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This study numerically and experimentally investigates the transport phenomena in buoyancy-driven smoke
inside stairwells in a high-rise building. Hot smoke is supplied at the bottom of a small-scale, 2-m high stairwell
prototype, and the smoke velocity and temperature are measured and compared with the corresponding nu
merical results. For all-windows-closed cases, the Fire Dynamics Simulator (FDS) model is used to predict the
smoke velocity and temperature fields, which are found to be in good agreement with the experimental data.
Obstruction caused by the stairs is observed to slow the smoke flow, which results in staggering and repeated
vortical flows in all stairwells, confirmed by flow visualization. The flow path lines and vortex formation of the
smoke inside the stairwells are visualized using the laser-induced fluorescence (LIF) method; these vortical
structures also corresponded to the results of FDS simulation. Furthermore, the effect of heating power (Q) is
investigated in the range of 60–180 W for experiments and 1–4 kW for simulations. Both temperature and ve
locity increase with Q. Having one open window at various building heights is shown to have small effect on the
overall smoke temperature, although having many open windows causes a temperature drop owing to the inflow
of fresh, cool air. Having one open window at various building heights slightly slows the smoke velocity,
although the velocity is significantly decreased when many windows are open. Therefore, the intake of fresh air
slows the overall smoke dynamics. Moreover, the effect of Q in the range of 2–20 MW over building heights of 60,
120, and 240 m is numerically simulated. The rate at which the smoke reaches high elevations is determined for
all-windows-closed and all-windows-open cases based on our parametric studies. The smoke rise time (t) is
shown to be proportional to ~ Q-1/3 for all building heights, which is the same time scale as the one predicted by
the plume theory. However, because of the complex internal geometry of confined buildings including stairwells
and corridors, the magnitude of the smoke rise time for the building is much larger than that predicted by the
plume theory. Therefore, the current experimental and numerical findings may be useful as design guidelines for
building safety engineers.

1. Introduction
In the case of a building fire, toxic smoke poses greater danger to
human lives than the fire itself because smoke can rapidly reach higher
floors owing to its high mobility [1–3]. Therefore, it is critically
important to understand the smoke dynamics under various fire

scenarios considering the fire size and the status of windows, whether
open or closed.
Smoke rise is a buoyancy-driven phenomenon caused by the
expansion of hot smoke, which is lighter than the surrounding air.
Therefore, the density difference between the hot smoke and the sur
rounding air enables the smoke to rise, which creates lower pressure
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Fig. 1. (a) Detailed illustration of the high-rise building prototype used in the experiments. (b) Photograph of the prototype. The temperature and velocity sensors
are inserted inside the stairwell column. (c) Sealed window attached to Room A.

third, sixth, and ninth floors on the smoke temperature and rise time. Ji
et al. [43,44] also investigated the effect of an open vent on smoke
behavior, and Li et al. [45] numerically modeled the smoke dynamics
inside a 35-m-high building using Fire Dynamics Simulators (FDS).
Zhang et al. [46] also used FDS to simulate the smoke dynamics inside a
90-m-tall building.
Despite multiple experimental and numerical studies conducted on
smoke motion inside a building with stairwells, a systematic study with
different open-window scenarios in the various fire-size ranges has not
been reported, especially for a building height greater than 100 m. A
quantitative comparison of the effect of closed and open windows is of
particular interest in studies of smoke dynamics for a building height
greater than 200 m and is therefore, conducted in the present study. We
also investigate whether the smoke rise time differs for various building
heights, which would invalidate the 1/3 power scaling for different
building sizes. A lab-scale prototype 2-m-tall building including stair
wells is introduced to study the smoke dynamics experimentally, as
shown in Fig. 1. This reduced scaling would produce much lower tem
perature and velocity than the actual flow characteristics. Nevertheless,
this reduced-scale experiment has been commonly used as a benchmark
case for numerical and theoretical modeling as the real large-scale fire
experiment is extremely difficult to carry out. In addition, the results
related to this 1/10-scale prototype are easily extrapolated to the actual
scale using the scaling law provided by Ahn et al. [8–10]. Accordingly,
the data from the small-scale experiment are going to be used as vali
dation data for FDS (Fire Dynamics Simulators) numerical simulations.
Upon validation, the use of FDS can be extended to real-scale fires for
further investigation on realistic-scale building fires.
On the first floor of the prototype building, a heat source is installed
with a heating power of 60–180 W; a sensor measuring the temperature
and velocity of the rising smoke is installed on each of the twelve floors.
The experimental results are compared and validated against the FDS
numerical simulations and the numerical predictions are then extended
to a fire size up to 20 MW, which is close to that in actual building fires.
Based on these experimental and numerical results, empirical formulas
describing the smoke rise time are suggested for cases with open and
closed windows. The vortical motion of smoke arising from the spiral
structure of the stairwells is evaluated using the laser-induced

