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Abstract. In this paper, influence of two key factors, fire room height and outer pane tilt angle, on smoke spread in the 
cavity of a double-skin façade (DSF) was studied numerically. The fire room was located adjacent to the DSF on the 
2nd, 4th and 6th floors, respectively. The outer pane tilt angle varied at 80°, 90° and 100°. All cases were under two fire 
heat release rates of 1 MW and 5 MW. Results suggested that fire room height and outer pane tilt angle had significant 
effects on smoke spread in the cavity. For different fire room heights, there were two markedly different scenarios of 
smoke spread in the cavity between two vertical panes in a high-rise building. For outer pane tilt angle, the DSF with 
an inward tilted or vertical outer pane was dangerous for the upper floors due to hot smoke adhering to the upper inner 
pane. However, the turbulent vortex in the DSF with an outward tilted outer pane prevented hot smoke flowing out from 
the fire room.
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Introduction

Glass curtain-walled buildings could provide good views, 
better environmental contributions and architectural aes-
thetics. They have been a fashionable decoration so far. 
The conventional single-skin glass façade has numerous 
problems, such as bad ventilation, glare, heat in summer 
and cold in winter, especially in buildings with a high 
glass skin. Therefore, the double-skin façade is a good 
choice in managing the interaction between the outdoors 
and the internal spaces. According to Chan et al. (2009), 
double-skin façade (DSF) can be defined as a build-
ing façade covering one or several floors with multiple 
glazed panes. A DSF system is composed of an outer 
skin, an intermediate air cavity and an inner skin (Ding 
et al. 2005; Kim, Song 2007). The intermediate air cavity 
between the inner and outer skins extends through sev-
eral floors, in which the air can be ventilated naturally or  
mechanically.

Previous studies on the DSF mainly focused on 
ventilation, thermal behaviors, daylighting, energy per-
formance and so on (Gratia, De Herde 2004a, 2004b, 
2004c, 2007a, 2007b; Hien et al. 2005). Results show 
that the DSF system is a more advantageous architectur-
al feature compared with single-skin façade. However, 
fire safety for the DSF should be dealt with more care-
fully. If a fire erupts next to a DSF, the adjacent inner 
glass pane might be broken in exposing to the thermal 
radiation of burning. The hot smoke then will be ejected 

into the cavity due to the horizontal momentum of the 
ceiling jet. The air cavity is likely to become the chan-
nel for spreading the hot smoke, which will speed up the 
development of fire vertically. Chow et al. (2006, 2007) 
studied the smoke spreading in the cavity of DSF and 
discussed the effects of cavity depth on fire spreading in 
a physical scale model. Chow (2011) examined air flow 
driven out of a flashover room fire to the cavity of a 
DSF by the Fire Dynamic Simulator and suggested that 
wider air cavity depth would be more dangerous. Ding 
and Hasemi (2006) investigated the possibility of using 
natural ventilation system for smoke control in a DSF. 
Ni et al. (2007) discussed the influence of DSF on the 
potential of vertical fire spread experimentally, conclud-
ing the flame propagation process and smoke moving 
characteristics in the air cavity. 

For a DSF system, the cavity depth, namely the 
distance between the inner and outer panes, usually can 
range from 800 mm to 2000 mm (Wigginton 1996; He, 
Mu 2003; Guo et al. 2004). Many practices have proved 
that this cavity depth range can give a better environ-
mental performance by inducing air flow naturally or 
mechanically. In addition, the DSF with a tilted outer 
glass pane is usually required for a better architectural 
aesthetic (Chen 2010). Generally, the outer pane tilt angle 
of a DSF can range from 75° to 115° (inward tilt angle 
is 75°~90°, and outward tilt angle is 90°~115°) (Chen 
2010). If a fire occurred in a room adjacent to a DSF, 
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the cavity depth and the outer pane tilt angle will have 
significant effects on smoke spread in the cavity. For a 
high-rise building, the fire room height also is a key fac-
tor. Almost previous studies about the smoke spread in 
the cavity of a DSF focused on the effect of the cav-
ity depth, but little attentions had been focused on these 
factors, the fire room height and the outer pane tilt an-
gle. Therefore, to investigate the influence of fire room 
height and outer pane tilt angle on the smoke movement 
in the DSF, a series of simulations was conducted in this 
paper, which could provide useful data for engineers to 
understand smoke movement mechanisms and design fire 
protection codes in DSF.

