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ARTICLE INFO ABSTRACT
Keywords: Solar chimney applied in building ventilation can passively regulate indoor air quality without electricity cost
Solar chimney and carbon emissions, but its application in tunnel is limited. This study conducted a numerical modelling and

Natural ventilation
Tunnel fire

Smoke exhaustion
Renewable energy

theoretical analysis to investigate the volumetric flow rate through multi-channel solar chimney group in tunnel
under normal and fire conditions. The influences of the solar chimney arrangements on ventilation and smoke
exhaustion capacity were analyzed. Results show that the solar chimney group can afford natural ventilation in
tunnel without compromising the performance of smoke exhaustion through shaft. With absorbed more solar
energy, increasing cavity amount and cavity width can effectively improve the ventilation performance but
limited effect on smoke exhaustion. The volumetric flow rate increases with cavity height and cavity depth that is
proportional to h:'/® and L*® under natural ventilation. The volumetric flow rate under natural ventilation and
smoke exhaustion both increase with total chimney channel area. A theoretical model considering horizontally
semi-parabolic temperature distribution inside each channel was developed to correlate the volumetric flow rate,
the predictions agree reasonably with numerical results under normal and fire conditions. This study contributes
to the application of solar chimney group in urban tunnels and guides extraction design.

continually increasing energy price [6]. On the other hand, consumption
of fossil fuel raises energy crises and environmental problems due to
pollution released during processing [7]. There is an urgent needed to
adopt renewable energy system in tunnels for natural ventilation and
smoke exhaustion.

Solar chimney, which is a shaft including a glazing wall to penetrate
the solar radiation and a thermal absorption wall to heat the air in the
chimney cavity, could be one of the ideal approaches to reduce energy
consumption and enhance the fire safety of urban shallow tunnel [8].
The basic principle of solar chimney is based on the temperature
gradient induced by solar irradiation [9]. As an economical and
environmentally-friendly system, the solar chimney has been frequently
applied in building ventilation to reduce the cost of the ventilation
systems [10,11]. Due to the poor ventilation performance of solar
chimney at night, the solar chimney always combines with the fan shaft
system and phase-change materials to enhance the system performance
[12 13] that not only saving energy but also achieving 24 h a day
ventilation. Miyazaki et al. [14] argued that the fan shaft power
requirement is reduced about 50 % in annual total in japan due to the
natural ventilation based on solar chimney. Jaber and Ajib [15]

1. Introduction

Energy usage and fire safety are inevitable considerations during the
design and operation of urban tunnels [1]. Ventilation systems mainly
dilute the vehicle pollutants inside the tunnel to keep their concentra-
tion under a safety threshold. On the other hand, those ventilation
systems could also be adopted to exhaust the smoke if there occurs a fire.
Tunnel fire is one of the critical hazards due to high-temperature smoke
generated by fire [2], while statistical data show that heat and toxic
smoke causes more than 85 % of the casualties in tunnel fires [3].
Therefore, a smoke exhaustion system is critical to improve the fire
safety in tunnel. Currently, the smoke flow is controlled by mechanical
ventilation and shaft ventilation in tunnel [4,5]. The longitudinal
ventilation system consisted by jet fan is widely used due to their low
construction cost and excellent performance. That the jet fan provides
the driving force to push the polluted air and smoke towards to tunnel
portals. However, this mechanical ventilation system consumes the
electricity (68 % produced by fossil fuels). On the one hand, the related
costs are quite high due to the long-time period operation and the
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Nomenclature

A area (m?)

A, tunnel opening area (m?)

A; inlet area (m?)

Ayj inlet area of channel j (m?)

A, outlet area (m?)

Ayj outlet area of channel j (m?)

A* area coefficient

B buoyancy flux (m*/s%)

Cq coefficient of discharge

¢ specific heat (J/kg-K)

d; smoke thickness

E power of heating source (W)

Eq.q smoke heat source downstream of solar cavity channel
d (W)

E; power of smoke through cavity j (W)

E; power of smoke (W)

g gravitational acceleration (m/s%)

h, chimney cavity height (m)

H height (m)

H, height of channel (m)

H, height of tunnel entrance center (m)

H, height of tunnel ceiling (m)

/A\H height difference (m)

L cavity depth (m)

N amount of cavity in solar chimney group

p pressure (Pa)

P,; pressure out of tunnel entrance (Pa)

P, pressure at tunnel entrance (Pa)

P; pressure external inlet (Pa)

P;y pressure internal inlet (Pa)

P,; pressure internal outlet (Pa)

P, pressure enteral outlet (Pa)

AP pressure difference (Pa)

Q heat release rate (kW)

T temperature (K)

T; temperature in tunnel (K)

Te ambient temperature (K)

Trnax maximum temperature (K)

ATnee maximum temperature rise (K)

A Tmaxi maximum temperature rise at inlet (K)

Ug maximum smoke flow velocity (m/s)
U velocity (m/s)

U, velocity at tunnel entrance (m/s)

U; velocity at inlet (m/s)

U, velocity at outlet (m/s)

14 volumetric flow rate (m3/s)

Ve volumetric flow rate at tunnel entrance (m3/s)
V; volumetric flow rate at inlet (m3/s)
Vo volumetric flow rate at outlet (m3/s)
w width (m)

wc solar cavity width (m)

wt tunnel width (m)

x distance (m)

X; distance to inlet (m)

Xo distance to reference position (m)
Greek symbols

yAN difference

K constant

p density (kg/m>)

Pe density in solar cavity channel (kg/m%)
Ps smoke density (kg/m>)

Pr density in tunnel (kg/m>)

Poo ambient density (kg/m>)

Subscripts and Superscripts
ambient condition

[o0]

c chimney cavity

d downstream cavity serial number
e tunnel opening

i inlet

j number

o cavity outlet

t tunnel

max maximum

s smoke
Abbreviation

NV natural ventilation
SE smoke exhaustion

obtained that the 32.1 % energy can be saved annually due to use the
solar chimney for a residential building.

