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Abstract

In this study, a series of experiments were conducted with varying number of pool fires and
opening locations (floors with ventilation openings) in a 21-story full-scale office building to
study the transport phenomena and stratification of hot smoke in the stairwell. The experiments
show that the flame of the pool fire inclines away from the side lobby door as pushed by the side
air entrainment. The strength of stack effect in the stairwell initially increases, then decreases with
the opening height increases. The rise in temperature in the stairwell can be divided into a lower
and an upper region, depending on the location and attenuation effect of the upper opening. In the
lower region, both the stack effect and turbulent mixing play important roles in the movement of
hot smoke, in contrast, in the upper region, turbulent mixing dominates. The equivalent heat
release rate for hot smoke in the upper region is determined through theoretical analysis, and an
integrated correlation is proposed for predicting the rise time of the smoke plume in the stairwell.
These unique full-scale experiments in a high-rise building provide crucial experimental data and
empirical correlations that help the design of safer smoke ventilation systems for stairwells.
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Nomenclature

Symbols u airflow velocity (m s™)
A sectional area of the shaft (m?) U smoke plume velocity (m s?)
C constant for smoke travel time %4 volume flow rate (m®s?)
Cp specific heat (kJ kg K1) w width of the stairwell (m)
d length of shaft cross-section (m) z height above the fire source (m)
D shaft hydraulic diameter (m)
Dn thermocouple diameter (m) Greeks
g gravity acceleration (m s?) a fitting constant
h convective coefficient (W m1 K1) B temperature attenuation coefficient
H height of the shaft (m) y fitting constant for travel time
H, opening height (m) p density of the hot smoke (kg m)
k thermal conductivity (W m™* K1) Ap density difference (kg m=)
L length of the stairwell (m) o Stefan—Boltzmann constant (W m2 K#)
m mass loss rate (kg s) & emissivity (-)
Nu Nusselt number U dynamic viscosity (kg s* m?)
Pr Prandtl number n correction coefficient
Q heat release rate (KW)
Q" nondimensional HRR Subscript
QL equivalent upper HRR a ambient air
Ri Richardson number e ethanol
S area of the lobby door (m?) l lower region
t lower smoke travel time (s) 0, oxgen
t' upper smoke travel time (s) s shaft
T temperature (K) TC thermocouple
AT temperature difference (K) u upper region
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1. Introduction

In recent years, fire accidents in high-rise buildings have occurred more frequently and caused several
casualties and significant loss of property [1]. Statistics show that nearly 85% of the deaths were caused
by toxic smoke from the fire [2, 3]. There are many vertical shafts in high-rise buildings, such as stairwells,
elevator shafts, ventilation shafts, and cable shafts. In the event of a fire, these vertical shafts become the
primary passages by which smoke spreads to other floors [4-6]. The stairwell, in particular, is a crucial
evacuation channel for people; however, it allows the smoke to spread rapidly and, more importantly,
poses a serious threat to their safety. Therefore, it is of great significance to study the mechanisms of
smoke movement in the stairwells of high-rise buildings. Stack effect and turbulent mixing are the two
primary physical mechanisms that drive the vertical rising motion of buoyant smoke flowing through a
stairwell [7, 8]. Stack effect is a phenomenon caused by the pressure difference between the gas inside the
stairwell and the air outside of the stairwell [7], while turbulent mixing is a phenomeon connected with
Rayleigh-Taylor instability [9, 10].

