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A scenario on double-skin façade fire was identified earlier for hazard assess-
ment. A flashover room fire occurred next to the façade, broke the interior glass 
pane and spread to the façade cavity. As observed in experiments, hot gas moved 
up as a vertical channel flow for narrow façade cavity. Heat and smoke spread 
along the narrow air cavity of a double-skin façade will be studied in this paper. 
A simple mathematical model is developed from basic heat transfer theory for 
studying the vertical air temperature profiles of the hot gas flowing along the 
cavity. Assuming one-dimensional flow for hot gas moving up the façade cavity, 
conservation equations on mass and enthalpy were solved. Experimental results 
on two double-skin façade rigs of height 6 m and 15 m with narrow cavity depth 
were used to justify the results. A total of 11 tests were carried out. Correlation 
expressions between cavity air temperature and the height above ceiling of the 
fire room were derived.  
Key words: smoke, heat, double-skin façade, fire hazard 

Introduction 

Buildings with glass façades would give better views and admit more daylight [1]. 
The buildings can be constructed relatively quickly at lower construction cost. However, the 
cooling load of those buildings in tropical areas is very high. Double-skin façades (DSF) are 
proposed [2-4] to reduce the solar heat gain in glazed walls and for environmental benefits. 
DSF is an architectural feature with two layers of glass façade built in parallel developed on 
the concept of the traditional box-type window. The air gap between the outer casement and 
the inner glazing can be extended vertically through several floors or even the entire building 
height. The façade cavity works as a buffer zone to give better thermal insulation. It is able to 
serve as an air ventilation channel depending on the need of occupants. This architectural fea-
ture on façade design is different from a double-glazing system, where the distance between 
the two glass panes can be as much as 2 m. DSF designs are becoming popular in the Far 
East. 

Fire hazard in glass architectural feature [5, 6] is, however a concern. Many build-
ings with DSF, particularly those with multi-floors high cavity, have difficulties in complying 
with the fire regulations in those big cities, particularly in East Asia including China Main-
land, Hong Kong, Korea, Japan, Singapore, Malaysia, Thailand, and Taiwan. The current fire 
codes on curtain walled buildings in those cities are very limited, and not demonstrated to 
work in a fire. Taking Hong Kong as an example, only “normal requirements” [7] are speci-
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fied on curtain walled buildings with over six floors. Fire codes on glass façades in other 
countries are also limited with some studies just started in Japan [8]. Additional fire safety 
provisions are required, but it is not yet demonstrated that providing the specified hardware 
provisions, such as a vertical spandrel of height over 900 mm in Hong Kong, can give appro-
priate safety to the identified scenario. Therefore, fire safety for DSF [5, 6, 9, 10] should be 
studied in more detail to recommend appropriate measures for the codes. 

As identified before [11, 12], a post-flashover room fire occurred next to the DSF 
would spread flame and smoke to the façade cavity through those openings resulted from bro-
ken glass panes. For narrow cavity depths, hot gas would spread up as a channel flow along 
the cavity. The vertical air temperature did not fall rapidly with height while moving up the 
narrow façade cavity. These results are shown clearly in the vertical temperature profiles from 
full-scale burning tests [11]. The vertical channel flow of hot gas along the façade cavity will 
be studied in this paper by a single mathematical model. 

The mathematical model 

Hot gases with density ρ, upward velocity v, 
and temperature T flowing out of a post-
flashover room fire to the DSF feature with a 
channel geometrical factor G was approximated 
by a 1-D model along the height above the fire 
room ceiling y as in fig. 1. Neglecting flow re-
sistance with the façade wall, conservation eq-
uations on mass and enthalpy [13-18] are: 

 
( ) 0v
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In the above thermal equation, k is the thermal conductivity, h – the heat transfer 
coefficient, and T0 – the initial and ambient temperature.  

Ideal gas law gives the relation between T at height y, T0 and the ambient air pres-
sure P0 in terms of gas constants R, molar mass M and R* (given by RM): 

 0 0
0 0 *

P P
T T

RM R
ρ ρ= = = =Constant (3) 

The channel geometrical factor G depends on the cavity depth D and a factor de-
scribing the width of the channel flow W1 as: 

 1

1

2DWG
D W

=
+

 (4) 

The value of W1 can be taken as the opening window flame width fw ejected out of 
the opening and assumed to be constant for simple analysis. In this way, G is also a constant. 