1. Simulation solver

Currently, for fire researchers, Computational Fluid Dy-
namics (CFD) (Chow 1996; Guo et al. 2009; Zhang et al. 
2010) modeling is an effective approach to predicting 
various aspects of thermal fluid phenomena associated 
with fires. Fire Dynamic Simulator (FDS) (McGrattan  
et al. 2009a), developed by National Institute of Stand-
ards and Technology (NIST), is a CFD model of fire-
driven fluid flow. The model has been subjected to 
numerous validations, calibrations and studies on the 
temperature and velocity fields in fires. For example, Ni 
et al. (2008) successfully predicted the fire properties of 
DSF with FDS. FDS solves numerically a form of the 
Navier-Stokes equations for thermally-driven flow. A de-
scription of the model, many validation examples, and a 
bibliography of related papers and reports may be found 
on http://www.fire.nist.gov/fds/.

It includes both DNS (Direct Numerical Simula-
tion) model and LES (Large Eddy Simulation) model. 
The LES model, which is widely used in study of fire-
induced smoke flow behavior, is selected in this study.

The Sub-Grid-Model (SGM) commonly used in LES 
is developed originally by Smagorinsky (Smagorinsky  
1963). The eddy viscosity is obtained by assuming that 
the small scales are in equilibrium, by balancing the en-
ergy production and dissipation. The turbulent viscosity 
defined in FDS is (McGrattan et al. 2009b):

(1)

where: Cs is an empirical constant and ∆ is a length on 
the order of the size of a grid cell. The constant Cs in LES 
simulation is flow dependent and has been optimized over 
a range from 0.1 to 0.25 for various flow fields. 

FDS has been subjected to many verification studies 
and improved since its first release in 2000. According 
to these validation studies, the constants, Cs, Prt and Sct, 
are set as default values in FDS for current paper as 0.2, 
0.2 and 0.5, respectively. 

Therefore, this paper adopted FDS5.5.3 to study the 
smoke spread in the cavity of a DSF.

2. Physical model setup

To discuss the effects of fire room height on the smoke 
spread in cavity, a seven-level building height of 21 m 
was selected as the model DSF1 illustrated in Figure 1. 
The fire room with dimensions of 8×8×3 m was located 
adjacent to the DSF on the 2nd, 4th or 6th floor. The 
cavity depth varied at 0.8 m, 1.4 m and 2.0 m. The fire 
source was located on the left side of room, which was 
8 m from the inner glass pane as shown in Figure 2.  
The fire size was 1×1 m from the ground of 1 m. The 
fire heat release rate (HRR) of 5 MW (Chow 2009, 
2011) was designed to represent one fully-developed 
room fire in previous studies. Considering the early 
fire, two HRRs of 1 MW and 5 MW with constant heat 
flux per unit area were used as the design fire. Since 
this paper focused on studying the smoke spread in the 
cavity of DSF, an opening width of 8 m and height of  
3 m was given on the inner pane next to the fire room. 
As shown in Figure 2, the temperatures of hot gases in 
cavity were measured by 30 thermocouples. On the left 
side, a bunch of 15 thermocouples at a 1.5 m vertical 
interval was arranged 5 cm away from the inner pane 
to measure the air temperature next to the inner panes, 
similarly, on the right side, a bunch of 15 thermocou-
ples was arranged to measure the air temperature next 
to the outer panes. 