near the heat source. As a result, relatively lower and higher pressure
zones are formed at lower and higher locations of the building, respec
tively, when the heat source is located inside a building. This phenom
enon, referred to as the “stack effect” [4–7], creates air suction at the
bottom of the building, which supplies fresh air to enhance the fire in
tensity. Under this fire scenario, the status of doors and windows plays a
vital role in the amount of fresh air taken in due to the suction power of
the fire, which determines the overall smoke dynamics.
When a fire occurs under open-air conditions, the smoke dynamics
can be well described by the plume theory [8–11] which has been
validated against McCaffrey’s experimental data [12]. However, fire in
an actual confined-fire scenario is of greater interest. Thus, fires occur
ring in compartments, horizontal hallways, vertical shafts or lifts,
ventilation systems, and atriums have been thoroughly studied by
various investigators using simplified models [13–32]. Unfortunately,
however, the smoke motion in a building fire is much more complex
than that in a simple cylinder because the former involves motion
around complex geometries such as, for example, stairwells, which are
spiral in shape [33–46]. The presence of stairwells causes a spiral motion
of the rising smoke and thus introduces the longer smoke pathway and
greater drag on flow motion. This motion is further complicated with the
presence, the number and location of open windows.
Sun et al. [34] conducted real-scale experiments on smoke dynamics
in a six-story building including interior stairwells. The vortical motion
of the rising smoke was observed, and the smoke temperature and ve
locity as functions of height were recorded. Ji et al. [35] introduced a
12-m building prototype to experimentally study smoke motion inside.
They concluded that the smoke rise time with increasing height is
inversely proportional to the 1/3 power of the heat release rate or the
fire size. Li et al. [36] used a 12-m building prototype to study the smoke
dynamics in the fire range of 12–94 kW with a window open in the
neutral plane, at which the pressure inside the building is equal to the
outside pressure. In their study, the smoke pressure was equal to the air
pressure outside the building. Shi et al. [38] also used a 12-m building
prototype to study the effect of the open-window location. Ji et al. [41]
used the same 12-m building prototype to study the effects of vent lo
cations, including bottom and top vents, and their effect on the burning
rate of the fire. Ji et al. [40] studied the effect of open vents on the first,
2
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Fig. 2. Grid-refinement studies for (a, c) T, (b, d) w for the heating power Q ¼ 60 W and 180 W, respectively, at z ¼ 0.17 m in the stairwell with the surrounding
temperature of T∞ ¼ 20 � C.

Fig. 3. Detailed structure of each floor of 60-m and 120-m buildings used for large-scale fire simulations (2 � Q � 20 MW).

fluorescence (LIF) technique.

The smoke was generated by a smoke generator (1.2 kW max, liquid
consumption 72 ml/min, FLG-5 Heavy, CHAUVET DJ, Hurricane 1200)
and passed through an electric coil, which provided heat. The smoke was
highly visible when exposed to laser light (wavelength 532 nm, Max.
Power 3 W). An electric coil was situated directly below the hole and
controlled by a variable alternating current (AC) voltage regulator. The
supplied power (P) to the coil can be calculated as P ¼ I⋅V. The coil was
encased by a metal cylinder that was fully insulated to prevent heat
losses. As shown in Fig. 1a, each floor included Rooms A and B con
nected through an open door, through which the smoke traveled on its
way to the stairwells. On the 12th floor, the ceiling was open to enable
the rising smoke to be released. In each stairwell, a sensor (Almemo
FVAD 35 TH4Kx, Ahlborn, Germany) was installed to measure the
temperature and velocity of the rising smoke, as shown in Fig. 1b. The