The main challenge of solar chimney applied in the building venti-
lation is to optimize its performance [16]. Long et al. [17] addressed the
window configuration on natural ventilation performance of solar
chimney applied in building. Hou et al.[18] experimentally studied the
temperature distribution and airflow characteristic through one house
solar chimney. The external radiation, temperature, and wind are
important factors affecting the chimney cavity’s airflow rate. Zhang
et al. [19] argued the greater solar radiation would improve the airflow
rate inside solar chimney cavity. Martinez et al. [20] suggested that
external wind affects the ventilation performance of solar chimney in
building. Divided the solar chimney cavity into multiple channels could
improve the natural ventilation rate significantly [21]. Gong et al [22]
suggested that split the solar chimney into multiple channels could in-
crease ventilation rate by 57 %.

The solar chimney cannot only for operation ventilation but also for
smoke exhaustion. Ding et al. [8] initiated the idea of applying the solar
chimney in building smoke exhaustion. Cheng et al. [1] experimentally
confirmed the viability of solar chimney in buildings considering both
the function of natural ventilation and smoke exhaustion. Shi et al. [6]

conducted the world-first study for solar chimney applied in a real
building taking the natural ventilation and smoke exhaustion into ac-
count. The optimized designed of solar chimney in building natural
ventilation has been extensively studied [23], but both considering
natural ventilation and smoke exhaustion is still limited. The smoke
exhaustion performance based on the solar chimney may be better than
those of conventional shaft as it can combine the natural ventilation and
enhance the thermal buoyance. That provides the possibility to trans-
form the existing smoke exhaust shaft into a solar chimney to reduce the
construction cost and energy saving.

The application of solar chimney in building natural ventilation and
smoke exhaustion has been investigated [6]. The research on its applied
in tunnel a long-narrow underground space is limited that impedes its
practical application in tunnels. Cheng et al. validated the application of
solar chimney in urban tunnel for both natural ventilation and smoke
exhaustion [24]. Huang et al experimentally studied the natural venti-
lation performance of solar chimney in tunnel under varied solar radi-
ation [7]. Solar chimney can be combined with urban tunnels’ existing
shaft system as it usually a few meters’ shaft below the ground, such as
the Wuhan Donghu Tunnel in China and the Nanjing Xi’an men Tunnel
[25]. The passive solar energy adopted to the natural shaft group in
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Fig. 1. Layout of the solar chimney in the tunnel: (a) schematic of tunnel model, (b) solar chimney groups.

tunnel not only effectively exhausting smoke but also enhancing the air
flow under normal condition, such as solar chimney adopted to Leijiapo
No.1 Tunnel in Shanxi, China. However, the solar chimney application
in tunnels with groups of several ventilation shafts have not been
revealed both under natural ventilation and smoke exhaustion. In
addition, the influences of the shaft groups arrangement, chimney
configuration, and fire scenario on the performance of solar chimney
group is different from house buildings. The related theoretical model
and optimum building design parameters may not apply to tunnels. It is
necessary to investigate the optimum performance of solar chimney

group in the tunnel and develop the related theoretical model.

In view of this, the present work investigated the performances of
solar chimney group applied in the tunnel, considering both natural
ventilation and smoke exhaustion under normal and fire conditions. A
series of numerical cases were conducted with different shaft groups
arrangement to discuss the performance of ventilation and smoke
exhaustion, and a theoretical model is developed to fill the gap. This
work aims to provide brand-new concept of tunnel ventilation and can
be solved by hand to reduce design costs.
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Test conditions.
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No. Group name Cavity amounts L (m) w (m) Solar radiation (W/m?) Fire size (MW)
1-4 C1-2 1 2 12 400, 800, 1200 0, 3, 10, 20
5-8 C1-3 1 3 8
9-12 Cl-4 1 4 6
13-16 S1-4 1 4 6
17-20 c2-1 2 1 12
21-24 C2-2 2 2 6
25-28 $2-2 2 2 6
29-32 C2-3 2 3 4
33-26 s2-3 2 3 4
37-40 C3-1 3 1 8
41-44 c3-2 3 2 4
45-48 §3-2 3 2 4
model was used to precisely calculate the flow field viscous stress. The
40 Smagorinsky Deardorff’s model was adopted to deal the turbulence.
| i The numerical model was constructed through FDS based on the
35 o ——Cl-2-1 three-lane tunnel [26]. Total of 200 m length tunnel symmetrical at fire
e 1 [ = €221 source was considered. In order to save the computational time, a
2 Tpoos 32 symmetric plane is employed [27], as shown in Fig. 1 (a). Therefore, the
\E_, ' tunnel with 100 m length (12 m width, 5 m height) in fire source one
e side was selected for the present analysis, where the influence of tunnel
= length on solar chimney performance can be ignored [24].
= The solar chimney, including only single cavity, two and three
E identical cavities arranged in a group at intervals of 6 m, are installed at
—g top of the tunnel. The cavity height was 5 m. The cavity depth (1 m-4 m)
> and cavity width (4 m-12 m) vary for each identical cavity under the
same total opening area. The solar chimney was arranged at the tunnel
ceiling center and the ceiling side when the cavity width was not greater
than 6 m. A total of 12 groups of the solar chimney layout are considered
naming as Cn-m-d or Sn-m-d, where “C” and “S” represent the centerline

1
1000

800 1200

Fig. 2. Volumetric flow rate in solar chimney.