Fig. 1. Schematic diagram of physical model for DSF 1

Fig. 2. Positions of thermocouples and the set of combustion 
source in DSF 1
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In a DSF system with a tilted outer glass pane, the 
distance between inner and outer glass panes is small  
at one end of the air cavity, but relatively large at the 
other end. If a tilted DSF system extends through the 
whole high-rise building, there will be large waste of 
space due to the large distance between inner and outer 
glass panes at one end of the air cavity. Therefore, a 
DSF with a tilted outer glass pane is not very high and 
there may be two kinds of cases: (1) the tilted DSF 
system extends through the whole building height, but 
there are fewer floors in the whole building; (2) the 
tilted DSF system extends through several floors of a 
high-rise building.

A four-level model DSF2 of height 12 m was se-
lected for studying the effects of outer pane tilt angle. 
The fire room was located on the 1st floor, with width of 
8 m, depth of 8 m and height of 3 m. Six cases with an 
average cavity depth of 1.5 m were simulated, and the 
outer pane tilt angle θ varied at 80°, 90° and 100°, as 
shown in Figure 3. 

All the boundary and initial conditions in all simula-
tions were listed in Table 1.

3. Mesh sensitivity analysis

The sensitivity analysis of mesh grid size directly in-
volves the result error of the computation, and even de-
termines whether the result of calculation is plausible 
(Wang et al. 2005; Zhu et al. 2008).

Firstly, according to the physical model, we built 
a FDS model using a relatively coarse mesh, and then 
gradually refined the mesh. Comparing the results from 
a series of cases with different grid sizes, the calculation 
result which was independent of the mesh density could 
be found.

A measure (McGrattan et al. 2009b) of how well 
the flow field is resolved is given by the non-dimensional 
expression D*/δx. δx is the nominal size of a mesh cell 
and D* is a characteristic fire diameter. The calculating 
formula for D* is:

  (2)

where:  is HRR, kW, ρ∞ is ambient density, kg/m3, cp is 
specific heat capacity, kJ/(kg∙K), T∞ is ambient temperature,  

K, and g is gravitational acceleration constant, m/s2. Rec-
ommended by McGrattan (2009b), D*/δx should range 
from 4 to 16. According to Eqn (2), the single grid size 
of the finer mesh was calculated to be between 0.06 m 
and 0.24 m for the 1 MW fire in DSF1.

Obviously, finer grid will better reflect the heat flow 
field in detail, but it is also time consuming. So we have 
to make a choice for an appropriate mesh grid size. For 
1 MW fire in DSF1, seven different grid sizes ranging 
from 0.06 m to 0.25 m were simulated for comparison, 
as shown in Table 2. The computational domain was di-
vided into two meshes named MESH01 and MESH02. 
MESH01 was 8 m (x1) × 8 m (y1) × 4 m (z1), and 
MESH02 was 8 m (x2) × 4 m (y2) × 24 m (z2).

Figure 4 presented the vertical temperature next to 
the inner pane with above seven different grid sizes in 
Table 2. Along with refining the mesh, the temperature 
curve trended to be uniform. Results of the cases No. B5, 
B6 and B7 got slightly differences, and there was no sig-
nificant improvement but more time consuming when the 
mesh density increased up to 10 grids/m. Therefore, we 
chose a mesh with the grid size of 0.10 m (10 grids/m) 
for the 1 MW fire in DSF1.

Fig. 3. Structure schematic diagram when (a) θ = 80°,  
(b) θ = 90° and (c) θ = 100° in DSF 2

Table 1. Condition of numerical simulations

Case No. HRR
(MW)

Total 
floors

Fire 
floor

d
(m)

θ
(°)

DSF1

A1 1 7 2 0.8 90
A2 1 7 2 1.4 90
A3 1 7 2 2.0 90
A4 5 7 2 0.8 90
A5 5 7 2 1.4 90
A6 5 7 2 2.0 90
A7 1 7 4 0.8 90
A8 1 7 4 1.4 90
A9 1 7 4 2.0 90

A10 5 7 4 0.8 90
A11 5 7 4 1.4 90
A12 5 7 4 2.0 90
A13 1 7 6 0.8 90
A14 1 7 6 1.4 90
A15 1 7 6 2.0 90
A16 5 7 6 0.8 90
A17 5 7 6 1.4 90
A18 5 7 6 2.0 90

DSF2

A19 1 4 1 1.5 80
A20 1 4 1 1.5 90
A21 1 4 1 1.5 100
A22 5 4 1 1.5 80
A23 5 4 1 1.5 90
A24 5 4 1 1.5 100
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4. Results and discussion
4.1. Effects of fire room height
Twenty four cases (from A1 to A24) were simulated in 
this section. With the cavity depth d of 1.4 m as an ex-
ample, the smoke spread in the cavity is discussed in the 
following. Thermocouples, labeled as Tin and Tout, have 
been arranged as Figure 5.