2. Experiments
2.1. Experiment overview
Fig. 1 depicts the 2-m-tall, 12-floor building prototype used in the
experiments, with exact dimensions of 0.5 m � 0.15 m � 2.0 m. The
prototype was composed of transparent acrylic material to enable
visualization of the rising smoke. The thickness of the acrylic material
was 5 mm, and the thermal conductivity, specific heat, and density
values were 0.2 W/m⋅K, 1.5 kJ/kg⋅K, and 1500 kg/m3, respectively. The
heat source (electric coil) was located at the bottom of the first floor,
from which the smoke was supplied through a hole 5 cm in diameter.
3
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Fig. 4. Comparison between experimental data and FDS computational results for the smoke (a) temperature (T) and (b) velocity (w) at the steady state, in the case
where all windows were closed.

Fig. 5. Smoke characteristics in the case of Q ¼ 60 W (left) and 180 W (right). The distributions of (a) w, velocity in the z-direction, (b) temperature T, (c) density ρ,
and (d) pressure P in the vertical z-direction with all windows closed.

sensor head thickness was 6 mm, small enough not to interfere with the
overall smoke flow pattern inside each floor having a height of 170 mm.
At the outer side of Room A, a window was located, as depicted in
Fig. 1c, that was sealed with aluminum foil to prevent air leak or intake.
This foil seal was removed when the window was open. The total length
of each floor was 0.5 m including Rooms A and B and the stairwell; this
distance was equally divided among the three compartments.

is defined as BR according to Eq. (25) in Moffat [47]:

2.2. Uncertainty evaluation

Bacr ¼ Uacr ¼ uacr k ¼ k
2

�1=2
�
BR ¼ ðBacr Þ2 þ ðBrsl Þ2

Herein, the sensor accuracy has a normal distribution and the stan
dard uncertainty, uacr. It is found by dividing the half-range (σ /2) of the
overall uncertainty (Uacr) by k ¼ 2, which is known as the coverage
factor according to Eq. (18) in Ref. [48]:

σ

(3)

The uncertainty level of Bacr was found to be Bacr ¼ 0.04 m/s for
velocity and Bacr ¼ 0.7 � C for temperature from the sensor specification,
respectively.
The sensor resolution has a square distribution and its standard un
certainty, ursl, is related with the half-range (r¼Δ/2) of Ursl according to
Eq. (7) of Ref. [48]:

Overall uncertainties, (UR)0.95, defined by Eq. (27) of Moffat [47]
involving the temperature (T) and velocity (w) measurements have been
estimated as:
�1=2
�
ðUR Þ0:95 ¼ ðBR Þ2 þ ðtSR Þ2

(2)

(1)

Uncertainty guidelines suggested by Ref. [48] have been used to
compute (UR)0.95. The sensor used (FVAD 35 TH4Kx) is capable of
measuring velocity in the 0.08 � w � 2.0 m/s range with the uncertainty
level of σw ¼ �0.04 m/s and the resolution of Δw ¼ 0.001 m/s. The
sensor had the temperature measurement range of 20 � T � 70 � C with
the uncertainty level of σ T ¼ �0.7 � C and the resolution of ΔT ¼ 0.1 � C.
The bias limit of the sensor and its resolution is defined as Bacr and
Brsl, respectively, and the square root of the sum of their squared values

r
Brsl ¼ Ursl ¼ ursl k ¼ pffiffi k
3

(4)

The value of Brsl from the sensor specification was 0.0006 m/s and
0.06 � C for w and T, respectively. As a result, the bias limit BR is found to
be 0.04 m/s for w and 0.7 � C for T according to Eq. (2).
Prior to all measurements, the heating power was supplied for 90
min to provide a steady-state flow of the surrounding air that ensures
4

C.-S. Ahn et al.

