban tunnels or vehicles with relatively large cross-section areas.
For instance, the bus, truck, or even metro train in the interstation tunnel would block the inlet of the solar chimney, and the
influence on the ventilation performance of the solar chimney may be considerable. Under these circumstances, the effect of
the blockage ratio on the ventilation performance of solar chimneys should be considered. However, the previous study and
theoretical model have not considered the effect of vehicle blockage on solar performance. Therefore, a theoretical model to
address the effect of the blockage ratio on the airflow velocity at the outlet is established in this work. This shows the
quantitative relationship between ventilation performance and impact factors. Moreover, it benefits practical usage and

engineering design by reducing the time cost.
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Fig. 6 Airflow velocity close to the glazing wall under different conditions.
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Fig. 7 Airflow velocity closed to absorber under different conditions.

4 Theoretical model
4.1 Analytical model for horizontal temperature

The temperature gradient is crucial for air inflow velocity inside the solar chimney cavity. The temperature close to the
absorber wall is maximum due to absorbing the solar energy. Otherwise, the surface temperature of the glazing wall is
relatively high. Figure 8 shows the temperature distribution along the cavity depth direction [10, 36], defined as horizontally
two piecewise semi-parabolic temperature distributions. That means the temperature close to the glazing surface and the
absorption wall archives peak value. In the cavity depth direction, the horizontal temperature from the opposite wall to the
inside center decreases in a semi-parabolic form but with different attenuation rates. Thus, the two horizontals semi-parabolic
is used to describe the temperature distribution in the cavity depth direction.

A

T

oo ommmae » | Absorber wall
Glazing

3 <€ > Taw,max

AR

X

Fig. 8 Schematic of the temperature distribution in the cavity depth direction.

The absorption wall absorbs solar radiation to heat air, and some part of solar energy is absorbed by the glazing walls. As
the conductive heat transfers, the temperature decreases from the sidewalls to the centre of the chimney cavity. The
temperature attenuation of the two parts from the glazing and absorber walls can be considered a horizontal semi-parabolic
distribution, respectively. Thus, the horizontal temperature from the opposite sidewall to the position of the lowest value is

given by,

T=Tna—To 2 +T, (6)



B'dSCU OI1 UIC CHCIZY COLSCIVAUUIL CYUudUUIL, LUIC dDSOUIDCU CLCIEY Cdll DT Z1VCIL dad>

d 3
2 (T —T, 2
EaW: I N aw,ma;/2 0 X3/2 dx (7
5 d
Therefore, the temperature rise close to the absorption wall is given by
/
AT _[ = 13)2 ¥ g2 ®
aw,max — T 13/6
Kk 4 d,,
Similarly, the temperature rises close to the glazing wall is obtained as
2/3
E ng REL

AT,

w2 e ) dod ©)

At position daw, the temperature difference A7., equals ATg,. Based on this boundary condition, the following equation

can be obtained for dy,
. 4/9
_\1-7

daw 4/9
1+(T J
1-7

The detailed derivation of the formula for horizontal temperature distribution can be found in Appendix A.
After substituting Eq. (10) into Eq. (8) and Eq. (9), the peak value of temperature rise is obtained. Then, the temperature
rise can be calculated by substituting the maximum temperature rise into Eq. (6). The prediction of temperature by the

(10)

proposed model under different solar radiation intensities is shown in Fig. 9, and compared the analytical value with
experimental results. The temperature rise increases with 2/3 power of solar radiation (E*?), that means the stronger radiation
intensity achieves larger temperature gradient between cavity inlet and outlet. There is a good agreement between the
predictions and experimental results, with an average error of less than 8%.
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Fig.9 Profile of temperature rises in the cavity depth direction under different solar intensities.
4.2 Analytical model for airflow velocity
The volume flow rate at the outlet is a key parameter for estimating the performance of the solar chimney. However, from
the experimental results and temperature profile, the airflow velocity along the cavity depth direction at the outlet should be
first gained to integral the volume flow rate.
From the schematic of airflow in the tunnel and solar chimney in Fig. 1, the airflow will overcome the local resistance,

friction resistance, and dynamic pressure at the outlet. The driving force of airflow comes from the density difference induced
-11-
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are identified: entrance to the tunnel from outside, sudden contraction as blockage, entrance from the tunnel to the chimney
channel (90° corner combined sudden contraction), and discharge outlet. There also exist friction resistances both in the
tunnel and chimney cavity.

Based on the pressure analysis, the airflow velocity at the outlet is given as

(11)

*

A=

000 8
|

2 2 p2 =
g pOUt Aozut(A.)le. en + A)IOALt +A2§b|0)+ 4A AJIO ( é:inpout + ZihcpopOUt +p0§0ut)i
g pO Dt po (po +pout) Dc [%]

Based on the ideal gas law, the relationship between air density and temperature can be given with less than 0.02% error
[10],

p OTO :,0 outTout (1 3 )

Therefore, the airflow velocity at the outlet can be given as

(14)

The detailed derivation of the formula for airflow velocity at the outlet can be found in Appendix B.

