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Abstract

In this study, the method of combining numerical simulation and theoretical analysis is used to study the movement
characteristics of smoke in the staircase of a high-rise building. First, the effects of different heat release rates,
ambient temperatures, baffles and other conditions on the smoke temperature of the stairwell are studied. Secondly,
the effects of different opening heights and ambient wind conditions on the smoke concentration of the stairwell
are studied. Finally, the effects of different conditions are studied. The smoke movement is compared with the
speed of people climbing stairs. It is found that the heat release rate has little effect on the smoke speed, and the
outside wind has a great influence on the smoke speed. When the outside wind is faster than the critical wind, there
is no obvious change in the velocity of the hot smoke distribution in the stairwell with various outside wind speed
is similar; on the contrary, the speed of the hot smoke decreases with an increase of the outside wind speed. It is
hoped that the research results can provide certain theoretical guidance for the safe evacuation of people in the fire
stairwell of high-rise buildings, and design a set of reasonable evacuation plans.
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indicate that nearly 85% of the deaths are caused
by smoke from the fire[6]. Therefore, studying
the smoke movement in the stairwell during a fire
can provide some theoretical guidance for
personnel to escape.

In the past few decades, many scholars have
carried out research on the smoke movement of
high-rise buildings (including experiments and
numerical simulations). Marshall[7] used a 1/5
scale model of shaft to study the movement of
smoke and proposed an empirical equation for
predicting air entrainment in the shaft. Shi et al.[2]
used a 1/3 scale model of stairwell to study and
found that before the stack effect occurs,
turbulent mixing strongly affects the movement
of hot smoke. Sun[8] investigated the smoke
movement in a 6-story full-scale stairwell and
found that the smoke temperature decreased with
increasing height in the stairwell. Zhang et al.[9]
used Fire Dynamics Simulation(FDS) to
numerically simulate the smoke movement in a
90-meter-high building. Li et al.[10] also used
FDS to simulate the smoke movement in a 35-
meter-high building.

This paper simulates the movement of smoke
through different ambient temperature, heat
release rate, opening position, ventilation
velocity and whether baffles which can delay
smoke diffusion are installed or not. Finally, the
smoke temperature, smoke concentration and
velocity and other data will be measured and
analyzed in the case of various conditions. This
study aims to find out the smoke movement
characteristics of the stairwell in the high-rise
building better in the case of various conditions
and combine the normal speed of the healthy
adults up and down the stairs, which is conducive
to the design of reasonable evacuation plans.

2 Numerical Simulation

2.1 Fire Dynamics Simulation (FDS)

FDS is a computational tool based on the
Navier-Stokes equations appropriate for low-
speed (Ma<0.3). There are two main methods to
deal with turbulent flow in FDS: large eddy
simulation (LES) method and direct numerical
simulation (DNS) method. The governing
equations include continuity, species
concentration balance, momentum and energy
balance, and the ideal gas law [11].
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2.2 Model

The working condition of this numerical
simulation is shown in Fig. 1. The 10-story
building model has a height of 44m (z-axis), a
width of 8.02m (y-axis), and a length of 3.42m
(x-axis).
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Fig. 1 10-story stairwell model diagram
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The schematic of the measuring point is
shown in Fig 2. A total of 43 thermocouples are

installed on the vertical centerline of the stairwell
and the distance between each one is 1.05m.
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Fig. 2 Thermocouple position, velocity measurement point and somke measurement point. (a) Front
view; (b) Top view.
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3 Results and Discussion