Figure 1. Schematic diagram 
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Note that the mass flow rate m  can be calculated by density, velocity, and cross-
sectional area A across the hot gas as ρvA and can be taken to be constant. Putting in eq. (3) 
gives: 

 
*

0

v m R I
T A P
= =  (5) 

Note that I is a parameter which depends only on initial conditions, channel geome-
try, and horizontal cross-sectional area of hot gas. Rearranging eq. (2) with those constants 
gives the thermal equation under steady temperature state as: 
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Transforming the above into dimensionless forms with quantities θ, φ, and Y in 
terms of height of façade rig H: 
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The key thermal eq. (6) becomes: 
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This is a second-order ordinary differential equation which can be expressed in 
terms of two parameters β1 and γ: 
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The ratio of γ/β1 is therefore: 
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Convection across a vertical plane [19] would give a dimensionless Nusselt number 
Nu expressed in terms of h and k as: 

 Nu hH
k

=  (12) 

The value of h is roughly constant but value of k depends on temperatures, taking 
values of 0.0263 W/mK at 300 K and 0.0338 W/mK at 450 K. Value of Nu is about 1000 for 
fire-driven flow fields. Putting the above expression (12) for Nu to γ/β1 gives: 
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Solution of the thermal equation 

The boundary condition θ0 at Y = 0 depends on the ceiling jet temperature moving 
out of the room Tci as in fig. 1: 

 0
0

0

ciT T
T

θ
−

=  (14) 

The solution for eq. (9) under this boundary condition (14) is: 

 1 2
1 2e em Y m YC Cθ = +  (15) 

where m1 and m2 are solutions of m in the following quadratic equation: 

 2 1 0mm β
γ γ

+ + =  (16) 

There are two real roots of m1 and m2 when the discriminant of the above quadratic 
equation on m is greater than zero. If m1 and m2 are real and distinct roots in addition to θ0, 
another boundary condition is required. Roots m1 and m2 will be complex numbers when the 
discriminant is less than zero. In this paper, only roots of the quadratic equation are considered. 

Taking dθ/dY to θ'0 at Y = 0 gives a solution to the thermal eq. (9) under the boun-
dary condition (14) is: 
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Note that γβ1 is: 
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Value of γβ1 is much less than 1 as verified by putting in numerical values of para-
meters concerned, giving 1 − 4γβ1 to be about 1. The solution can then be simplified as: 

 ' /
0 0 (1 e )Y γθ θ γθ −= + −  (19) 

If m1 and m2 are identical roots, the discriminant in eq. (16) is 0 and 4γβ1 is 1. This 
gives: 
 1 2 1/2m m m γ= = = − = 2β1 (20) 

and 

 1 2e emY mYC C Yθ = +  (21) 

When 4γβ1 is 1, only one boundary condition of θ = θ0 at Y = 0 is required to solve 
for the second-order differential eq. (9) to give: 
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Another common practice [e. g. 18] to solve eq. (9) is to ignore the second deriva-
tive. This is justified by taking d2θ/dY2 to be very small and tends to zero; or when γ is much 
less than β1.  

Equation (9) becomes: 

 1
d 0
dY
θ β θ+ =   (24) 

Direct integration from 0 to Y gives: 

 1
0e Yβθ θ −=  (25) 

Equation (17) is a general solution to (9) to give the vertical air temperature profile 
under steady temperature state. However, the expression is rather complicated. Equation (19) 
is the simplification of the solution to (9) when γβ1 is much less than 1. Equation (23) holds 
when 4γβ1 is 1. Equation (25) was derived by neglecting the second-order derivative in eq. 
(9), or when γ is much less than β1.  

Putting back eq. (25) into dimensional form as in y and T would give the steady ver-
tical air temperature T at different heights y: 
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Curves on the four particular solutions 

The parameters in eqs. (17), (19), (23), and (25) are rather complicated, but can be 
derived by statistical analysis using experimental data. The following four curves are fitted for 
different particular solutions: 
– Curve 1 

Equation (25) is the solution to eq. (9) solved by neglecting the second-order deriva-
tive or for 1.γ β  It is labeled as curve 1 and can be rewritten as: 

 1
1e

C YAθ −=  (27) 

where 

 1 0A θ= ,    1 1C β=  (28) 

Denoting Tci – T0 in eq. (14) as the ceiling jet temperature rise ∆TCJ for hot gases 
flowing out of the room: 

 CJ ci 0T T T∆ = −  (28b) 

Equation (27) can be deduced by estimating ∆T at height y: 

 1
CJ

yn T n T
H
β
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– Curve 2 
Rewrite the solution of θ for γβ1 1 given by eq. (19) as: 

 2
2 2e C YA Bθ −= −  (29) 

where  
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– Curve 3 
Rewrite the solution of θ when 4γβ1 = 1 given by eq. (23): 
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– Curve 4  
Rewrite the general solution of θ without ignoring any terms given by eq. (17) as: 

 
54

4 4e eC YC YA Bθ = +  (33) 
where A4, B4, C4, and C5 are complicated expressions. 