The temperature profile at the outlet can be predicted by Eq. (6); substituting this temperature with Eq. (14) can predict the
airflow velocity at the outlet.

Fig.10 Compares the airflow velocity calculated by Eq. (14) with the experimental results under different conditions. The
predictions agree well with the experimental data for all blockage ratios. The average errors between the analytical model and
experimental velocity are 3.5%, 3.6%, and 2.2% under the blockage ratio of 0, 0.12,0.24, respectively.
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Fig.10 Comparisons of airflow velocity at the outlet between experiments and predictions.
4.3 Volume flow rate at the outlet
The volume flow rate is an important parameter to estimate the ventilation performance of a solar chimney configuration,
which is a standard parameter for evaluating indoor air quality. Therefore, the volume flow rate through the solar chimney

should be finalized. The ventilation rate through a sharp orifice can be given by
-12-
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From Eq. (14), the airflow velocity at the outlet varies with the outlet temperature. Thus, the velocity integral in the cavity
depth direction is used to evaluate the volume flow rate through the outlet,

Bor Mo - T) a2t (T, - T) g ©
V., :degé A ( 2 3,2")9 dx+¢Q A ( il 3,2")9 dx- (16)
g 0 d TO 0 d TO B

After integrating Eq. (16), the volume flow rate can be given by,

v, =C,wA"2 /—gh QEATZ 4AT2 (d-d)is
ou = W aw aw, max + W, max - aw 4 — (17)
e 7 d3’2T0§ g )

(%]

Fig. 11 quantifies the volume flow rate under different conditions. The analytical model suggests the volume flow rate Vo
varied with E', which is less than the power of E*%**372 applied in buildings [38]. However, this is consistent with the previous
power of E%34 for a tunnel considering horizontal parabolic temperature decay [10]. The volume flow rate linearly increased
with 7%67; this power of cavity height is close to the previous result of 4>¢° in tunnels, but larger than the previous study about
building solar chimney Vo, & h'2%3[38]. A slight decline of ¥, occurs with the larger blockage ratio. Thus, the effect of

vehicle blockage on the ventilation rate is limited under § < 0.6.
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Fig.11 Volume flow rate by an analytical model, (a) varied solar intensities 5=0, (b) varied £, A= 0.3m.

Full-scale results are urgently needed to validate the accuracy of the analytical model. However, the experimental
ventilation rate at the outlet for the solar chimney adopted in the tunnel is not found in the literature. Therefore, the
experimental small-scale tunnel was transformed into a full-scale one and a numerical code fire dynamic simulator (FDS) was
used to simulate the airflow. Validation of FDS was conducted in a previous study [7, 10, 24].

Fig.12 Shows the volume flow rate in a full-scale tunnel, comparing the analytical model and numerical results. The
comparison is made at a fixed cavity height (4 = 5 m), blockage ratio (8 = 0) and solar intensity (800 W/m?). The analytical
model over a cavity height of 5 m without blockage shows over-predictions by 4-11% overall solar radiation. The friction
resistance coefficients fixed at 0.02 in the analytical model may differ from the numerical values due to the surface roughness.
Additionally, some heat losses from two sidewalls are not covered by thermal insulation materials in numerical simulations.
Despite the vehicle blockage, the 6.3% average error between the analytical model and numerical code indicates an acceptable
error caused by surface roughness and heat loss. The analytical model suggests that the ventilation rate V,,, o ¢>%. The
average error is 2.5% over the blockage ratios, with the analytical model over-predicting. This is in reasonable accuracy as
the limited effect of blockage on the ventilation rate.
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Fig.12 A comparison of the ventilation rate predicted by analytical model and simulations: (a) solar intensity and (b)
blockage ratio.

Additionally, the numerical results of the ventilation rate for a case tunnel in Chongqing, China (with a dimension of 815
m length, 9.25 m width and 5m height) are compared with the calculated value by Eq. (17). The solar chimney was installed
at the top of the tunnel center. The solar radiation is fixed at 800W/m?. The cavity depth is 2m, the cavity width varies from
3 m to 9 m under a certain cavity height of 5m, and the cavity height ranges from 1 m to 5 m for a given cavity width of 3 m.
Fig. 13 shows the comparison of ventilation rate between numerical data and calculated value.