A number of small-scale studies have been conducted to investigate the transport of thermal smoke
in high-rise buildings. Marshall [11] explored smoke movement using 1/5 scale model of a five-story open
shaft and proposed an empirical equation for predicting the air entrainment in the shaft. Cannon and
Zukoski [12] studied turbulent mixing in a vertical shaft using saltwater/water experiments and obtained
a turbulent mixing equation. The equation utilizes the Boussinesq approximation, which approximates the
ratio of the rising smoke density to the air density. Based on Cannon and Zukoski’s study, Cooper [13]
further investigated smoke movement and developed a turbulent mixing equation. Tanaka et al. [14]
conducted a set of experiments investigating the time taken for the smoke plume to rise in free space and
vertical shafts and summarized the relationship between the travel time and the smoke plume front. Shi et
al. [15] studied the influence of the stack effect on fire behavior in a room adjacent to a stairwell. The
results show that the flame tilt angle increased by Ri, and the airflow velocity at the bottom opening was
proportional to 1/3 power of heat release rate (HRR) of fire source. Li et al. [16] studied the position of
the neutral plane using a 1/3 scale stairwell with three openings and found that the neutral plane was
influenced by the height of the middle opening. Zhao et al. [17] used the Fire Dynamics Simulator (FDS),
version 6.0.1, to investigate fire-induced smoke movement in a 1/3 scale stairwell and obtained simulation
results that are in overall good agreement with experimental data from Li’s study. Ji et al. [18-22]
conducted a series of small-scale experiments to study the effect of the stairwell ventilation state and
opening height on smoke movement and temperature distribution in the stairwell, and the flame
characteristics in the fire room.

When fire-induced smoke flows upward in the stairwell, it is influenced by the resistance of stair
treads, landing and inner walls, which can be determined using Reynolds number. However, small-scale
experiments are all based on Froude modeling, which does not preserve Reynolds number. Therefore,
conducting full-scale experiments is crucial for understanding the transport characteristics of thermal
smoke in the stairwells of high-rise buildings. Sun et al. [23] systematically conducted full-scale
experiments in an actual stairwell of height 27 m, and combined these with numerical simulations to study
smoke movement mechanisms in a closed stairwell. Peppes et al. [24, 25] conducted a series of
experiments to study the smoke mass tansfer and heat transfer between the floors of a two-story full-scale
building and provided formulas to predict these two phenomena. They then extended their findings to a
three-story residential building. Hadjisophocleous et al. [26] conducted numerical simulations
investigating smoke movement in a 10-story full-scale tower and discussed comparisons of the results
derived with their model and those of previous experiments [27]. Qin et al. [28] numerically investigated
smoke movement and ambient airflow in a typical two-story confined stairwell and found a fairly distinct
region of hot smoke and ambient air under different fire scenarios. Li et al. [29] conducted a set of full-
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scale simulations investigating the transport phenomena of fire-induced smoke flow in a semi-open
vertical shaft and the results show that thermal plumes were pushed away from the center of the shaft by
entrained airflow because one side of the shaft was open.

In an open stairwell with an upper opening that is not located at its top, the stairwell will be divided
into two regions. The lower region, which has an upper and a bottom opening, can be regarded as an open
stairwell, while the upper region with only a bottom opening is regarded as a closed stairwell. A previous
study found that there are only turbulent mixing mechanisms in a closed stairwell during a fire, whereas
in an open stairwell, both turbulent mixing and stack effect occur [30]. Therefore, it can be deduced that
the smoke mechanisms in the lower and upper regions are different. Moreover, the height of the upper
opening connecting the stairwell to the outside may also impact the transport characteristics of thermal
smoke in the stairwell [22]. However, only a little attention has been devoted to transport phenomena and
smoke stratification for different opening heights in a full-scale stairwell.

Therefore, to investigate the characteristics and stratification of a rising thermal plume, experiments
were carried out in a 21-story full-scale stairwell in an office building. The HRR of a pool fire and the
opening locations, i.e., the floor with an opening (opening floor), in the stairwell were varied in these
experiments. Fire behavior and the distribution of smoke temperature and velocity were also investigated
to establish a series of empirical correlations.

2. Full-scale experiments

Eight full-scale experiments were conducted in the 21-story stairwell of an office building in Hefei,
China. The layout of the stairwell and the experimental setup are shown in Fig. 1. The overall height of
the stairwell is 89.7 m, with the height of the first, second, third, and 21st floors are 6 m, 4.5m, 4.5m, 8.4
m, respectively, while all the other floors have a height of 3.9 m. The cross section of the stairwell and
lobby are 6.5 m x 2.7 mand 4 m x 2.7 m, respectively. Two doors, 2.1 m (height) by 1.4 m (width) in size,
position at the middle of walls and connect the stairwell, lobby, and corridor. The experimental details are
shown in Table 1.