When the fire was located on the 2nd, 4th and 6th 
floors respectively, the instantaneous temperature curves 
of Tin and Tout for d = 1.4 m were plotted in Figure 6. 
When the 1 MW fire was located on the 2nd floor as shown 
in Figure 6(a), Tout and Tin successively appeared maxi-
mum before 20 s, and then they decreased to 30 °C at the 
steady state. Oppositely, Tin and Tout were markedly dif-
ferent at the steady state when the fire was located on the 
4th or 6th floor. In these two cases, Tout reached the maxi-
mum of 55 °C before 15 s, and then almost reduced to 
the outdoor temperature of 20 °C. After Tout appeared the 
maximum, Tin began to rise until a steady value of 75 °C  

Table 2. Computing details of FDS simulation for mesh sensitivity analysis

Case No.
Grid quantity

Grids /m
Total running time of 

CPU
( h:min:s )

MESH01
(x1 × y1 × z1)

MESH02
(x2 × y2 × z2)

B1 32×32×16 32×16×96 4 0:22:03
B2 40×40×20 40×20×120 5 0:48:48
B3 48×48×24 48×24×144 6 1:43:12
B4 60×60×30 60×30×180 7.5 4:34:48
B5 80×80×40 80×40×240 10 12:58:02
B6 100×100×50 100×50×300 12.5 28:26:40
B7 128×128×64 128×64×384 16 75:05:11

Fig. 4. Vertical temperature at the steady state next to the 
inner pane

Fig. 5. Positions of Tin and Tout

Fig. 6. Instantaneous temperature curves of Tin and Tout with 
d = 1.4 m

averagely for a fire on the 4th floor and that of about 85 °C  
for a fire on the 6th floor. Due to the horizontal momen-
tum of the ceiling jet, hot smoke ejected from the fire 
room and affected the outer glass pane firstly, resulting 
in the maximum of Tout before the rise of Tin. Then the 
smoke would be changed into vertical spreading from 
horizontal movement by the influence of heat buoyan-
cy and differences in air entrainment above and below 
the hot window jet. The moving tendency of hot smoke 
in the cavity would influence the reliability of the inner 
and outer glass panes markedly. In view of Figure 6(a), 
it could be found that the gas temperatures next to the  



474 J. Ji et al. Numerical studies on smoke spread in the cavity of a double-skin façade

inner and outer panes were markedly different for dif-
ferent fire room heights at the steady state. On the upper 
floor, the temperature difference between inner and outer 
panes was slight for a fire on the 2nd floor, but very ob-
vious for the fires on the 4th and 6th floors. Due to the 
higher Tin, it was more dangerous for the upper inner 
glass pane when a fire was located on the 4th or 6th floor, 
especially on the 6th floor. When increasing the HRR to 
5 MW as shown in Figure 6(b), the change tendency of 
curves was almost same with those in Figure 6(a).

With d = 1.4 m and Q = 5 MW, the temperature 
distributions at the steady state for the fires on the 2nd, 
4th and 6th floors were shown in Figure 7. The follow-
ing results could be observed from these temperature  
distributions.
(a) Fire on the 2nd floor:

In the process of spreading upwards within the cav-
ity, smoke filled the upper cavity, resulting in that Tin and 
Tout were approximate at the steady state. Meanwhile, the 
gas temperature was low in the entire cavity.
(b) Fire on the 4th floor:

Within the cavity, smoke moved upwards adhering 
to the upper inner pane. Meanwhile, the temperature next 
to the inner pane decreased with an increase in the smoke 
movement distance. At the higher position in the cavity, 
smoke was closer to the outer pane.
(c) Fire on the 6th floor:

In the process of spreading upwards within the cavi-
ty, smoke adhered to the upper inner pane more markedly 
and the temperature next to the inner pane was higher 
than the case when the fire was located on the 4th floor.