3.1. Influence of different conditions on smoke
temperature

Sun et al.[12] proposed the relationship

3E&R G
3.1, AR S A X MR SR EE 2

Sun % A[121#2H T3 kiR T+ 53 —1k

between normalized temperature rise and RSN . .
normalized height as follows: B2 BIRARAN TR -
£= T-T, =ae—ﬂﬁ 1)
TO TO
T, -T
g=—t_0 @
TO
AhH
= 3
p C,Dm, )
where AT is the temperature rise between the hot i AT B80S 5906 3R B IR B 2 B IR T

smoke and ambient air; T is the temperature of hot
smoke; To is the temperature of ambient air; o is
a constant of the smoke temperature; f is the
temperature attenuation coefficient; z is the
height above the fire source; H is the height of the
stairwell; Tr is the temperature of the smoke
plume on the fire floor; A is the horizontal
sectional area of the stairwell; h is the convective
heat transfer coefficient between hot smoke and
the inner walls; D is the hydraulic diameter of the
stairwell, and m is the mass flow rate in the
stairwell. In the numerical simulation conducted
in this study, the height H in Egs. (1) is replaced
with the hydraulic diameter D of the stairwell,
which is given by:

where L is the length (8.02m) and W is width
(3.42m) of the stairwell. Therefore, Egs. (1) can
be rewritten as
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Fig. 3 The relationship between the normalized temperature rise and the normalized height of the
stairwell with windows opened on different floors. (a) Lower region; (b) Upper region.
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Fig. 3 shows the relationship between the
normalized temperature rise (T-To)/To and the
normalized height (z/D) with the conditions of
different single-layer window opened, and the
temperature data is fitted using Egs. (10). As
shown in Fig. 3, in the lower region, the
temperature data of different opening heights can
be fitted with a curve, which shows that the
opening height has little effect on the temperature
distribution of the hot smoke in the lower region.
On the contrary, for the upper region, the
temperature data of different opening heights
cannot be fitted with a curve, and after fitting, it
is found that as the opening height increases, the
fitting curve gradually becomes slower.

Fig. 4 shows the relationship between the
normalized temperature rise (T-To)/To and the
normalized height (z/H) of the stairwell and use
Egs. (1) to fit the temperature data. Due to the
special structure of the stairwell, the smoke
moves upward spirally so that the vertical
temperature on the longitudinal centerline in the
stairwell drops rapidly.
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Fig. 4 The relationship between normalized temperature rise and normalized height of staircases with
different conditions. (a) Different opening positions; (b) Different HRR
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Table 1 summarizes the fitting values of « and
f with different conditions, where R? is the
Pearson correlation coefficient between the
simulated data and the fitted curve, and its value
range is 0 to 1. The larger value of R?, the better
the fit. All the values of RZin Table 1 exceed 0.95
indicating that the accuracy of the fitting is
reliable. The value of S represents the attenuation
coefficient of temperature. According to Table 3,
[ increases as the opening height increases with
the same condition, while £ did not show a
monotonous increase or decrease with the
increase of the heat release rate of the fire source.
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Horp R BFRn i s - A6 th Ze 2 1B Bz
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Tab. 1 Fitting values of « and g with different conditions

K 1IARFESE T ol pORAE

Variables  Closed Opened vents Heat Release Rate
3F 6F 9F 3MW 4MW 5MW
o 2.66407 1.85303 2.15254 257763 1.93054 2.14984 2.55171
b 6.45806 4.71496 5.44817 5.83637 6.03382 5.18931 5.41048
R? 0.983 0.9983 0.98289 0.99583 0.957 0.966 0.975