The tests were conducted using ethanol pool fires (purity: 98%, combustion efficiency: 0.92 [31], and
complete heat of combustion: 26.8 kJ/g [32]) in identical rectangular pans with dimensions of 0.585 m
wide, 0.13 m high, and 0.841 m long (0.5 m?) [33]. The fire source location was a lobby 0.8m from the
stairwell door, as shown in the Fig. 2. Different numbers of pool pans were used for different HRRs of the
fire source. The mass loss data on the pool fires was measured in real time using an electronic balance
with a precision of 0.2 g and a sampling interval of 0.1 s. The initial mass of ethanol for each pan was 12
kg, with £2% relative uncertainty. Two digital cameras were included in the experimental setup to record
the flame shape. One was positioned at at the left side of the lobby, and the other at an angle of 30 degrees
to the lobby door.

The temperature of hot smoke in the 21-floor stairwell was measured using seventy-three fine-wire
K-type thermocouples (1 mm in diameter). The detailed locations of the thermocouples are shown in Fig.
2. Thirty-one thermocouples were installed in the middle of the stairwell, twenty-six thermocouples under
the stair treads, and the others were installed under the landing. To account for the measuring error of these
thermocouples due to radiation effect, the error between the actual hot smoke temperature and the
thermocouple reading is given by [34]

o, (1 =T

ATerror =T = Ten = he, + 408 T3

(1)
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where o is the Stefan—Boltzmann constant; &, is the emissivity of the thermocouple. ¢ is the emissivity
of hotsmoke; D, is the thermocouple diameter, m; h,;, is the convective heat transfer coefficient between
the thermocouple and hot smoke; k is the thermal conductivity of hot smoke; p is the density of hot smoke;
U is the velocity of hot smoke; and u is the dynamic viscosity of hot smoke. Based on Egs. (1) and (2), the
uncertainty of these thermocouples is within 1.5 K, and the response time is less than 1 s. Three hot-wire
anemometer velocity probes (Kanomax, KA12) were installed at 50 cm vertical intervals and 10 cm away
from the outside of the lobby door. The measurement error of hot-wire anemometers is less than 2%.
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Fig. 1 Schematic of the 21-story full-scale stairwell
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Fig. 2. Locations of thermocouples and velocity measuring points.
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Two doors on the first floor were kept open during the experiments, which allowed the entrainment
of fresh air. In each experiment, two doors to the stairwell and lobby on the 5th, 10th, 15th, and 21st floor
were left open, while other doors were kept closed and sealed during experiments to isolate the
experimental space from the rest of the building. Small openings and cracks were also sealed to reduce the
infiltration of outside air as much as possible. The external temperature was recorded via a mercury
thermometer during each experiment, as 33-36 °C, and the wind speed through the lobby before each
experiment was 0.2-0.4 m/s. The ambient conditions remained almost constant for the entire duration of
each experiment. Each experiment was repeated twice.

Table 1. Experimental details.

Case Number of pool fires Mass of ethanol (kg) Opening floor
Al 1 12 5F
A2 2 24 5F
B1 1 12 10F
B2 2 24 10F
C1 1 12 15F
C2 2 24 15F
D1 1 12 21F
D2 2 24 21F

3. Results and discussion
3.1 Air flow induced by the stack effect

The flame inclination may ignite distant combustibles and enhance the probability of fire spreading
in the horizontal direction. Knowledge of flame behavior has been playing an important role in fire safety
design. Observing the videos from the experiments, it can be seen for the same number of pool fires, the
variations in flame shapes for different heights of the opening floor (opening heights) are similar. However,
the flame shapes observed are distinct for different numbers of pool fires. For example, different
perspectives of a set of flame shapes over time with 15F doors open are shown in Fig. 3.