It also could be shown in Figure 7 that the tem-
perature at the bottom of the fire room decreased with an 
increase in the elevation of the fire room.

The above results show that, there were two mark-
edly different scenarios for smoke spread in the cavity 
as follows.
(1) Scenario 1:

The hot smoke, which was ejected from the fire 
room, mixed with the cold air from the bottom opening 

of the cavity, and then spread upwards filling the upper 
cavity. Consequently, smoke acted at the upper inner and 
outer glass panes simultaneously with the approximately 
equal amount of heat. Due to a lot of cold air entrain-
ing into the hot smoke, the gas temperature in the cavity 
was low. When the fire was located on the 2nd floor, the 
smoke movement in the cavity conformed to scenario 1.
(2) Scenario 2:

At the steady state, smoke moved upwards adhering 
to the upper inner pane in the cavity. Consequently, the 
upper inner glass pane might be cracked or even broken 
in exposing to the hot gases directly. Smoke might then 
spread to the other floors. When the fire was located on 
the 4th or 6th floor, the smoke movement in the cavity 
conformed to scenario 2.

Chow and Hung (2006) had proposed the possibility 
of these two scenarios in a DSF system, and the differ-
ent temperature distributions in the cavity could be found 
from the numerical simulation results by Chow (2011). 
However, both of them did not further explain the cause 
resulting in the two scenarios.

Figure 8 presented the velocity distribution at the 
steady state with Q = 5 MW.

The velocity of cold air flowing into the cavity from 
the bottom opening was named as Vair. According to  
Figure 8, it could be found that Vair had a significant effect 
on smoke spread in the cavity. The value of Vair increased 
markedly with a decrease in fire room height owing to 
the influence of stack effect (Yang et al. 2013; Shi et al. 
2014). When the fire source was located on the 2nd floor, 
the moving path of smoke in the cavity was longer, and 
stack effect was stronger. Due to the huge suction force 
of stack effect, Vair for the fire on the 2nd floor was high-
er than the other cases, resulting in a stronger turbulent 
flow in the cavity. Consequently, the cold air sucked by 
stack effect mixed with original hot smoke in the cavity. 
By contrast, stack effect was inconspicuous in the other 
cases with the fires on the 4th and 6th floors, especially on  
the 6th floor. Due to the decrease of suction force caused 
by stack effect, there was less turbulent effect on the hot 

Fig. 7. Temperature distribution at the steady state with  
Q = 5MW when: (a) Fire on the 2nd floor; (b) Fire on the  
4th floor; and (c) Fire on the 6th floor

Fig. 8. Velocity distributionat the steady state with Q = 5MW 
when: (a) Fire on the 2nd floor; (b) Fire on the 4th floor; and 
(c) Fire on the 6th floor



Journal of Civil Engineering and Management, 2016, 22(4): 470–479 475

smoke movement. Therefore, the hot smoke moved up-
wards more smoothly and adhered to the inner pane by the 
common function of thermal buoyancy and boundary layer 
attachment. The boundary layer attachment had also been 
discovered by Ji et al. (2014) on discussing the smoke 
moving in the shaft on the tunnel ceiling. When a smooth 
fluid flowed across a convex surface, there was an adsorp-
tion tendency to the surface, namely the boundary layer 
attachment or the Coanda effect. When the smoke moved 
upwards in the cavity with the smaller effect of airflow 
from the bottom opening, the smoke moved smoothly, re-
sulting in smoke attachment onto the inner pane.

In conclusion, the stack effect magnitude caused the 
difference between scenario 1 and scenario 2.