The correlations between θ and Y at steady temperature state from eqs. (27), (29), 
(31), and (33) can be deduced by the method of least square fitting [20, 21] on experimental 
data.  

Statistical analysis with experimental data 

 Full-scale experiments [11] with the scenario on part of a multistory DSF were car-
ried out at the burning site at Harbin, Heilongjiang, China. Two DSF rigs were constructed to 
study the fire scenario identified. A 6 m tall DSF feature labeled as DS was constructed first 
as in fig. 2(a) in 2007. That rig was not tall enough to study the vertical channel flow com-
pletely. Another taller DSF rig labeled as DSN of height 15 m as shown in fig. 2(b) was then 
constructed in 2008. A cavity was enclosed by two panels (made of glass panes, timber chip-

 
 (a) Rig DS in 2007 (b) Rig DSN in 2008 

Figure 2. DSF rigs 
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board or steel sheets) in parallel as shown in the figure. A fire chamber was placed next to it 
to direct flame out to act at the DSF rigs. The size of the fire chamber is also shown in the 
figure. A 0.81 m diameter pool fire with 10,000 ml gasoline was placed in the chamber for 
two rigs. The heat release rate of the pool fire was up to 1.2 MW and burning duration about 
500 s. A fan was operated to drive flame out of the room. Air temperature differences in posi-
tions adjacent to the interior and exterior glass panes inside the cavity were measured to justi-
fy the four curves on vertical air temperature profile derived as in above. Details of these 
burning tests were reported before and will not be repeated here [11]. 

Six tests carried out in the DSF rig DS of 6 m 
tall and five tests in the taller rig DSN of 15 m tall 
were taken out. These tests were labeled as DS-1-
a, DS-1-b, DS-1-c, and DS-1-d for 1 m cavity 
depth; DS-2-a and DS-2-b for 0.5 m cavity depth 
for DS; and DSN-1-a to DSN-1-e in DSN for 1 m 
cavity depth. A summary is shown in tab. 1.  

The air temperature profiles measured in the 
façade cavity of the two rigs are shown in figs. 3 
and 4. Results are used to justify eqs. (27), (29), 
(31), and (33).  

The proportion of variability explained by the 
fitted curve as in the equations can be measured 
by the coefficient of determination R2. The fit is 
perfect if R2 is 1 and poor for R2 approaching 0. 
A value of 0.9 indicates that 90% of the variables 
surveyed can be explained by the fitted equation. 

The square root of R2 is the correlation coefficient. Again, the value of R near to 1 or –1 indi-
cates excellent correlation; approaching 0 means poor correlation. 

 

 

Figure 3. Curves fitted in tests for 6 m tall DS rig 
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Table 1. Full-scale burning tests 
DSF  
rig 

Test  
number 

Cavity depth  
[m] 

Construction 
materials

DS 

DS-1-a 
1.0 All glass 

panes DS-1-b 
DS-1-c 

1.0 
Three sides 

of steel 
sheet and 
one side 

glass pane

DS-1-d 
DS-2-a 

0.5 
DS-2-b 

DSN 

DSN-1-a 
1.0 All glass 

panes DSN-1-b 
DSN-1-c 
DSN-1-d 

1.0 All timber 
chipboards DSN-1-e 
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Figure 4. Curves fitted in tests for 15 m tall DSN rig 
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tests are lower, say 0.92, 0.88, 0.92, respectively, for DSN-1-b; and 0.94, 0.91 and 0.94, re-
spectively, for DSN-1-c. Note that the air temperature rises slightly while moving up the rig 
for curve 4. This might be due to vortex generated in the air cavity in the experiment. Howev-
er, such effect cannot be predicted in the above thermal equation with parameters deduced 
from first principles. This should be explored in more detail.  

In view of fig. 4(d) for test DSN-1-d, R2 for curve 4 is 0.94 with fitting much better than 
the other three curves with very low R2 down to 0.13. Therefore, including the second-order 
derivative in the thermal eq. (9) is important in modeling the vertical channel flow for narrow 
cavity. It is dangerous to neglect it as shown by results in curve 1. 

In view of eq. (28c), the intercept is ℓn∆TCJ and the slope is β1/H. From eq. (10) for β1, the 
slope β1/H is: 

 1

0 04 p

h
H GI C T
β

ρ
=  (34) 

Note that h is the heat transfer coefficient, G is a geometrical factor given by eq. (5) and I 
depends on initial conditions and channel geometry given by eq. (8). The two parameters h 
and G can be taken as constants for the same DSF rig. Parameter I is related to v and T which 
depend on the fire size of the room chamber adjacent to it.  