Fig. 3(a) shows the condition of one pool fire placed in the lobby, and it can be seen that in the initial
stage of combustion, the flame leans slightly toward the left sidewall due to unbalanced air entrainment
on both sides of the pool fire, which is induced by the open side lobby door. As the combustion progresses,
increasingly more hot smoke flows into the stairwell, inducing temperature rise and the stack effect.
Subsequently, the flame gradually tilts toward the stairwell due to supplement airflow through the lobby
door. However, the inclination of flame skews slightly to the left at the steady stage. Comparing the flame
shapes in this study to that in previous study [15], it can be seen that for this study, the ignition area is
larger because the flame influences not only the front area but also the side area. When two pool fires are
placed in the lobby (Fig. 3b), the volume of the flame increases as the number of pool fires increases, while
the trend of the flame tilting to the left side decreases.
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Fig. 3. Flame shapes in this study and previous study

The average velocity of the air flowing into the lobby and the mass loss rate during the steady stage
of combustion are presented in Fig. 4, and Table 2 presents the error bars of the velocity and mass for all
cases. It can be seen that the error bars are small enough to indicate the good repeatability of the
experiments. In the cases with the same opening height, the average velocity increases as the number of
pool fires increases. For the same number of pool fires, the average velocity initially increases but then
decreases with an increase in the opening height. This can be attributed to the magnitude of the stack effect
being determined by the number of pool fires and the opening height.
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Fig. 4. Average velocity of air flowing into the lobby, and mass loss rate for all cases, during the
steady stage of combustion

In an earlier study [22], the airflow velocity increased with the height of the open vent, which differs
from the results of this study. A possible explanation is that the height of the building model used in that
small-scale experiment is too low. The height of a small-scale stairwell is equivalent to just the 10th floor
of a full-scale stairwell. Hence, the decreasing portion of the velocity curves are absent. The mass loss rate
increases with the number of pool fires but remains relatively stable with changes in opening height,
indicating that the mass loss rates for different ventilation conditions are almost the same.

Table 2. Average value and error bar of the velocity and mass.

Case Velocity (m/s) Mass (g/s)
Average value Error bar Average value Error bar

Al 1.32 0.020 14.8 0.548
A2 1.76 0.006 349 0.747
B1 1.34 0.019 14.6 0.092
B2 1.78 0.010 34.6 0.097
Cl1 1.30 0.016 14.5 0.130
C2 1.75 0.011 35.6 0.698
D1 1.26 0.005 14.6 0.221
D2 1.65 0.058 34.1 0.317

3.2 Smoke temperature distribution in the stairwell
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After the ignition, the fire-induced smoke flows from the lobby into the stairwell and spreads
upward, resulting in a temperature rise in the stairwell. Fig. 5 shows the smoke temperature curves
for the centerline of the stairwell over time in the cases of two pool fires. It can be seen from Fig.
5 that the time histories of temperature vary slightly in the cases with different opening heights.
The temperature curves for the stairwell for all cases can be divided into four stages.
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Fig. 5. Smoke temperatures for the centerline of the stairwell over time in the cases of two pool fires

In the first stage, fire-induced smoke flows into the stairwell, reflected as a sharp increasing
trend in the temperature curves. The second stage begins several seconds after hot smoke spreads
to the upper open doors and flows out of the stairwell, and the rate of temperature rise begins to
decrease. At about 650 s into the fire, the temperature in the stairwell enters the third stage (the
steady stage) and remains relatively stable. At this stage, the energy exchange in the stairwell
system becomes stable. Due to the burnout of fuel, the temperature proceeds to the fourth stage
and begins to decrease for about 750 s.
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Fig. 6. Spatial distribution of smoke temperature rise during the steady stage in cases of two pool fires.

Fig. 6 shows the spatial distribution of smoke temperature rise during the steady stage in the cases of
two pool fires. The temperature rise in the stairwell decreases with height during the steady stage, and the
temperature rise distribution curve for the stairwell can be divided into two parts: a lower and an upper
region with different attenuation trends, by an upper opening floor. The phenomenon is caused by the
different smoke movement mechanisms in the two regions. In the lower region, stack effect and turbulent
mixing both play important roles in the movement of hot smoke, whereas in the upper region, only
turbulent mixing plays a significant role.