When the cavity depth d varied at 0.8 m, 1.4 m and 
2.0 m, the curves of temperature difference between the 
TI and TO were plotted in Figure 9. The temperature dif-
ference TI-TO in different cases shared a similar trend, 
and the value of TI-TO increased slightly with an in-
crease in cavity depth d , which indicated that the cavity 
depth was not a key factor determining the smoke spread 
in the cavity.

4.2. Effects of outer pane tilt angle
When the outer pane tilt angle varied at 80°, 90° and 
100°, the vertical temperature profiles next to the  

inner and outer panes at the steady state were plotted 
in Figure 10, and Figure 11 presented the correspond-
ing temperature distribution in the DSF system with a 
5 MW fire. In view of the vertical temperature profiles 
with Q = 1 MW shown in Figure 10(a), it was observed 
that the vertical temperature next to the outer pane (TO) 
was approximately equal to the environment temperature 
when θ = 90°. However, its vertical temperature next to 
the inner pane (TI) was far higher than the environment 
temperature and gradually reduced with the spread of 
smoke. For θ = 80°, TI above the fire room was slightly 
higher than that for θ = 90°. While, TO increased quickly 
at higher positions, due to the close distance between 
inner and outer panes near the top of the air cavity with 
θ = 80°. When increasing fire HRR to 5MW as shown 
in Figure 10(b), TI was very high and almost equal at 
the steady state for the outer pane tilt angles of 80° 
and 90°. In conclusion, for the cases with θ = 80° and  
θ = 90°, the hot smoke spread upwards in the air cavity 
adhering to the inner pane, as shown in Figure 11(a) and 
(b). In these cases, the inner glass pane above the fire 
room might be cracked or even broken in exposing to the 
hot gases, resulting in endangering the safety of the other 
floors above the fire room. When the outer pane gradi-
ent was 100° with Q = 1 MW as shown in Figure 10(a),  
there were slight differences between TI and TO on 
the upper floors. In addition, the average temperature 

Fig. 9. Curves of TI-TO with the cavity depths of 0.8 m,  
1.4 m and 2.0 m

Fig. 10. Vertical temperature at the steady state next to the 
inner and outer panes with the outer pane tilt angle of 80°, 
90° and 100°
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of TI above the fire room was not higher than 40 °C, 
which was far lower than the two cases with θ = 80° and  
θ = 90°. When increasing fire HRR to 5 MW as shown in 
Figure 10(b), the average temperature of TI was approxi-
mately 50 °C. Through observing the temperature distri-
bution in Figure 11(c), the temperature within the cavity 
was close to be a uniform distribution when θ was 100°. 
Consequently, it could be inferred that the hot smoke 
filled the entire cavity between inner and outer panes 
during spreading upwards, and smoke temperature in the  
cavity was low. 

For further discussing the reason resulting in the dif-
ferent phenomena in those cases, Figure 12 and Figure 13  
presented the velocity distribution and the velocity vector 
diagram at the steady state for Q = 5 MW. 

For the outer pane tilt angle of 80° and 90°, gases 
within the cavity presented laminar motion and flowed 
smoothly. Meanwhile, the velocity in the vertical flow 
field varied inversely with its distance from the inner 
pane. In consideration of temperature distribution as 
shown in Figure 11(a) and (b), the hot smoke which was 
ejected out of the fire room spread upwards at a higher 

speed and there was an adsorption tendency to the inner 
pane. This was caused by the common function of ther-
mal buoyancy and boundary layer attachment. In many 
cases, when the smoke moved vertically, it continuously 
entrains the air. However, the outer pane in the DSF sys-
tem restrained the entrainment, resulting in attachment 
onto the inner pane.