2. Numerical methodology
2.1. Numerical scenarios

The performance of the solar chimney for natural ventilation and
smoke exhaustion are investigated using a numerical software package,
namely FDS (Fire Dynamics Simulator). FDS is a practical computational
fluid dynamics (CFD) model of fire-driven fluid flow developed by NIST
(the U.S. National Institute of Standards and Technology). FDS numer-
ically solves a form of the Navier-Stokes equations appropriate for low-
speed (Ma < 0.3), thermally-driven flow with an emphasis on smoke and
heat transport from fires, as well as the heating, ventilation, and air
conditioning (HVAC). The validation of FDS for solar chimney in
ventilation has been verified and validated [1,20]. A sub grid-scale stress

and sideline, respectively, as shown in Fig. 1 (b). The symbol n is the
amount of cavity in the group, and m is the individual cavity depth, and
d is the designative cavity number in the group which increases further
from the fire source. The sidewall, ceiling and bottom plate of tunnel was
constructed with “concrete” (density of 2280 kg/m>, thermal conduc-
tivity of 1.8 W/(m-K), specific heat of 1.04 kJ/(kg-K)). The left sidewall
of the solar chimney was made with glass (conductivity 1.2 W / (m-K)).
The right sidewall of solar chimney was covered with aluminum (density
of 2700 kg/mg, thermal conductivity of 167 W/(m-K), specific heat of
0.1 kJ/(kg-K), emissivity of 0.95) to absorb the solar radiation. The
boundary of the computational domain was set as an “open”.

The fire source (3 MW, 10 MW, 20 MW) was located at the tunnel
centerline. The distance between the fire source and solar chimney left
side was 70 m. The solar radiation 400 W/m?, 800 W/m?, 1200 W/m?>
[28] was carried out under normal condition. Due to incomparable be-
tween solar radiation to fire power and inconspicuous impact of solar
radiation on smoke exhaustion [1,20], the solar intensity 800 W/m?
were conducted under fire conditions. Table 1 lists the test cases. The
average data of air and smoke flow rate at stable period are sued for

Internal XPS, 10 mm,

Artificial
light

Glazing

! S

external aluminum, 3 mm

From left to right:
Laminated fire proof, 5 mm,

ACB, 5 mm, aluminum, 3 mm

55m

4.5m

Fig. 3. A schematic of solar chimney experimental test platform.
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following analysis, as shown in Fig. 2.

2.2. Validation of numerical tool

2.2.1. Validated using experimental results

The experiment conducted on a model tunnel with dimension of 10
m (L) x 0.5 m (W) x 0.25 m (H) was used to validate the numerical
result [7], as shown in Fig. 3. The width of the chimney cavity (w) was
15 cm, and cavity depth (d) is 10 cm (all internal sizes). Two cavity
heights (h) (15 cm, 25 cm) and three solar radiation intensity (400 W/
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m2, 600 W/m?, 800 W/m?) were carried out. The detail description of
experiment can be seen in reference [21].

The numerical model, same with the reduced scale experiment, was
carried out. The numerical results of airflow velocity through the
channel are compared with the experimental data as shown in Fig. 4.
The average absolute errors between numerical results and experimental
data is 0.5 %, which is accepted. The viability of FDS addressing tunnel
fire and smoke exhaustion has been extensively confirmed. Therefore,
FDS can be used to analyze the performance of solar chimney in tunnels
both under natural ventilation and fire conditions.

2.2.2. Grid independence analysis

Grid sensitivity analysis is important in numerical simulation as it
can influence the calculation accuracy and numerical results. The grid
size is related to the characteristic length (D*), and always obtains ac-
curate result with grid size equal to 0.1D* [25]. The corresponding grid
sizes under 0.1D* is 0.15 m for the minimum heat release rate of 3 MW.
Thus, four different grid sizes were conducted to examine the grid in-
dependence including 0.1 m, 0.2 m, 0.3 m, and 0.4 m. The solar groups
of C3-2 and solar radiation of 800 W/m? were conducted for grid
analysis. Fig. 5 shows the volume flow rate through C3-2-1 and C3-2-2.
The volume flow rate gets very close for grid size less than 0.3 m. The
accuracy of 0.2 m grid size has also been validated for shaft smoke
exhaustion in the tunnel with a dimension of 12 m (H) and 5 m (W) [27].
Therefore, the grid size of 0.2 m is chosen for this study.