International Journal of Thermal Sciences 157 (2020) 106500

Fig. 6. Transient distribution of the rising smoke for: (a) FDS predictions at Q ¼ 60 W, (b) FDS predictions at Q ¼ 180 W, (c) the experiment at Q ¼ 60 W, and (d) the
experiment at Q ¼ 180 W, with all windows closed in all cases.

supply of stable data for all sensors. After the flow was stabilized,
measurement values were collected for every sensor at every measure
ment with the number of the measurements N ¼ 1800.
In addition, N for each sensor was used to estimate the standard
deviation SR for every measurement. Equation (26) in Moffat [47] is
used as follows:
(
� )1=2
N �
X
∂R 2
SR ¼
Si
(5)
∂Xi
i¼1

kW). The governing equations that includ the continuity, species con
centration balance, momentum and energy balances, and the ideal gas
law [52], read, respectively,

The range of the standard deviation of each measurement for w and T
is 0.002 � SR � 0.038 m/s and 0.02 � SR � 0.88 � C, respectively. Then,
pffiffiffi
the multiplier factor t ¼ 1= N is used to represent the uncertainty of
measurement, uS, based on Eq. (5) of Ref. [48]:
SR
tSR ¼ US ¼ uS k ¼ pffiffiffi k
N

∂ρ
þ r⋅ðρuÞ ¼ 0;
∂t

(7)

∂ρYα
þ r⋅ðρYα uÞ ¼ r⋅ðρDα rYα Þ þ m_ α ;
∂t

(8)

∂ρu
þ r⋅ðρuuÞ ¼ r~p
∂t

(9)

r⋅τ þ ðρ

∂ρhs
Dp
þ q_
þ r⋅ðρhs uÞ ¼
Dt
∂t

(6)

ρ¼

The range of US from Eq. (6) is 0.0002 � US � 0.0018 m/s for w and
0.001 � US � 0.04 � C for T. In conclusion, the overall uncertainty
(UR)0.95 according to Eq. (1) is �0.04 m/s for w and �0.7 � C for T with
the confidence level of 95%.

r⋅q_ 00 ;

pW
;
RT

ρ0 Þg;

(10)
(11)

where Dα is the turbulent diffusion coefficient of species α, g is the
gravity acceleration, hs is the mass-weighted average enthalpy of the
lumped species [49], m_ α is the mass-production rate per unit volume of
species α by chemical reaction, ~
p is the pressure perturbation, q_ is the
heat release rate per unit volume, q_ 00 is the heat flux vector, R is the
universal gas constant, t is time, u is the velocity vector, W is the mo
lecular weight of the gas mixture, and Yα is the mass fraction of species
α. The adiabatic no-slip wall boundary conditions were imposed at the
bottom surface, and an open freestream boundary conditions were used
for the remaining outer surfaces. The initial temperature was T∞ ¼ 20
�
C.

3. Modeling description
3.1. Fire Dynamics Simulator
To solve the Navier–Stokes equations for low-speed, thermallydriven smoke originating from fires, FDS software version 6.7.0 was
used with a Mach number <0.3 [8–10,49–51]. The turbulence was
modeled using the large eddy simulation (LES), and the combustion was
modeled through mixture fraction analysis that presumed immediate
reaction of fuel and oxygen. The radiation transport calculations were
based on a non-scattering gray gas and a wide-band model. The radia
tion model was applied for large-scale fire (i.e., a few MW fires) while
the radiation model was turned off for the small scale fires (i.e., under 1

3.2. Grid convergence studies
A grid-convergence study was carried out for the heat flux with Q ¼
60 and 180 W with the vertical velocity 0.87 m/s at the first floor of
stairwell domain (0.5 m � 0.15 m � 0.17 m) with the heat source size of
5
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Fig. 7. Effect of heating power (or fire size) Q on (a) the experimentally measured temperature T and (b) velocity w and the numerical ones (c) T and (d) w. (e) The
scaled experimental w and (f) the scaled numerical w are compared with the data of Sun et al. [34]. All windows are closed.
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Fig. 8. Effect of open windows at various elevations for Cases 1, 2, 3, and 4. The rising smoke measurements include (a) T at Q ¼ 60 W, (b) w at Q ¼ 60 W, (c) T at Q
¼ 180 W, and (d) w at Q ¼ 180 W. Under these conditions, only one window was open.