For the outer pane tilt angle of 100°, according to the 
vector flow field within the cavity as shown in Figure 13(c),  
the smoke moved upward near the side of the inner pane, 
while the air flowed downwards near the side of the out-
er pane, resulting in a backflow near the top opening. 
The reason is that the cavity was a gradually expansion 
channel from the bottom. According to continuity equa-
tion of low speed fluid and Bernoulli equation, the gas 
velocity decreased and static pressure increased with the 
expansion of the channel. Therefore, when the smoke 
flowed along the expansion direction, there would be an 
adverse pressure gradient in the opposite direction of the 
smoke movement direction. If the expansion is too fast, 
the separation phenomenon will occur in the air flow. By 
the influence of the adverse pressure gradient, the cold  

Fig. 11. Temperature distributionat the steady state with Q = 5MW when (a) θ = 80°, (b) θ = 90° and (c) θ = 100°

Fig. 12. Velocity distribution at the steady state with Q = 5MW when (a) θ = 80°, (b) θ = 90° and (c) θ = 100°
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air flowed into the cavity from the top opening, mean-
while hot smoke moved out of the cavity. The reverse 
flow of the hot smoke and the cold air produced a tur-
bulent vortex, resulting in mixing with each other. Due 
to the turbulent vortex, there were several significant ef-
fects: on the one hand, it blocked the smoke from mov-
ing out of the cavity; on the other hand, the hot smoke 
mixed with the cold air, which increased the quantity of 
smoke and decreased the temperature within the cavity.

At the steady state, Figure 14 presented the curves 
that the smoke layer height in the fire room varied with 
the distance from the fire in the y direction. It could be 
found that the outer pane tilt angles influenced marked-
ly on the smoke layer height in the fire room. When Q  
was 1 MW, the average smoke layer height was 2.41 m 
for θ = 80°, 2.18 m for θ = 90°, and 1.29 m for θ = 100°.  

When Q was 5 MW, the average smoke layer height 
could decrease to 2.34 m for θ = 80°, 2.05 m for θ = 
90°, and 1.02 m for θ = 100°. With the increase in the 
outer pane tilt angle, the smoke layer thickness in the 
fire room increased. This tendency was more obvious in 
the case with θ = 100°. This was because the turbulent 
vortex blocked the smoke from moving out of the cavity 
and more hot smoke was accumulated in the fire room.

Conclusions

With various fire room heights and outer pane tilt an-
gles, the smoke spread in the air cavity of a DSF has 
been studied by CFD in this paper. All simulations were 
under two HRRs of 1 MW and 5 MW. The results are 
summarized as follows:

With the fire room located adjacent to the DSF on 
the 2nd, 4th and 6th floors, 18 cases were designed to dis-
cuss the effects of fire room height. Results suggested 
that two scenarios of smoke movement might occur 
in the cavity. When a fire erupted on a lower floor, it  
conformed to scenario 1. Due to the stronger chimney ef-
fect, smoke filled the upper cavity and acted at the upper 
inner and outer glass panes simultaneously with the ap-
proximately equal amount of heat. However, when a fire 
erupted on a higher floor, it conformed to scenario 2. In 
this scenario, the hot smoke moved upwards in the cav-
ity adhering to the upper inner pane. It was dangerous 
for the upper floors as the upper inner glass pane might 
be cracked or even broken in exposing to the hot gases 
directly.

The outer pane tilt angles of 80°, 90° and 100° were 
considered in this paper with 6 cases. The simulation re-
sults suggested that the hot smoke moved upwards at a 
higher speed and adhered to the inner pane in the cavity 
of a DSF with an inward tilted or vertical outer pane. 
Therefore, the inner glass pane above the fire room might 
be cracked or even broken in exposing to the hot gases. 
However, when the smoke moved upwards in the cavity 
of a DSF with an outward tilted outer pane, there was a 
turbulent vortex due to the influence of the adverse pres-
sure gradient. The turbulent vortex prevented hot smoke 
flowing out of the fire room but decreased the tempera-
ture within the cavity.

Fig. 13. Velocity vector diagram at the steady state with Q = 5MW when: (a) θ = 80°, (b) θ = 90° and (c) θ = 100°

Fig. 14. Smoke layer height in the fire room varied with the 
distance from the fire in the y direction
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In a word, this study attempts to enhance the un-
derstanding of how smoke spread within a cavity of a 
DSF. Results suggested that the higher fire room and the 
inward tilted or vertical outer pane will be dangerous for 
the upper inner glass pane and rooms. Our findings could 
be beneficial for engineers to design fire protection codes 
in buildings.
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