3. Analytical model
3.1. Theoretical model for natural ventilation

Fig. 6 shows the solar chimney arrangement installed on the tunnel
roof under natural ventilation. In this study, it is assumed that (a) the air

(b) 12

=)

]

Volume flow rate (m’/s)
[=}

4
2
0
1 1 1 1
0 100 200 300 400 500 600
Time (s)

Fig. 5. Volume flow rate under different grid sizes with C3-2, E = 800 W/mz, Q = 3 MW: (a) airflow through C3-2-1, (b) airflow through C3-2-3.
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Fig. 6. Solar chimney group under natural ventilation: (a) schematic of airflow, (b) the pressure distribution.
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Fig. 7. Semi parabolic temperature distribution inside solar chimney: (a) temperature in horizontal direction, (b) temperature in vertical direction.

inside the cavity, tunnel environment and outdoor environment are well
mixed and uniform, hydrostatic pressure is considered linearly varied
with height; (b) the discharge coefficients for all the orifices are
considered the same; (c) the friction losses are ignored due to the
complexity of the problem; (d) the external wind in the outdoor envi-
ronment is neglected; and (e) this study much focuses on predicting solar
chimney performance under steady status, where there is a balance of
heat transfer between the walls and airflow; (f) the volumetric flow rate
through each cavity in solar chimney group is same under natural
ventilation.

The solar energy absorbed by the absorption wall enhances pressure
drop because of the greater density difference between orifice two sides.
The pressure drop induces on the basis of height difference and density
change, which can be expressed by Eq. (1). The inside air is heated by
solar energy, the slope of pressure decay rate inside cavity is slower both
than outer and in tunnel, as shown in Fig. 6 (b), where Hj, is the height of
neutral plane. Due to the solar chimney at the top of tunnel, the pressure
curve in cavity is above the tunnel. The pressure distribution in tunnel
and outdoor can be presented using parallel lines. The neutral pressure
planes only occurred in cavity. This is different with previous study [24]
that assumed tunnel as infinite space.

AP = pgAH @

The pressure difference drives the air through orifices, including the
tunnel opening, cavity inlet and outlet. The relationship between the
airflow velocity and pressure difference can be expressed as,

AP = % pU? 2

The pressure difference at the tunnel opening, cavity inlet and outlet
can be obtained by following formulas.

1
P, - Py = EﬂwUCZ 3)
Py - Py =pg(H - H,) “)
Lo,
P - P, = EP,U,» 5)
Py - Poy = p.g(H. - H,) ©)
|
Py, - Py, = ip“UO @)

The pressure gradient between P,; and P, can be given by Eq. (8).
P, - P = pog(H. - H,) ®

Based on the Eq. (3) to Eq. (8), it is obtained,
2p,8(H, — H,) -

PUs +pU; +p.Us = 2pg(H. — H.) — 2p.8(H. — H,)

9

The conservation of mass can be given by,
PVe =NpVi=Np.V, (10)

The volumetric flow rate through the orifice can be calculated by,
V, = C,AU; an

Based on the volumetric flow rate and mass flux expression, Eq. (9)
can be simplified and obtained the air flow rate at inlet.

Ao(2po8(He = He) = 2p,(H, —H)
ﬂ,Np:iAoJrﬂr i (er, e

- Zp(g(Hc. —H,))

Ui = (12)

The temperature rise inside tunnel is small enough to ignored, thus, it
can be assumed p; = po. Furtherly, it is assumed that neglected the
density difference excepting density defect calculation (p-py,)gh, thus,
Eq. (12) can be simplified as,

U = AA28(po — p.)(He — H,)
' (N2A2A2 + A2A% + A2A%)p.

e‘to

13)

Based on the ideal gas law po,Too=pTt = pcTc, Eq. (13) furtherly
simplified as,

U - AZA22¢(T, — Too)(H, — H,)
‘ (N2A2A2 + A2A? + A2AP)T,,

14

The temperature nearby the absorption wall is higher than that near
glazing wall [25-27]. For cavity depth exceeding the order of centi-
meters, the temperature decreased from heated wall to glazing side due
to convective heat transfer and one side heat source [29-31]. The hor-
izontal temperature inside the solar chimney is considered as semi
parabolic decay that is more fitted practice, as shown in Fig. 7. Thus, the
temperature along with the cavity depth can be expressed as Eq. (15).

Tmax - T

T=-"2 20247,

e (15)

Substituted temperature expression into Eq. (14), the volumetric
flow rate can be given by,

/C AZA228(Tax — Too) (He — Hy)
ave NZAZA2 +AZA2 + A2AD)PT,,

From previous study [24], the total absorbed energy can be given by
Eq. (17).

X dx (16)

" . gh.
E= k(T — T )2dx, k = Wep o, Cy a7z
0

TOO
Substitute Eq. (15) into Eq. (17), the total energy is expressed by,

4
E= _K(Tmax -

3
Ts)’L
13 )

18
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Geometric parameters:
Cavity/Tunnel portal size

Given the input | _
parameters h

Heat/Buoyancy input: B

'

* L Ambient parameters:

Pressure losses
across tunnel
portal (4,)

Smoke velocity
Eq.(28),smoke

thickness Eq.(29)

Pressure losses
across chimney
inlet (4; ;) and

temperature, air density

outlet (4, ;)

Substitute +

into Eq.(27)

A 4

Smoke energy E,,
Eq.(30)

Conservation equations of
continuity, momentum, and

energy Egs.(1), (10), (17)

Pressure difference Eq.(2)

!