From Fig.13 (a) The ventilation rate shows a linear rise with cavity width. Under this circumstance, the air change rate and
air quality inside the tunnel can be improved under a wider cavity. Thus, to achieve ventilation performance, the top solar
chimney can be designed as wide as possible for the practical tunnel. From Fig.13 (b) The ventilation rate was significantly
accelerated under higher cavities, but the growth rate weakened when the cavity height increased gradually. Thus, the cavity
height should be relatively high but not too high. Because too height of the cavity is unable to significantly improve the
ventilation rate but rising construction costs and difficulty. Under the solar chimney integrated into this tunnel case, the
average errors of ventilation rate throughout the solar chimney between predictions and numerical results are 6.3% and 6%
for different cavity widths and heights, respectively. Overall, the predicted value by Eq. (17) is in good agreement with the
numerical results. The solar chimney with a 9 m width and 5 m height can gain the optimal ventilation rate for this tunnel.
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Fig.13 A comparison of the ventilation rate for a case tunnel:(a) different cavity widths and (b) different cavity heights.
5 Conclusions
This study conducted a comprehensive series of experiments to thoroughly investigate the ventilation performance of a
solar chimney integrated into a tunnel. By considering the horizontally two-piecewise semi-parabolic temperature distribution,

theoretical models were developed to accurately predict the outlet temperature, outflow velocity, and volume flow rate
-14-



thrOuguuut LIC S0ldl CINIITICY, WILLC d150 dCCoullulg 101 UlC H11pdll 01 VOIICIC DIVCKAEZC. 111C 1lldlil COLICIUSIVIS UldWIl from
this research can be summarized as follows:

(1) The temperature at the outlet exhibits a direct correlation with increased solar radiation and greater cavity height, with
the temperature variation showing a positive relationship with £23. Additionally, the temperature near the absorption wall is
higher than that near the glazing surface. Along the cavity depth direction, the temperature undergoes attenuation following
two-piecewise semi-parabolic curves from the glazing wall and absorption wall to the position of the lowest temperature. A
theoretical model has been successfully established to predict the temperature rise at the outlet, demonstrating excellent
agreement with the experimental results.

(2) The airflow velocity near the absorption wall surpasses that near the glazing wall. The positive effects of cavity height
and solar radiation on the airflow velocity at the outlet are significant, while the blockage ratio exhibits only a limited influence
on the airflow velocity. A robust theoretical model for the outflow velocity has been developed, accounting for the effects of
vehicle blockage, with an average error of less than 3.6%.

(3) The ventilation rate at the outlet can be accelerated by wider and higher cavities, as more solar radiation is absorbed. A
comprehensive mathematical model for the volume flow rate of the solar chimney in a tunnel has been formulated, revealing
a linear increase in the volume flow rate with E'?. This model effectively addresses the influence of solar chimney
configuration on the ventilation rate. Numerical simulations have successfully validated the theoretical evidence presented.

In summary, this study significantly contributes to the understanding of solar chimney performance in tunnel ventilation
systems. The established theoretical models for outlet temperature, outflow velocity, and volume flow rate offer practical and
accurate design tools. These findings have substantial implications for architects and engineers seeking to optimize solar
chimney configurations, ultimately promoting the implementation of energy-efficient and sustainable solutions in urban

tunnel designs.
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Appendix A. Horizontal temperature calculation

The absorption wall absorbed solar radiation to heat air, and the air temperature decreased gradually away from the absorber
due to conductive heat transfer. Some parts of solar energy have been absorbed by glazing walls. The energy conservation
equation in the chimney cavity can be given by

E=p,C Vo (T, =T, (A1)
The total energy absorbed by the absorption wall is
E,,=7whq, (A2)
The solar energy absorbed by the glazing wall is
E,.=&whqy, (A3)

where 7 is the transmissivity of the glazing wall, and ¢ is the absorptivity of the glazing wall.
Based on the energy conservation equation, the energy within minuteness /A\x can be given by

AE=p.c AV, (T -T,) (A4)
where AV, is the volume flow rate at the outlet within Ax,
2(T-T,)gh
AV, =C,WAX 2T-T)on (A5)

0

Combined Egs. (A4) and Eq. (AS), the following equation can be gained:
2gh
AE=k (T, =T, )" A% x=p,c,CqW Ti (A6)
0

where « is the coefficient.

The temperature decreased from the sidewall to the centre of the chimney cavity. The temperature attenuation of the two
parts from the glazing and absorber walls can be considered a horizontal semi-parabolic distribution, respectively. Thus, the
horizontal temperature from the opposite sidewall to the position of the lowest value is given by,

L
T:—f“aX3/2 0 x¥? 4+ T, (A7)

where d is the cavity depth in m and x is the distance away from the side wall.
Substituted Eq. (A7) into Eq. (A6), the absorbed energy can be given as

d 3
aw T _T 2
E, = I K[—aw'”‘ax ° XS/ZJ dx (A8)

32
0 d

where d, is the horizontal distance from the absorber wall to the position of lowest temperature in m.
After integrating Eq. (AS8), the following equation is given by

3
Taw max _To 4 13/4
EaW"{T 730 (89
Thus, the temperature rises close to the absorption wall given by
2/3
E,, 13\ d*?
ATaw max:(ﬂ_j 413/6 (A10)
Kk 4) d

where Tuw, max and Tew, max are the temperatures close to the absorption and glazing walls in K.