In the tests with the shorter rig DS of 6 m tall, the fire size was the same as for those tests 
useful for the analysis in vertical channel flow. Similarly, tests DSN-1-a to DSN-1-e in the 
tests with the taller rig DSN of 15 m tall with 1 m cavity depth are also useful for justifying 
vertical channel flow.  

Values of γ and β1 can be deduced from the fitted slopes of the curves. The geometrical 
factor G and fire factor I can then be determined from eq. (10) using β1. Value of β1 from fit-
ted intercepts for tests in rig DS with narrow cavity depth over the eight tests varies from 
0.172 to 0.477, with a mean of 0.318. In view of eq. (10), GI would be about 2D, giving I or 
v/T in eq. (9) of about 10–4 mK/s. The value is reasonable for hot gases moving up slowly 
with speed down to 0.1 m/s and T up to 1000 K. γ can be determined from eq. (13) on γ/β1 to 
give 4G/HNu.  

For D of 1 m and fw of 1 m, G is 1 m. T0 is about 300 K and H is 15 m. Value of γ/β1 
is about 0.000266667, much less than 1. 

To estimate actual values of γ and β1, values of v and I have to be calculated. Value 
of v can be very slow at 0.1 m/s or fast up to 1 m/s; and T is from 300 K to 1000 K. For I of 
1/300, β1 is 0.005977, γ is 0.000004782 for moving up a 6 m DSF rig; and 0.000001594 for 
another taller DSF rig of 15 m height. But for I of 0.1/1000, β1 is 0.19925 and γ is 0.0001593 
for the 6 m rig and 0.000053 for the 15 m rig. 1 − 4γβ1 is very close to 1 for reasonable values 
of I. However, in view of eq. (30) on curve 2, value of γ is far less than 1. These contradict 
with fitted values of C2 shown in tab. 2. There is similar observation on C3 for curve 3. There-
fore, curves 1, 2, and 3 deduced from different approximations by taking out some terms in 
the key equation should be used carefully.  

Conclusions 

A simple mathematical model was developed to study the air temperature in the air 
cavity of a DSF. Full-scale burning tests were carried out in two DSF rigs of 6 m and 15 m 
tall. Average air temperatures in the façade cavity measured at different heights were used to 
justify the above equations using the method of least square fitting. The equations fitted well 



Chow, C. L.: Spread of Smoke and Heat along Narrow Air Cavity in Double-Skin … 
THERMAL SCIENCE, Year 2014, Vol. 18, Suppl. 2, pp. S405-S416 S415 

to give the air temperature above the fire room for narrow cavity depth. Empirical expressions 
derived by the above methodology would be useful in fire hazard assessment for DSF. Air 
temperature estimated in the façade cavity can be applied to study thermal response of the two 
glass panes with different cavity gaps. Results with further experimental justification can be 
applied for setting up appropriate regulations. 
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Nomenclature 

A  – cross-sectional area of the façade rig, [m2]
Cp – specific heat capacity of air, [Jkg–1K–1] 
D  – cavity depth of the façade, [m] 
fw  – opening window flame width, [m]  
G  – geometrical factor, [−] 
H  – height of façade rig, [m] 
h  – heat transfer coefficient, [Wm–2K–1] 
I  – ratio on upward air velocity and air  

temperature, [−] 
k  – thermal conductivity, [Wm–1K–1] 
M  – molar mass, [kg] 
m  – mass flow rate, [kgs–1] 
Nu  – Nusselt number, [−] 
P0  – ambient air pressure, [Pa] 
R  – gas constant, [−] 
R*  – given by RM, [−] 
R2  – coefficient of determination, [−] 
T  – air temperature, [K] 

T0 – initial and ambient air temperature, [K] 
Tci  – ceiling jet temperature, [K] 
∆T  – temperature rise of hot air, [K] 
∆TCJ – ceiling jet temperature rise, [K] 
v  – upward air velocity, [ms–1] 
W1  – width of the channel flow, [m] 
Y – dimensionless vertical height, [−] 
y  – vertical height above fire room ceiling, [m]

Greek symbols 

β1  – a parameter in the thermal equation, [−] 
γ  – a parameter in the thermal equation, [−] 
θ  – ratio of temperature rise to ambient air 

temperature, [−] 
θ0  – boundary condition of θ, [−] 
ρ  – air density, [kgm–3] 
φ  – ratio of density difference to ambient air 

density, [−] 
ρ0 – ambient air density, [kgm–3] 
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