E, Eq.(31)

Flow loop equation method,
rearrange Eq.(3) to Eq.(8)

Substitute
<—

PP

'

SE. E,.; Eq.(26)

Air flow velocity across Ideal gas law
chimney inlet U; Volumetric flow rate Eq.(11)

v

NV. Eq.(18)

_/ Volumetric flow rate across
chimney inlet, V;, Eq.(16)

Eq.(24), Eq.(25)

'

Natural ventilation rate at
chimney inlet/smoke
exhaustion rate at
downstream cavity Eq.(21)

Smoke exhaustion rate at
upstream cavity Eq.(23)

Fig. 8. Flow chart for theoretical modelling. NV. means natural ventilation, SE. means smoke exhaustion.

The total solar energy absorbed by wall is used to heat the inside air.
Under the steady condition, the volumetric flow rate can be simplified as
following Eq. (19).

2A%A%
_ 23 Ao
Vi = 0846(Cael) \/(NWA2 +AZA + A2A2)

e o

(Bh,)'" 19)

where B is the buoyancy flux, which driven airflow inside chimney
cavity,
E,
B=—-%
Tocppe

(20)

The vertically liner temperature distribution is considered with co-
efficient 0.794 in previous study [24]. The volumetric flow rate at the
inlet can be expressed as Eq. (21) considering vertically liner tempera-
ture distribution and horizontally semi parabolic temperature
distribution.

V; = 0.672(Cyw.L)**A*(Bh,)"" (21)

where A* is the coefficient considering the tunnel and chimney cavity
configuration given by,

o 2424
TV (veAzA? 1+ AZA% - A2A2)

(22)

e o

3.2. Theoretical model for smoke exhaustion

The smoke exhaustion in solar chimney cavity is promoted by two
parts heat source: high temperature smoke from fire source and solar
radiation. The hot smoke coming from upstream side of chimney cavity,
thus, the smoke exhausted through upstream cavity is more than that
downstream. The smoke exhaustion rate through chimney cavity can be
predicted using Eq. (16), where the maximum smoke temperature
beneath the tunnel ceiling should be as maximum value at the inlet. Eq.
(16) can be simplified as,

ghc A Tmax,i

4
V,‘ = ?W(‘LC‘{A* Too

(23)

where /A\Tmqi is the temperature rise at inlet, which can be correlated
using sum of two exponential equations based on the maximum tem-
perature beneath the tunnel ceiling,

AT axi Xi — Xo X; — Xo
Slmaxi _ . —0.14 4 —0.024
AT 0.55exp(—0.143 7 )+ 0.45exp(—0.0 7

) (24)
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where X; is the longitudinal position at inlet, x, is the reference position
of maximum temperature beneath the tunnel ceiling, ATqy is the
maximum temperature rise beneath the tunnel ceiling.

Li et al. [32] developed an empirical model to predict the maximum
temperature rise beneath the tunnel ceiling for dimensionless ventila-
tion velocity less than 0.19, expressed as,

03

AT = 175 g

(25)

Substituted Eq. (25) into Eq. (24) can predict the temperature rise at
the inlet, then substituted Eq. (24) into Eq. (23) can calculate the smoke
exhaustion rate at upstream cavity inlet.

For the smoke exhaustion through the downstream cavity in the solar
chimney group, the smoke flow is driven by two parts: the heat source of
downstream smoke and solar radiation. Based on the energy conserva-
tion, the downstream smoke heat source can be given by,

d
Eji =E— Y E (26)
1
The part of energy provided from hot smoke can be given by

E, = p.\-uswldscpATmax (27)

The maximum smoke flow velocity can be predicted based on the
density difference [33], given by

Ame) 2

(28)

max

u, = 0.613 (gH,

The smoke stratification in one-dimensional region can be assumed
steady. Oka et al. [34] developed a model to predict the smoke thickness
ds in the tunnel, expressed as follows.

Applied Thermal Engineering 238 (2024) 122227

d, 23w, -3
i, = 0266 (i) (TH,) (29)

Based on the ideal gas law, substituted Eq. (28) and Eq. (29) into Eq.
(27), the power of smoke layer can be expressed as,

ATmax e 1/2
E, = 0.613p_T, - (gH,) "wdic, (30)

max

Based on the ideal gas law and volumetric flow rate of cavity j, the
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Table A1