Comparing the smoke temperature at different positions in the stairwell, it can be seen that the
temperature difference is relatively small. The smoke temperature at the centerline is slightly lower than
under the landing and stair treads, which can be explained by the smoke flow pattern in the stairwell. Sun
et al. observed that the smoke flow moved upward in circular patterns and formed vortices under the stair
treads of each story [23]. However, there is a 10 cm wide gap between the stair treads on both sides in the
full-scale stairwell. Therefore, it can be deduced that some smoke can flow through the gap to an upper
story, as shown in Fig. 7, resulting in the temperature difference.
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Fig. 7. Smoke paths in the stairwell with 10F doors open

Sun et al. [35] proposed a relationship between normalized temperature rise and normalized height
as follows

—= = aeF 3)

(4)
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_ AnH
~ C,Drig

(®)

where AT is the temperature rise between the smoke plume and ambient air; T and T,, are the temperatures
of hot smoke and ambient air; z is the height above the fire source; Ty is the temperature of the smoke
plume on the fire floor; @ is a constant of the smoke temperature; § is the temperature attenuation
coefficient; H is the height of the shaft; A is the horizontal sectional area of the shaft; h is the convective
heat transfer coefficient between hot smoke and the inner walls; D is the hydraulic diameter of the shaft;
and my is the mass flow rate in the shaft.
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Fig. 8. Normalized temperature rise vs. normalized height during the steady stage in cases of two pool fires
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In the experiments conducted in this study, the height H in Egs. (3) and (5) is replaced with the
hydraulic diameter D of the stairwell [19], which is given by
LxW

where L is the length (6.5 m) and W is width (2.7 m) of the stairwell. Therefore, we can derive

AT _ —ﬁ% 7
T = qe @)
B Ah g

The relationship between normalized temperature rise and normalized height in the cases of two pool
fires is presented in Fig. 8, and Eq. (7) was used to fit the temperature data. As shown in Fig. 8, in the
lower region, the temperature data for different opening heights can be fitted by a curve. This indicates
that the opening height has only little influence on the temperature distribution of hot smoke in the lower
region. In contrast, the fitted temperature curves for the upper region become steeper with increasing
opening height. The fitted values of § are summarized in Table 3.

As shown in Table 3, B decreases with an increasing number of pool fires for the same opening height
due to a larger value of ri1 in the cases of two pool fires. Because thermal smoke flows out through the
upper doors, resulting in a decrease of mg for the upper region, g in the lower region is smaller than that
in the upper region. In the upper region, § decreases with opening height becasuse the amount of hot
smoke flowing into the upper region gradually decreases with increasing opening height.

Table 3. Fitted values of 8 in all cases.

Number of pool fires  Lower region Upper region
5F 10F 15F
0.052 0.083 0.100 0.113
2 0.047 0.078 0.099 0.112

3.3 Smoke rise time in stairwell

Tanaka [14] posited that the temperature for a given height would rise sharply due to contact with a
rising smoke plume. Based on this method, the time for the plume front to get to the centerline
thermocouples for all cases can be obtained, as shown in Fig. 9. On the fire floor, the precise rise time for
the plume front is affected by flame pulsations due to strong air entrainment. Therefore, data from
thermocouples on the fire floor are neglected. For the cases with the same opening height, the smoke plume
front can reach a higher position as the number of pool fires increases. For the same number of pool fires,
the maximum height that the smoke plume can reach also increases with the opening height. It can be also
seen that the rising velocity of the smoke plume is distinct in the upper region and lower region. For the
lower region, the height-time curve is an approximately straight line, indicating that the rising velocity is
an almost fixed value due to a balance between the stack effect, turbulent mixing, and block effect of the
stair treads. However, the height-time curve for the upper region is a parabola, which indicates that the
rising velocity gradually decreases with increasing height due to the turbulent mixing in the hot smoke
having less influence than the block effect from the stair treads and the pressure effect of the fresh air in
the upper region.
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Fig. 9. Increasing heights of the rising smoke plume front vs time, for all cases

