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bstract

Experimental and numerical studies were performed in this paper to study the possibility of utilizing air curtain for confinement of fire-induced
moke and carbon monoxide transportation along channels. Bench scale experiments were preliminarily performed in a 3.6 m long model channel.
omplementary computational fluid dynamics (CFD) simulation was carried out by Fire Dynamics Simulator (FDS) for an 88 m long full scale
hannel, in order to see the longitudinal carbon monoxide concentration distribution along the real channel with air curtain discharged. Results
howed that both the smoke and CO gases released by the fire were well confined to almost remain in the near fire region of the channel at one

ide of the air curtain. The gas temperature and CO concentration in the protection zone at the other side reduced significantly by an exponential
rend with the increase of discharge velocity of the air curtain. These indicated that the air curtain can be an effective measure for confining the
ransportation of smoke and carbon monoxide species in long channel fires.

2008 Published by Elsevier B.V.
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. Introduction

Statistics have shown [1] that smoke and toxic gases, such
s carbon monoxide, are the most fatal factor in fires, and about
5% of people killed in building fires were killed by toxic smoke.
he smoke particle lowers down the visibility range in the space

esulting in that the people cannot find the way to escape out.
nd the toxic gases directly harm and kill the evacuee. Taking

ppropriate methods to confine the spread of the smoke and toxic
ases in case of a fire is a serious concern for smoke management
n buildings. Fire in a long channel, such as a tunnel, is a special
opic in building fire research, due to its different aspect ratio
rom normal room enclosures. Channels, such as aisles or cor-
idors, are also ordinary seen in hotels, underground shopping
treets or some other large space buildings, where the personal
oad is very large at the same time. Once these buildings are on

re, the channel is one of the main approaches for smoke spread.
nd at the same time, these channels also usually constitute parts
f the evacuation route in the building during fire emergency. So
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nough attention should be paid to prevent smoke or toxic gases,
uch as carbon monoxide, released by the fire from spreading
long the channels [2].

Solid obstructions, such as walls, boards, doors, light smoke
creens, etc., are traditionally used for smoke compartmentation
n buildings. But sometimes these measures are not available or
ractical in these channels due to limitation of the clear height
vailable or their special function. The solid obstructions stand-
ng there hamper the evacuation at the early stage of the fire
ven when the smoke has not spread to their positions. A more
ppropriate measure, which does not influence the normal usage
f the channel with less occupying space needed, nor hampers
he people from evacuation, should be adopted. So, a method of
sing air curtain for confinement of smoke and carbon monox-
de transportation in a channel fire is discussed in this paper.
he primary intention is to confine the smoke and toxic gases

eleased by the fire to remain in the near fire region. So, the
ollution to the indoor air environment of other spaces can be
educed and limited.
Air curtains have been widely used in building entrance or
hop windows, for keeping cool air at one side and the hot air
t the other side [3–6], reducing chemical species transfer [7],
r flow regulation in mine airway [8] and other applications

mailto:hlh@ustc.edu.cn
dx.doi.org/10.1016/j.jhazmat.2007.12.041
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Fig. 1. Design of experimental apparatus: (a) sche

9–14]. Guyonnaud and Solliec [5] studied the usage of air cur-
ain to reduce the heat and mass transfer from one zone to another
ubjected to different environmental or climatic condition. Uti-
ization of air curtain in tunnels was also preliminary discussed

nd reported [12–14]. The latest work reported on air curtain
pplication was performed by Gupta et al. [12]. But they only
onsidered the confinement of ethane gas dispersion without
uoyancy effect. However, fundamental study on the confine-
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Fig. 2. Opening at the north end of the model chan
view (unit: m) and (b) photo of experimental rig.

ent of fire-induced buoyancy-driven smoke flow, especially
ransportation of toxic carbon monoxide, by air curtain is still
ery scarce.

Experimental and numerical studies were performed in this

aper to study the possibility of using air curtain for confinement
f smoke and carbon monoxide transportation in channel fires.
series of bench scale experiments were performed in a 3.6 m

ong model channel. A light sheet was used for visualization

nel: (a) photo and (b) dimensions (unit: m).
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interval for the mass was 1 s. The steady burning mass loss rate
of the pool fire was deduced from mass loss history measured by
Fig. 3. Mass loss rate of the pool fire.

f the results of smoke confinement by the air curtain. The gas
emperature and CO concentration in the protected zone with the
ir curtain discharged were compared with that with air curtain
on-discharged. Complementary computational fluid dynamics
CFD) simulations were carried out by Fire Dynamics Simulator
FDS) in an 88 m long full scale channel, in order to see the field
istribution of carbon monoxide and the longitudinal carbon
onoxide concentration deduction along the channel with air

urtain discharged.