Natural ventilation rate under solar radiation 400 W/m?*

Applied Thermal Engineering 238 (2024) 122227

Scenario No. Location Cavity depth, width AR of cavity E (W/m?) Volume flow rate (m®/s)
Cavity 1# Cavity 2# Cavity 3# Total
Cl1-2 1 center vent 2mx 12m 6 400 5.90 - - 5.9
C1-3 1 center vent 3mx8m 8/3 5.09 - - 5.09
Cl-4 1 center vent 4mx 6m 1.5 4.45 - - 4.45
S1-4 1 side vent 4mx 6m 1.5 4.52 - - 4.52
C2-1 2 center vents Imx12m 12 3.54 3.50 - 7.04
C2-2 2 center vents 2mx 6m 3 2.92 2.83 - 5.75
C2-3 2 center vents 3mx 4m 4/3 2.45 2.35 - 4.8
S2-2 2 side vents 2m x 6m 3 2.88 2.76 - 5.64
S2-3 2 side vents 3mx4m 4/3 2.45 2.27 - 4.72
C3-1 3 center vents 1mx8m 8 2.23 2.41 2.37 7.01
C3-2 3 center vents 2m x 4m 2 1.82 1.82 1.82 5.46
§3-2 3 side vents 2mx 4m 2 1.83 1.80 1.78 5.41
Table A2
Natural ventilation rate under solar radiation 800 W/m?
Scenario No. Location Cavity depth, width AR of cavity E (W/m?) Volume flow rate (m>/s)
Cavity 1# Cavity 2# Cavity 3# Total
Cl1-2 1 center vent 2m x 12m 6 800 7.76 - - 7.76
C1-3 1 center vent 3mx8m 8/3 6.76 - - 6.76
Cl-4 1 center vent 4m x 6m 1.5 5.91 - - 5.91
S1-4 1 side vent 4m x 6m 1.5 5.96 - - 5.96
C2-1 2 center vents Imx12m 12 4.62 4.50 - 9.12
C2-2 2 center vents 2mx 6m 3 3.80 3.69 - 7.49
C2-3 2 center vents 3mx4m 4/3 3.25 3.07 - 6.32
S2-2 2 side vents 2m x 6m 3 3.77 3.59 - 7.36
S2-3 2 side vents 3mx4m 4/3 3.23 3.00 - 6.23
C3-1 3 center vents 1mx8m 8 2.87 3.13 3.04 9.04
C3-2 3 center vents 2m x 4m 2 2.43 2.37 2.35 7.15
S3-2 3 side vents 2m x 4m 2 2.40 2.36 2.30 7.06
Table A3
Natural ventilation rate under solar radiation1200W/m?
Scenario No. Location Cavity depth, width AR of cavity E (W/m?) Volume flow rate (m®/s)
Cavity 1# Cavity 2# Cavity 3# Total
C1-2 1 center vent 2mx12m 6 1200 9.05 - - 9.05
C1-3 1 center vent 3mx8m 8/3 7.88 - - 7.88
Cl1-4 1 center vent 4mx 6m 1.5 7.02 - - 7.02
S1-4 1 side vent 4mx6m 1.5 7.01 - - 7.01
C2-1 2 center vents 1mx12m 12 5.41 5.34 - 10.75
C2-2 2 center vents 2m x 6m 3 4.44 4.27 - 8.71
C2-3 2 center vents 3mx4m 4/3 3.79 3.63 - 7.42
S2-2 2 side vents 2m x 6m 3 4.39 4.21 - 8.6
S2-3 2 side vents 3mx4m 4/3 3.81 3.49 - 7.3
C3-1 3 center vents 1mx8m 8 3.4 3.69 3.54 10.63
C3-2 3 center vents 2m x 4m 2 2.9 2.75 2.75 8.4
S3-2 3 side vents 2m x 4m 2 2.82 2.75 2.71 8.28
Table A4
Smoke exhaustion rate under heat release rate 3 MW.
Scenario No. Location Cavity depth, width AR of cavity E (W/m?) Volume flow rate (m>/s)
Cavity 1# Cavity 2# Cavity 3# Total
C1-2 1 center vent 2mx 12m 6 800 34.13 0.00 0.00 34.13
C1-3 1 center vent 3mx 8m 8/3 38.22 - - 38.22
Cl-4 1 center vent 4m x 6m 1.5 37.67 - - 37.67
S1-4 1 side vent 4mx 6m 1.5 35.52 - - 35.52
C2-1 2 center vents 1mx12m 12 27.07 - - 31.25
C2-2 2 center vents 2mx 6m 3 22.67 15.34 - 38.01
C2-3 2 center vents 3mx4m 4/3 21.60 16.56 - 38.16
S2-2 2 side vents 2m x 6m 3 21.36 13.91 - 35.27
S2-3 2 side vents 3mx4m 4/3 20.02 15.51 - 35.53
C3-1 3 center vents 1mx8m 8 18.40 11.04 - 36.18
C3-2 3 center vents 2mx 4m 2 16.27 12.47 9.63 38.37
S$3-2 3 side vents 2m x4 m 2 14.70 10.10 10.16 34.96
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Table A5
Smoke exhaustion rate under heat release rate 10 MW.
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Scenario No. Location Cavity depth, width AR of cavity E (W/m?) Volume flow rate (m®/s)

Cavity 1# Cavity 2# Cavity 3# Total
C1-2 1 center vent 2mx12m 6 800 51.67 - - 51.67
C1-3 1 center vent 3mx8m 8/3 58.76 - - 58.76
Cl-4 1 center vent 4m x 6m 1.5 57.06 - - 57.06
S1-4 1 side vent 4mx6m 1.5 54.46 - - 54.46
C2-1 2 center vents 1mx12m 12 41.27 5.75 - 47.02
C2-2 2 center vents 2m x 6m 3 34.73 23.66 - 58.39
C2-3 2 center vents 3mx4m 4/3 32.07 24.41 - 56.48
§2-2 2 side vents 2m x 6m 3 31.97 21.06 - 53.03
S2-3 2 side vents 3mx4m 4/3 29.23 21.84 - 51.07
C3-1 3 center vents 1mx8m 8 27.99 16.44 10.22 54.65
C3-2 3 center vents 2m x 4m 2 24.78 18.72 14.61 58.11
§3-2 3 side vents 2m x 4m 2 21.09 14.20 14.39 49.68

Table A6
Smoke exhaustion rate under heat release rate 10 MW.