3.2. Influence of different conditions on smoke
concentration

Fig. 5 shows the distribution of CO concentration
on stairwell with different conditions. It can be
seen from Fig. 5(a) that the CO concentration of
the stairwell has a similar decreasing trend and
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the CO concentration of the first floor is similar.
In addition, the CO concentration of floors where
the baffles are not installed on the side of the
stairwell step is higher than that of the baffles
installed indicating that the installation of the
baffles on the side of the stairwell step can
achieve effect of preventing smoke and reduce
the concentration of smoke appropriately. From
Fig. 5(b), it can be seen that the decreasing trend
of CO concentration on each floor with different
opening positions is similar and the value of them
is approximate. The main reason for the reduction
of the effect of the opening is that the small
opening causes not enough smoke to be
discharged and fresh air enters the stairwell to
increase the smoke generation as well as the scale
of the entire stairwell is larger than the opening.
It can be seen from Fig. 5(c) that the CO
concentration of each floor in the stairwell is
significantly reduced. The CO concentration on
the 3rd floor in the stairwell is higher than that on
the 2nd floor when all windows are open and
without air supply, however, when all windows
are open and the air supply speed is 2m/s and
3m/s, the CO concentration of the 4th floor in the
stairwell is higher than that of the 3rd floor.
Below the 5th floor, the CO concentration of all
windows closed is higher than that of all windows
open (except for the first floor where the air
supply speed is 3m/s) and the higher theair supply
speed, the higher the CO concentration. The main
reason may be the competition between the
amount of smoke produced by combustion and
the amount of smoke discharged from the
windows because of the supply of air. On one
hand, the ambient wind accelerate the upward
spiral movement of the smoke, and on the other
hand, it also accelerate the discharge of the smoke
from the windows, however, the overall amount
of smoke generated is less than the amount of
smoke discharged from the windows which
makes the CO concentration when all windows
are open less than all windows closed. Above the
5th floor, the CO concentration of all windows
opened is higher than that of all windows closed.
Because of the supply of air, the smoke spirals up
and reaches the upper level of the stairwell faster.
Compared with the smoke rising from the bottom
of the stairwell, the amount of exhausting from
the window is less, resulting in the CO
concentration decreases slower and higher than
the condition of all windows opened.
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Fig. 5 Distribution of carbon monoxide concentration in stairwell floors with different conditions. (a)
With baffle and without baffle; (b) Different opening positions; (c) Different wind speed.
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critical speed, the smoke velocity is almost the KIS0, B S I F 240 By,
same. Below the 7th floor, the smoke velocity is

faster than that of adults running upstairs whenall ~ FE# AFIF A ST RS,
the windows are opened. Above the 8th floor, the

smoke velocity is slower than that of adults

running upstairs with the same conditions. It is

very dangerous to evacuate because the condition

of all the windows opening and the air supply

accelerates the movement of the hot smoke.
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Fig. 6 Smoke velocity distribution of stairwell floors with different conditions. (a) With baffle and
without baffle; (b) Different opening positions; (c) Different wind speed.
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Fig. 7 Smoke velocity in stairwell with baffle and without baffle
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With different conditions, the change of
smoke velocity in the stairwell with time is
shown in Fig. 7. From Fig. 7 it can be seen that
the speed of running upstairs is almost faster
than the speed of smoke without baffles and
with baffles within 2 minutes. People can move
up to 57.6m, which is higher than the height of
the 10-story stairwell indicating that the
installation of baffles on the side of the stairwell
steps can reduce the smoke velocity to a certain
extent and delay the spread of hot smoke.
Therefore, residents can safely evacuate to the
top of the building within 2 minutes and wait for
rescue.

4 Conclusions

In this study, a series of numerical
simulations of a full-scale stairwell were carried
out. The conclusion is as follows:

(1) with  different ~ conditions,  the
temperature rise trend is similar. When the
opening is opened, the smoke temperature rise
in the stairwell can be divided into two areas:
the lower region and the upper region. The hot
smoke in the lower region is mainly affected by
the stack effect and turbulent mixing. On the
contrary, in the upper region, turbulent mixing
is the main reason for the hot smoke.

(2) Below the 5th floor, the CO concentration
increases with air supply speed increasing;
Above the 5th floor, the CO concentration is
little affected by the air supply speed.

(3) When all the openings are open, there is a
critical air supply speed in the stairwell .There
is no significant difference when the hot smoke
velocity is faster than the critical air supply
velocity. On the contrary, the hot smoke
velocity decreases with the air supply velocity
increasing. Therefore, baffles can be installed
in the stairwell to reduce the smoke
concentration and some unique ventilation
systems can be designed so that the residents
can evacuate down from the stairwell or move
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up to wait for rescue after a high-rise building Egn)
fire occurs.
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