Tanaka [14] assumes that the heat transfer from a fire plume to the surrounding walls is insignificant,
and proposed an empirical model that expresses the relationship between the increasing of time and the
increasing height of the plume as follows

In open shaft

In closed shaft

VA A
0.56 (= Z<s
(5@ = (‘Zl)g (‘j ) ©
3
1.64 (E) (E > 5)
i VA
3
t %(Q*)% 0.56 (;)2 (g <25) )
0.30 (E) (E > 2.5)
0 =—"— 5 (11)
CppaTa\/EdZ
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where t is the travel time of a smoke plume front from the fire source to a given height; is the density of
ambient air; Q is the HRR of the fire source; and d is the side length of the shaft cross section.

In the experiments in this study, the hydraulic diameter D given by Eq. (6) is taken as the
characteristic length of the stairwell. The time t can be expected to be a function of the height of the smoke
plume front, the characteristic length of the stairwell, gravity and the HRR of the fire source as follows

[P A
t\/% 03 =C (5) (12)
where C and y are constants of smoke travel time.

If stoichiometric burning occurs in the lobby, the overall chemical reaction of the pool fire can be
expressed as

2 C,HsOH+ 70, - 4 COy+ 6 H,O

Therefore, the relationship between the rate of oxygen consumption and the mass loss rate of ethanol
can be expressed as

Mo, = 3.5m, (13)
where m,, is the rate of oxygen consumption, and . is the mass loss rate of ethanol. Because 21% of
air is oxygen, the ratio of the air entrainment rate to the rate of oxygen consumption can be expressed as

Mg _ PaVa _ _ Pa
mOZ pOZ VOZ 0'21p02

=431 (14)
where p, and po, are the density of air and oxygen, and V, and Vo, are the volume of air and oxygen.
Substituting Eq. (14) into Eq. (13) gives

m, = 15.09m, (15)

It can be concluded that burning 1 kg of ethanol requires 15.09 kg of air for stoichiometric burning to
occur. In this study, the air entrainment rate can be expressed as follows

Mg = PaSUu (16)

where S is the area of the lobby door and and u is is the velocity of the airflow through the lobby door.

Table 4. Entrainment rate of air and mass loss rate of ethanol.

: : My

Case m, (g/s) mg (g/s) -
me

Al 14.8 5007.1 338
A2 34.9 6680.7 192
B1 14.6 5100.2 349
B2 34.6 6765.9 195
Cl 14.5 4956.5 341
C2 35.6 6656.7 187
D1 14.6 4798.3 328
D2 34.1 6287.8 184
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Table 4 presents the entrainment rate of air and the burning rate of ethanol. The ratios of the air
entrainment rate to the ethanol burning rate for all cases are far greater than 15.09, which indicates that
the combustion is fuel-controlled and the combustion coefficient are the same for all cases.

Therefore, the HRR of the fire source for all cases can be expressed as follows

Q = M, AH (17)

where A is the combustion coefficient, 0.92. AH is the complete heat of combustion, 26.8 kJ/g.

As mentioned earlier, the floor with open doors divides the stairwell into two parts, a lower and an
upper region. When hot smoke arrives at the opening floor, most of the smoke and heat will be vented out
through the door due to the stack effect. Thus, the equivalent HRR Q;; for the hot smoke in upper region
needs to be corrected.