Scenario No. Location Cavity depth, width AR of cavity E (W/m?) Volume flow rate (m®/s)

Cavity 1# Cavity 2# Cavity 3# Total
Cl1-2 1 center vent 2mx12m 6 800 64.76 - - 64.76
C1-3 1 center vent 3mx8m 8/3 70.59 - - 70.59
Cl-4 1 center vent 4mx 6m 1.5 70.15 - - 70.15
S1-4 1 side vent 4mx6m 1.5 0.00 - - 0.00
C2-1 2 center vents 1mx12m 12 50.37 12.05 - 62.42
C2-2 2 center vents 2m x 6m 3 42.27 28.80 - 71.07
C2-3 2 center vents 3mx4m 4/3 39.32 29.95 - 69.27
S2-2 2 side vents 2m x 6m 3 0.00 0.00 - 0.00
S2-3 2 side vents 3mx4m 4/3 0.00 0.00 - 0.00
C3-1 3 center vents 1mx8m 8 36.98 15.89 10.96 63.83
C3-2 3 center vents 2mx4m 2 29.55 22.18 17.78 69.51
§3-2 3 side vents 2m x 4m 2 28.80 18.51 19.20 66.51

power of smoke exhausted through cavity j can be given by

TOO
E = R.O—V"JCI’ATmaX-j

max,i

(31)

Substituted Eq. (31) into Eq. (26) to calculate Eq4, 1, then submitted
E4:1 + E into Eq. (20) to calculate the buoyance flux B, the volumetric
flow rate through downstream cavity can be predicted by inserting this B
into Eq. (21). The derivation process of induced volumetric flow rates
entry solar chimney group inlet can refer to flowchart Fig. 8.

4. Results and discussion
4.1. Natural ventilation

4.1.1. Numerical results

Fig. 9 shows the volumetric flow rate of different solar chimney
group arrangements and across each chimney channels in group. The
greater solar radiation intensity not only enhanced the total airflow rate
in groups but also for each channels due to stronger thermal buoyancy
[18,20,32]. Under the same channel amounts in group, the total airflow
rate at inlet decreased with the increasing of cavity depth. It indicates
that the greater aspect ratio of chimney cavity width to depth (AR) is,
the larger the ventilation rate at the inlet. With the increasing of AR, the
average ventilation rate under different solar intensity can improve 26.7
% (AR from 1.5 to 6), 36.9 % (AR from 3/4 to 12), 23.9 % (AR from 2 to
8) for solar chimney group with one cavity, two cavities, three cavities,
respectively. Thus, the natural ventilation performance for solar chim-
ney with a small cavity depth by large width is better than that through a
solar chimney with large cavity depth by small width.

As for “C” arrangements, the average maximum ventilation rate
difference through solar chimney groups can achieve 43 % between C1-
4 and C2-1. For the same cavity depth, the total volumetric flow rate
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gradually decreased with more channels in group because of less cavity
width [23], such as depth 2 m in Fig. 9 (a). The main reason may be that
more amount channels in group resulting in more convection heat loss
due to larger side wall surface of solar chimney cavity. However, the
volumetric flow rate is higher for the same cavity width by more
channels. The consistent results are also found by He and Lv [36] split
solar chimney into multi-channels. From Fig. 9 (b), the airflow rate
across designative channel decreased with the larger channel amount in
group and higher cavity depth. The difference of ventilation rate across
each channel in group is small enough to neglected.

4.1.2. Model validation

Fig. 10 shows a comparison of volume flow rate predicted by Eq.(21)
and numerical data as well as previous experimental data [1,5]. Before
the comparison, the experimental data conducted in a 1:3 reduced scale
bench by Cheng et al. [1] were converted to full-scale value. The average
error between the present model and previous experimental data is less
than 21.6 %. That probably due to the fact that the experiment used
artificial light simulating the solar radiation. In fact, the energy absor-
bed by absorption wall is less than emission source radiation. The
average error of present predictions for real building [6] is 10.9 %
mainly as the up inclined ceiling of real building. The average error
between the prediction and numerical modelling in a tunnel conducted
by Cheng et al. [24] is about 16.7 %. The average error of predicted
airflow rate for designative channel is 2.9 % by considering the cavity
amount in the solar chimney group. The average error for total airflow
rate is less 3.2 %. Totally, the predictions by the developed model Eq.
(21) shows well agreement.

4.1.3. Influence of solar radiation
The influence of incident solar radiation (from 200 W/m? to 1400
W/m?) on the natural ventilation through each channel is presented in
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Fig. 11. The data are calculated using Eq.(21) and numerical code, that
the numerical results converge well with predictions. The volumetric
flow rate at inlet is improvement under more intensive solar radiation.
This solar energy increases the absorber temperature that accelerates the
airflow velocity through chimney cavity. The airflow rate through each
channel is linear to E'/3, this is pretty close to experimental result of E*3*
[24] and E%33 [37]. The airflow rate through each channel decreases
with the increasing of cavity amounts and cavity gap, and this difference
value increase with greater solar energy.

4.1.4. Influence of chimney channel area

The variation of chimney cavity area influences the heat losses and
airflow cross section. Fig. 12 shows the natural ventilation rate through
each channel with different total chimney channel area (A¢¢q) in group.
The airflow rate through each channel significantly increases with larger
area of chimney channel in group. The airflow rate through each
channel in group shows a linear relationship with Agora™™. Conse-
quently, the performance of natural ventilation is more sensitive to the
total chimney channel area than solar intensity.