. Experimental model

Preliminary bench scale experiments were conducted in a
.6 m long model channel as shown in Fig. 1. The cross-section
f the channel is 0.6 m (width) × 0.66 m (height). As shown in
ig. 1(b), the model channel consists of four sections. The first
ection is designed as combustion region with a window and
door. All these sections are made of steel board except the

ront faces of Sections 3 and 4, which are made of toughened
lass for visualization. The lining material of the inner surface is
lasterboard. The southern end of the channel, the door and the
indow of the combustion section is closed. There is an opening

f 0.2 m (width) × 0.42 m (height) in the north end as shown in
ig. 2. A light sheet is launched to go through the north opening

nto the channel, as shown in Fig. 1, for visualization of the effect
f smoke confinement.

Fig. 4. Visualization of smoke confinement by the light sheet.

t

F
o

ig. 5. Smoke temperatures at two sides of the air curtain: (a) with air curtain
on-discharged and (b) with air curtain discharged (for v=3 m/s).

A circular pool fire with diameter of 0.086 m was burned
s fire source. Diesel oil was used as the fuel. An electronic
alance with weight resolution of 0.1 g was used to measure the
ransient mass of the burning diesel pool. The data acquisition
he balance, as shown in Fig. 3. The heat release rate (HRR) of

ig. 6. Temperature deduction for the protected zone by air curtain with different
utlet discharging velocities.
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Fig. 7. CO concentration deduction for the protected zone by air curtain with
different outlet discharging velocities.
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air curtain in Fig. 7. The CO concentration in the protected
zone also decreased fast with the increase of the discharging
velocity. However, as both can be seen in Figs. 5 and 6, the
he pool fire was further deduced from the burning mass loss rate
ith combustion efficiency assumed to be 1 for such a small pool
re. The HRR of the pool fire was then deduced to be about 2 kW,

aking the heat of combustion of diesel oil to be 42,000 kJ/kg.
An air curtain device was installed between the top of Sec-

ions 3 and 4, being 2.4 m away from the southern end. The
orizontal width of the air curtain was 0.2 m. There was also
n opening with width of 0.2 m at the floor level of the chan-
el, directly facing the outlet discharging vent of the air curtain
evice. The air blowing out from the air curtain device flowed
own out of the experimental model channel from this floor
pening, thus to form an air curtain. The rotating speed of the
ir curtain device, thus the outlet discharging velocity, was con-
rolled by the input voltage. During the tests, three levels of
utlet discharging velocities were considered: 1, 2 and 3 m/s, by
ontrolling the input voltage to be of 65, 80 and 90 V, respec-
ively.

Smoke temperatures below the ceiling along the channel were
easured at four positions: A–D as shown in Fig. 1. These posi-

ions were all 0.12 m below the channel ceiling. A combustion
roduct analyzer was used for measuring the CO concentration
n the protected zone of the channel. Its probe was located at

osition C. d

Fig. 8. Utilization of air curtain in a
ig. 9. Field distribution of CO concentration simulated by FDS at the two sides
f the air curtain in the channel.

. Experimental results

Total four tests were carried out with air curtain discharging
elocities of 1, 2 and 3 m/s and the air curtain closed. A typical
hoto of smoke confinement by the air curtain in this channel as
isualized by the light sheet is shown in Fig. 4. A clear interface
as shown between the smoke zone and the protected zone, at

he vertical plane where the air curtain discharged. It seemed
hat the smoke was well confined to almost remain in the near
re region at the southern side of the air curtain. The protected
one at the north side of the air curtain was shown to be nearly
ree of smoke with high visibility.

The smoke temperatures measured at positions A–D with
ir curtain discharged and non-discharged are typically shown
n Fig. 5. It was shown in Fig. 5(a) that with the air curtain
on-discharged, the temperature seemed to decrease continu-
usly longitudinally from position A to position D. However,
s shown in Fig. 5(b) with the air curtain discharged, the four
emperature curves were obviously divided into two groups: the
urves of A and B with much higher temperatures in the smoke
one, and those of C and D with much lower temperatures in the
rotected zone. This also indicated that the hot buoyant smoke
ow was mainly confined to remain in the near fire region by

he air curtain.
Fig. 6 presents the smoke temperatures rise above the ambi-

nt condition measured at position C under different air curtain
ischarging velocities. It was shown that the smoke tempera-
ure rise in the protected zone decreased fast with the increase
f the discharge velocity. The CO concentration measured at
osition C is plotted against the discharging velocity of the
ecay of temperature rise and CO concentration in the pro-