For simplicity, heat transfer from a fire plume to surrounding walls was ignored, so that the HRR of
the fire source can be expressed via the temperature rise and the velocity of the smoke plume as follows

Q o C,pATAU (18)

The velocity of the smoke plume can be expressed as the difference in density between the plume

and ambient air, as follows
A
U / g sz (19)

2o _pa _T-l (20)
p P Ty

Substituting Eq. (20) into Eq. (19) gives

’ AT
a

Introducing the Boussinesq approximation and combining Egs. (11), (18) and (21) gives

From the ideal gas law

3 3
3 NG
0" (ﬂ)z Az (22)
T,) \ D5
The correction coefficient n of the HRR for the upper region can be expressed as follows
3
* 2
=2 (A (23)
Q*  \AT;

where AT, is the rise in temperature between the smoke plume on the opening floor and ambient air
and ATy is the rise in temperature between the smoke plume on the fire floor and ambient air.
Combining Egs. (3), (4) and (23) gives

s _3pH,
n= 0" =e 2D (24)
3BH,
Q‘;=UQ* =e_2BDQ’k (25)
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where H,, is the height from the fire source to the upper open doors. Therefore, the relationship between
normalized time and normalized height can be expressed as follows

(26)

where t’ is the travel time for a smoke plume front from the fire source to the upper open doors; C;,
Cy, 71, and y,, are constants of smoke travel time.
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Fig. 10. Relationship between normalized rise-time and normalized height in the stairwell

Fig. 10 shows the relationship between normalized time and normalized height. The experimental
results are well fitted with Eq. (26), which has correlation coefficients are greater than 0.98. A comparison
of the coefficient y for the full-scale experiment with those for a few previous studies is presented in the
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Table 5. It can be seen that the coefficient y in the open condition is smaller than in that the closed
condition. Because of the block effect of the stair treads, the coefficient y for the stairwell is larger
compared to that for the shaft, indicating lower velocity of hot smoke in the stairwell. While in a closed
condition, the coefficient y for the full-scale stairwell are smaller than that for the shaft. This is because
the movement of the upper smoke in the full-scale stairwell is boosted by the lower smoke, leading to an
increase in velocity. The comparison of the coefficient y for the full-scale experiments with that for some

small-scale experiments shows that the resistance influencing the traveling of the smoke plume is smaller
in the full-scale stairwell.

Table 5. Fitted values of y for different studies.

Parameters Full-scale stairwell Small-scale stairwell[18] Shaft[14]
Open . Closed. Open Closed Open Closed
(lower region)  (upper region)
y 0.968 1.426 1.203 2.129 0.667 2

Combining the equations in Fig. 10, the integrated correlation between normalized rise time and
normalized height can be obtained as follows

12.72 (5)
(fTy=1 P

e -d (Z _ Hu)1.426
.751n D
38Hy

Wheren = e 2 b . A comparison of the experimentally measured normalized rise time and the calculated
normalized rise time using Eq. (27) was conducted, and the linear regression analysis is presented in Fig.
11. The results show that Eq. (27) provides good predictions for the rise time of the smoke plume front,
and the maximum error is less than 20%.
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0.968
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Fig. 11. Comparison of the experimentally measured and the calculated values using Eq. (27)
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4. Conclusion

In this study, a series of full-scale experiments were carried out with varying heat release
rates and varing opening locations (floors with ventilation openings) to study the transport
phenomena and stratification of hot smoke in a stairwell.

The experiments show that the flame of the pool fire inclines away from the side lobby door,
as it is pushed by the side air entrainment. The strength of stack effect initially increases, then
decreases as the opening height increases. The distribution of hot smoke in the stairwell is uniform
because of the stair treads. The rise in temperature of the hot smoke in the stairwell can be divided
into a lower and an upper region, depending on the location and attenuation effect of the upper
opening. In the lower region, both the stack effect and turbulent mixing play important roles in
the movement of hot smoke, in contrast, in the upper region, turbulent mixing plays a significant
role. The equivalent heat release rate for hot smoke in the upper region is determined based on
theoretical analysis, and an integrated correlation is proposed for predicting the rise time of the
smoke plume in the stairwell. A comparison of the coefficient y of the full-scale and small-scale

experiments indicates that resistance influenceing the traveling of the smoke plume is smaller in
a full-scale experiment. These unique full-scale experiments in a high-rise building provide
crucial experimental data and empirical correlations that are useful in the design of safer smoke
ventilation systems for stairwells.
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