4.2. Smoke exhaustion

4.2.1. Numerical results

Fig. 13 shows the smoke exhaustion rates through each cavity in
solar chimney group C1-2 and C2-2, as well corresponding natural shaft
without solar energy (NC). The smoke exhaustion rate through solar
chimney is slightly higher than that without solar energy but less than 6
%. That indicates the solar energy has limited effect on smoke exhaus-
tion rate.

It is important to ascertain the variable value of the volumetric flow
rate for estimating a preliminary design performance of the solar
chimney group for smoke exhaustion under fire condition. Fig. 14 shows
the smoke exhaustion rate under different channel aspect ratios for “C”
arrangement. The volumetric flow rate is larger with stronger heat
release rate. The smoke flow rate increased slightly during AR less than
3, and then decreased with the increasing of AR. The maximum smoke
flow rate at inlet occurred with AR 8/3 (C3-1) under heat release rate of
3 MW and 10 MW. Moreover, for 20 MW heat release rate, the maximum
smoke flow rate at the inlet occurred with AR 3 (C2-2). The plug-holing
has occurred in arrangement C2-2, which means some fresh air has been
entrained into the chimney that is negative for smoke exhaustion
[38,39]. Therefore, the smoke exhaustion performance should be eval-
uated not only by volumetric flow rate but also considering the plug-
holing.

The phenomenon of the plug-holing can be well indicated using
temperature distribution, as shown in Fig. 15. The temperature distri-
bution inside solar chimney centerline is plotted with 2 m cavity depth.
For a given channel amounts in group, the plug-holing was more obvious
with increasing of cavity depth (smaller AR). Therefore, divided channel
into several small ones can improve the smoke exhaustion efficiency,
this phenomenon keeps consistent with result of shaft smoke exhaust
[34,35]. From temperature profile, the plug-holing has not occurred
with arrangement C3-1 under fire size 3 MW, 10 MW and 20 MW.
Comprehensively, combined the construction cost and structural safety,
the solar chimney group C3-1 is more appropriate. Therefore, the large
AR of each chimney cavities should be considered when designing the
solar chimney for tunnel smoke exhaustion [40].

4.2.2. Comparison between numerical and analytical model

Fig. 16 shows a comparison of the smoke exhaustion rates through
each cavity in solar chimney group between predictions and numerical
results. The predictions are also compared with previous study [24].
There is some difference between the smoke exhaustion rates predicted
by the analytical model and numerical results, especially for condition
C2-1-2. Under the condition of C2-1-2, the predictions are larger than
the numerical data for heat release rate of 3 MW and 10 MW that mainly
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because of overestimate the ratio of heat release rate to buoyancy flow.
The total smoke exhaustion rates are fitting well with numerical result.
Totally, the predicted smoke exhaustion rates by the analytical model
agree reasonably well with numerical results and previous study, even
though the difference still exists for small fire 3 MW. Considering the
whole performance and high turbulent smoke movement, the related
difference can be acceptable.

4.2.3. Influence of chimney channel area

The influence of total chimney channel area on total smoke
exhaustion rate through solar chimney group and smoke exhaustion rate
through each channel is shown in Fig. 17. The smoke exhaustion rate
through solar chimney with one channel in group increases most
significantly, the growth rate under solar chimney with two channels
and three channels is gradually slow down. The total smoke exhaustion
rate through solar chimney with one channel, two channels, three
channels in group increases linearly with A%, Aoty Avora”’°,
respectively. Fig. 17 shows the smoke exhaustion rate through first
cavity linear increases with Avora’??. The smoke exhaustion rate through
second channel and third channel in group shows linear relationship
with Ammlo‘G. Totally, increased the total chimney cavity area can obtain
better smoke exhaustion efficiency.

5. Conclusions

In the present study, the performance of solar chimney group
arrangement in tunnel is studied for natural ventilation and smoke
exhaustion. The effect of solar chimney cavity amount, aspect rate of
cavity, installed position, solar radiation and total chimney area on
performance of solar chimney group was investigated. The theoretical
model for volumetric flow rate under natural ventilation and smoke
exhaustion were developed. Major conclusions can be drawn as follows:

e Divided solar chimney into multi-channels with large AR can
improve the ventilation rate up to 43 %. That the most effective way
to promote the ventilation rate is designing channel with wider
width and narrower depth under a given chimney channel area. The
natural ventilation rate increases linearly with E/> and A%°,

e The solar radiation only enhances the smoke exhaustion rate less
than 6 % that indicates the smoke exhaustion can be implemented
24 h a day using solar chimney. The smoke exhaustion rate can
significantly improve by increasing the total chimney channel area.
Divided the certain chimney cavity area into several channels with
less cavity depth can prevent plug-holing and raise the smoke
exhaustion performance.
A theoretical model to predict the flow rate through each channel in
solar chimney groups was developed under natural ventilation and
smoke exhaustion, considering the horizontally semi-parabolic
temperature distribution. The predictions are fitting reasonably
well with numerical modelling and previous studies under varied
cavity configuration, fire size, solar radiation and solar chimney
group arrangement.

To conclude, the solar chimney group with several channels design is
an effective enhancement technique which contributes to the applica-
tion potential of solar chimney in short urban tunnel ventilation and
smoke exhaustion.
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Appendix A. Numerical data

Under natural ventilation, the volumetric flow rate through each
chimney cavity is listed in Table A1 to Table A3.

Under fire condition, the volumetric flow rate through each cavity
channel is listed in Table A4 to Table A6.
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