0.0016 m2 and the heating power of Q ¼ 60 and 180 W for the first floor
of the prototype building shown in Fig. 1. Grid resolutions of 24 � 11 � 8
(2,112 nodes), 47 � 22 � 16 (16,544 nodes), 94 � 43 � 32 (129,344
nodes), and 188 � 86 � 64 (1,034,752 nodes) were adopted as coarse,
medium, medium-fine, and fine cases, respectively. It should be
emphasized that FDS is a sub-grid scale (SGS) model that addresses
important small-scale thermo-physical phenomena without resolving
the small scale grid resolution. Physical and statistical models are
implemented to address the small-scale flow physics, such as small
eddies, swirls, and vortices [53–57].
Fig. 2 indicates that the medium-fine grid resolution was sufficient to
resolve both temperature (T) and rising velocity (w) accurately for both
Q ¼ 60 and 180 W, which has yielded the grid spacing of Δx ¼ 0.0053,
Δy ¼ 0.0035, and Δz ¼ 0.0053. All data were acquired at the center of
stairwell at z ¼ 0.17 m. The bottom surface of the domain was specified
as a no-flux (except at the heat source), perfectly insulated wall with noslip conditions. Only upside of stairwell was opened for air to exit
through all the walls. The initial air temperature and pressure were fixed
at T∞ ¼ 20 � C and P∞ ¼ 1 bar, respectively. Simulations up to t ¼ 900 s
produced the grid-converged solutions between the medium-fine and
fine resolutions.

� 43 � 384, which is about 1.55 � 106 nodes. Rectangular meshes with
uniform interspace distance were used for all computations. No-slip
boundary conditions were used for all walls, which were similar to the
actual acrylic material. As a result, any possible heat loss through the
acrylic wall was considered, just as that in actual cases. The radiation
effect was neglected for small-scale fires with Q < 1 kW. All computa
tions were conducted up to t ¼ 3600 s, and the steady state was reached
at t ¼ 3000 s.
3.4. Computational details for large-scale fires
The numerical simulations were extended to large-scale fires once
the FDS results were validated for the small-scale sets of experiments.
Large-scale fire simulations are more realistic because the fire power is
in the 2 � Q � 20 MW range, and the building height reaches up to 120
m with 30 floors. Two sets of numerical simulations were conducted.
The first included a 15-story building, 60 m in height with exact di
mensions of 2.8 m � 10.0 m � 60 m, and the second included a 30-story
building, 120 m in height with exact dimensions of 2.8 m � 10.0 m �
120 m. For these, the total number of computational nodes was 28 �
100 � 600 (1.68 M nodes) and 28 � 100 � 1200 (3.36 M nodes),
respectively. The length of each floor was 10 m, which was divided into
a 3-m corridor with a window, shown as the room at the far left of Fig. 3;
a middle room of 1.5 m; and a stairwell of 5.5 m shown at the far right in
the figure. All stairwells were connected in a spiral structure through
which the smoke ascended. The dimensions of the open area of each
stairwell was 4.1 m � 2.8 m, and all windows and doors were equal in
size of 1 m � 2 m. Two air inlet sources were installed for all floors; one
is the open stairwell through which smoke travels in a spiral pattern and
the other is the window installed at the very end of the hallway, as

3.3. Computational details for small-scale fires
In this study, “small-scale fire” refers to that in the prototype
building shown in Fig. 1, with the dimensions of 0.5 m � 0.15 m � 2.0
m. Because the prototype is a 12-story building, the height of each floor
was approximately 0.17 m. The length of Room A, Room B, and the
stairwell was each 0.17 m; the width of the entire structure was 0.15 m.
The total number of computational nodes used for this geometry was 94
7
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Fig. 9. Effect of open windows at various elevations for Cases 5, 6, and 7. The rising smoke measurements include (a) T at Q ¼ 60 W, (b) w at Q ¼ 60 W, (c) T at Q ¼
180 W, and (d) w at Q ¼ 180 W. Under these conditions, only one window was open.