full scale 88 m long channel.
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wall and the floor were set to be concrete. Multi-mesh technol-
ogy in FDS was applied. The near fire plume domain was with
small grid size, 0.1 m(x) × 0.1 m(y) × 0.1 m(z) for one control
volume, as complex combustion and physical process would
L.H. Hu et al. / Journal of Haza

ected zone with the increase of the discharging velocity of
he air curtain can be both well correlated by an exponen-
ial regression, with correlation coefficient both of 0.99. It can
e preliminarily seen from all above that the air curtain can
lay a good role in decreasing the smoke particle concentra-
ion to provide much better visibility, as well as lowering down
he gas temperature and the CO concentration of the protected
one.

. CFD simulations

.1. model configuration

Complementary computational fluid dynamics (CFD) sim-
lation was further performed to see the confinement of
re-induced CO transportation by air curtain in a real scale
hannel. CFD simulations were carried out with fire dynamics
imulator (FDS), a software package released by the National
nstitute of Standards and Technology (NIST), USA. It is now a
opular CFD tool in fire related researches. A description of the
oftware, many validation examples [e.g. 15,16], and a bibliog-
aphy of related papers and reports may be found on the website
17]. The set of the Navier–Stokes equations for fire-driven fluid
ow is solved numerically with large eddy simulation (LES).
t is second-order accurate in space and time differences. The
ecent version of FDS 4.07 released in March, 2006 was used. A
efined filtered dynamics sub-grid model is applied in the FDS
odel to account for the sub-grid scale motion of viscosity, ther-
al conductivity and material diffusivity [16,17]. The dynamic

iscosity defined in FDS is

ijk = ρijk(CSΔ)2 |S|
here CS is an empirical Smagorinsky constant, Δ is δxδyδz1/3

nd |S| = 2
(

∂u
∂x

)2 + 2
(

∂v
∂y

)2 + 2
(

∂w
∂z

)2 +
(

∂u
∂x

+ ∂v
∂y

)2 +
∂u
∂z

+ ∂w
∂x

)2 +
(

∂v
∂z

+ ∂w
∂y

)2 − 2
3 (∇ · �u)2

The term |S| consists of second-order spatial differences aver-
ged at the grid centre. The thermal conductivity kijk and material
iffusivity Dijk of the fluid are related to the viscosity μijk in
erms of the Prandtl number Pr and Schmidt number Sc by

ijk = cpμijk

Pr
, (ρD)ijk = μijk

Sc

Both Pr and Sc are assumed to be constant. The specific heat
p is taken to be that of the dominant species of the mixture
16,17]. FDS had been formerly successfully applied to study
he dispersion of propane under a leakage condition in a room
18] and contamination levels in near and far field in a warehouse
acility under forced ventilation [19].

A full scale channel, as shown in Fig. 8, with length of 88 m,
idth of 8 m and height of 2.65 m was considered for CFD

imulation. Full scale fire tests had formerly been conducted
20–22] in this long channel. Two pool fires with heat release

ates (HRR) of 0.75 and 1.6 MW were burned with CO concen-
ration measured at 55 m away from the fire and 2.2 m above
he floor. The north end was closed with the south end half-
pened for the channel. The ambient temperature was about 27.5

F
d

ig. 10. Longitudinal CO concentration distribution along the channel: (a)
.75 MW and (b) 1.6 MW.

nd 28 ◦C for the two tests, respectively. The internal boundary
aterial of the simulated channel was set to be same as that in

he experiments. The ceiling was set to be gypsum. The side
ig. 11. Variation of CO concentration in the near fire confinement zone with
ischarging velocity of the air curtain.
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ccur in this domain. Other space was with a bit coarser grid
izes, 0.25 m(x) × 0.25 m(y) × 0.15 m(z) for one control volume.

ore detailed description on the channel and the full scale tests
an be seen in the former report [22]. Validation of CO concen-
ration prediction for fire in this channel had also been formerly
eported [22] with good agreement between the predicted value
nd the measured value in the full scale tests. The same FDS
odel as that formerly validated [22] was used in the simula-

ions of this paper. These included the same setting up of the
rid system, the boundary condition, the HRR history of the
re, the combustion model and so on. Detailed information of

hese settings can be seen in the former report [22] and will not
e described again here.