Similarly, the temperature rises close to the glazing wall is obtained as
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At position d,, the temperature difference ATq, equals A Tg,. Based on this boundary condition, the following equation

[an B d9/4 ]3/2 (ng E d9/4 ]3/2
xk 4d2 gz LK 4 (d-d,,)* (d—d,, "

can be obtained,

d 3/2 d 3/2 (Alz)
Substituted Eqgs. (A2) and (A3) into Eq. (A12), it is given by
3/2 32
(TthS(,, B d°%4 (1_ T)thsol E d%4
K 4 d13/4 a2 K 4 (d _ d )13/4 -
FEE = dow = FEE = (d _daw) (A13)
Thus, the distance of d, is given by
N
(1 ] ‘
-7
Qo = 7 (Al4)
14|
1-7
Appendix B. Horizontal velocity calculation
The local resistance can be calculated using the,
1
AP§j=E§jpu2 (B1)

The local resistance coefficients ¢ at the entrance and outlet are 0.5 and 1.0, respectively [37]. The local resistance
coefficient of sudden contraction is related to the blockage ratio, where {30, =0.58. The resistance coefficient from the tunnel
to the chimney includes the sudden contraction and right-angle turn.

The local resistance can be given by,

1 1 1 1
Aptf = E djenpout2 + E é:blo.poutz + E é:inpouslo. E é:outpcusut (B2)

where AP; is the local resistance in Pa. As the temperature difference along the tunnel is minimal, the temperature and
density are almost the same. The pc is the air density before the outlet, almost close to the density at the outlet. Thus, the
density at outlet po., is used to replace the p. during calculating the local resistance.

The blockage of 0.5 m length is located at the chimney channel inlet, and the blockage length is small enough to neglect
during calculating the friction resistance in this study. The friction resistance can be given by,

1L, , 1h
AP,==— p.u’+=— p.u B3
A 2Dtp0t ZDCpCC ( )

where APy is the friction resistance in Pa, D; and D, are the hydraulic diameters for the rectangular and chimney channels.

The absorbed solar energy heats the air, meanwhile, the stack effect occurs due to the density gradient. The pressure
difference drives the airflow from the tunnel entrance to the chimney channel which depends on the density and height
difference. Based on the pressure difference, the following equation can be given as

AP +AP, = ( X -pc) gh (B4)

Under steady conditions, the mass flow inside the tunnel and chimney channel remains stable. Based on this, the mass
conversation equation can be given as Eq. (B5). Notes that assumed the intake air from both ends of the tunnel are the same.
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The cross-sectional area at the inlet, outlet, and the inside channel is the same, 4;» = Aour = Ac. The blockage region's area
equals tunnel area minus blockage cross-section area, Api. = (1-f) A:.

The air density inside the chimney cavity decreased linearly from the inlet to the outlet as the linear temperature distribution
[10]. Thus, the static pressure can be given by Eq. (B6). The air density inside the channel can be used as the average value,
pe=12(potpour).

h
! 1

p.gh =0 pgd, =E(po+pout) gh (B6)
0

Substituting Egs. (B2) and (B3) into Eq. (B4), all the airflow velocity transferred to u,.: based on Eq. (B5), and it is obtained,
w?

w2 2 2

X ou uuou 9 L ou utYout = ou " uou 9 X - uou 9

é:enpogp Aot t%+_tp0§m gblopo§m% +6gmp0§Pt s
2pA 5 D, A o 2007,

Po o

N

(B7)

2

+ outpoutuout :(po - pout) gh

S H O

Simplified the equation (B7), it is given the airflow velocity at the outlet as

. ! - ) h
u :A po pout g (BS)

out

Ioout

1

e o2

¢ =

. ¢ 272 -
A Ao AL, 42&/@1 27h i 28)

Pou it(AJIO en +o Pt +A gblo ) e - ( é:m out M +p0§out) =

g Dt pO (p0+pout)Dc (%)

Based on the ideal gas law, the relationship between air density and temperature can be given with less than 0.02% error
[10],

p OTO :,D outTout (B9)

Based on Eq. (B9), the airflow velocity at the outlet can be given by,

o |(Tow - T,) g0
u,, =A" Lo )9 (B10)

out
TO

The temperature profile at the outlet can be predicted by Eq. (A7); substituting this temperature with Eq. (B10) can predict

the airflow velocity at the outlet.
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