An air curtain with horizontal width of 0.2 m was set up at the
eiling of the channel, being 30 m away from the fire. It was set
y the “VENT” command in FDS, which blowing fresh air ver-
ically down into the channel. The outlet discharging velocities
f the air curtain considered for the simulative cases were 1, 2,
, 4, 6, 8 and 10 m/s. Under these different air curtain discharge
ischarging velocities, the longitudinal CO concentration distri-

ution along the channel was computed at 10 positions, from 7 to
9 m away from the fire with same interval of 8 m and height of
.45 m above the floor, to see the variation of CO concentration
t the two sides of the air curtain.

c
v
w
t

ig. 12. Variation of CO concentration in the protected zone with discharging veloc
nd (c) 79 m away from the fire.
Materials 156 (2008) 327–334

.2. Simulation results

The Field distribution of CO concentration simulated by FDS
t the two sides of the air curtain in the channel is typically shown
n Fig. 9. Fig. 10 presents the longitudinal CO concentration
istribution along the channel with air curtain non-discharged
nd discharged under different out let velocities. It can be seen
hat the CO concentration dropped significantly at the position
here the air curtained discharged. With air curtain discharged,

he CO concentration in the near fire confined zone increased,
hile that in the protected zone at the other side decreased sig-
ificantly. With the increase of the outlet discharging velocity,
he CO concentration in the protected zone decreased. When
he outlet discharging velocity was in the range of 1–3 m/s, the
O concentration in the protection zone seemed to still decrease

lowly with the distance away from the fire. However, when it
ncreased up to 4 m/s or more, the CO concentration seemed to
ary little along the channel in the protected zone.

The variation of CO concentration in the near fire confined
one with the increase of the discharging velocity of the air

urtain is shown in Fig. 11. The influence of air curtain discharge
elocity on the CO concentration in the near fire confined zone
as shown to fall into two different mechanisms. It was shown

o be an accumulating effect when the discharging velocity of

ity of the air curtain: (a) 39 m away from the fire, (b) 55 m away from the fire



L.H. Hu et al. / Journal of Hazardous

F
i

a
f
fi
v
m
t
v
c
t

p
v
f
p
d
b
(
0
7
s
(
p
t
s
b

5

o
C
a
i
t
p
o
s
i
u
i
w
c
m
g
t
e
v
b

A

o
c
0
G
f
H

R

50134, 1997.
ig. 13. Relative residual CO concentration under different air curtain discharg-
ng velocities: (a) 0.75 MW and (b) 1.6 MW.

ir curtain was no more than 3 m/s, while to be a diluting effect
or that up to 4 m/s and more. The CO concentration in the near
re confined zone increase with the increase of the discharging
elocity of the air curtain when the discharging velocity was no
ore than 3 m/s. However, when the discharging velocity was up

o 4 m/s or more, it decreased with the increase of the discharging
elocity of the air curtain. The CO concentration in the near fire
onfined zone seemed to accumulate to a maximum level when
he discharging velocity of the air curtain was at 3 m/s.

Fig. 12 presents the variation of CO concentration in the
rotected zone with the increase of the air curtain discharging
elocity. Values at three typical positions: 39, 55 and 79 m away
rom the fire, are shown here. The CO concentration level in the
rotected zone reduced fast with the increase of the air curtain
ischarging velocity. Their relationship can be well correlated
y exponential regression with correlation coefficient to be 0.96
0.75 MW) and 0.99 (1.6 MW) for 39 m, 0.96 (0.75 MW) and
.99 (1.6 MW) for 55 m, 0.99 (0.75 MW) and 0.99 (1.6 MW) for
9 m. The decay trends were same with that gotten in the bench
cale model experiments. The relative residual CO concentration
Cco, curtain/Cco, no-curtain) levels simulated for different sampling

ositions in the protected zone are all plotted together against
he air curtain discharging velocities in Fig. 13. All these values
howed to be with the same trend and can be well approached
y an exponential fitting.

[
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. Conclusions

Bench scale experiments and CFD simulations were carried
ut to study the possibility of using air curtain for smoke and
O confinement in channel fires. Results showed that the smoke
nd CO gas released by the fire were mainly confined to remain
n the near fire region at one side of the air curtain, with gas
emperature and CO concentration dropped significantly in the
rotected zone at the other side. The influence of the air curtain
n the CO concentration in the near fire confinement zone was
hown to be an accumulating effect when the discharging veloc-
ty was no more than 3 m/s, while to be a diluting effect for that
p to 4 m/s and more. That is, the variation of CO concentration
n the near fire confined zone firstly increase and then decreased
ith the increase of the air curtain discharging velocity. The CO

oncentration in the near fire confinement zone reached a maxi-
um level at discharging velocity of about 3 m/s. However, the

as temperature and CO concentration in the protected zone at
he other side of the air curtain were shown to be both reduced
xponentially significantly with the increase of the discharging
elocity of the air curtain. All these indicated that air curtain can
e an efficient measure for such application.
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