illustrated in Fig. 3a.
The fire size, or heating power, ranged from 2 to 20 MW; octane was
used as the fuel. Rectangular meshes of uniform interspace distance
were used for all computations. No-slip boundary conditions were used
for all walls, which were treated as actual concrete. As a result, any
possible heat losses through the concrete wall were accounted for, just as
that in actual cases. The radiation transport calculations based on a nonscattering gray gas and a wide-band model were used for large-scale
fires (i.e., a few MW fires). The concrete wall thickness was 0.2 m,
and the thermal conductivity, specific heat, and density values were 1.7
W/m⋅K, 0.9 kJ/kg⋅K, and 2300 kg/m3, respectively. The surrounding air
temperature was set at 20 � C. All computations were conducted up to t ¼
7200 s, and the steady-state was reached at t ¼ 5400 s, beyond which the
fires were assumed to be fully developed. The growing/developing or t2
fire growth curves [58] were not considered for data acquisition.

of a few m/s. Both experimental and FDS simulation data provide the
rising velocity less than 1 m/s. The FDS results tend to over-predict the
rising velocity for both Q ¼ 60 and 180 W because the FDS model underestimates the significance of the wall boundary layer during a very slow
flow such as w < 1 m/s. Both the T and w values were highest at the
locations closest to the heat source (z → 0); both thermal energy and
momentum dissipated along the building height. When the fire power
increased from Q ¼ 60 W to 180 W, both the T and w values increased.
Fig. 4a shows that FDS prediction agreed well with the experimental
data, and Fig. 4b shows that the FDS predicted a sudden increase in
vertical velocity at z ¼ 0.25 m. The smoke motion was steady and slow
from the heat source and across the hallway on the first floor. However,
the smoke motion accelerated when the smoke reached the stairwell.
This was expected because the stairwell was designed to create suction
owing to the stack effect, which exists only in the vertical direction
because of the buoyancy force. This stack effect, or chimney effect, ex
plains the sudden increase in the smoke velocity shown in Fig. 4b. Then,
the smoke motion slowed, while traveling through the building because
of momentum dissipation at the walls and stairs, even though the ve
locity did not reach zero at the building top (z ¼ 2 m). FDS tended to
over-predict the smoke velocity, with the prediction deviating from the
experimental data in the upper locations of the building (z � 0.5 m). In
experiments, the smoke flow was turbulent even at this low heating
power of Q ¼ 60 W, and the complexities were magnified by obstruc
tions in the spiral stairwells. When all windows were closed, the airsuction effect through the stairwell was over-predicted by FDS. This
deviation can be attributed to the pressure boundary condition at the
inlet and outlet, which enhanced the pressure drop ΔP.
Fig. 5 compares the fields of velocity, temperature, density, and
pressure in the rising smoke in the stairwells at various vertical

4. Results and discussion
4.1. Experiment and modeling for all-windows-closed case
Fig. 4 compares the experimental data and FDS results for the rising
smoke temperature and velocity at the steady state. All building win
dows were closed, and the ceiling at the top floor was the only outlet for
the smoke, as depicted in Fig. 1a. Both the temperature (T) and vertical
velocity (w) decreased with an increase in the vertical elevation (z), as
measured by the installed sensors shown in Fig. 1b. The range of w is
moderately low, which corresponds to the moderate fire heating power
of Q ¼ 60 and 180 W, especially when the flow is confined in a reducedscale building prototype. In a large-scale with a few MW-power fires, the
rising velocity of the smoke away from the building wall is in the range
8
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Fig. 10. Transient distribution of the rising smoke for (a) the FDS predictions at Q ¼ 60 W, (b) the FDS predictions at Q ¼ 180 W, (c) the experiment at Q ¼ 60 W, and
(d) the experiment at Q ¼ 180 W when all windows were open. Also shown is a comparison between the experimental data and the FDS results for smoke: (e)
temperature (T) and (f) velocity (w) in the steady state with all windows open.

elevations for Q ¼ 60 W (left) and 180 W (right). Fig. 5a shows that a
higher velocity w results from a more powerful fire (a higher Q). The
velocity alternated while the smoke flowed through the spiral stairwell
structure in the vertical direction. In Fig. 5b, a higher temperature T also
results from a more powerful fire (a higher Q). A temperature reduction
with the ascent of smoke in the spiral stairwells is clearly visible. In
Fig. 5c, the smoke density is shown to increase toward the top of the
building. The rising smoke cools, which increases its density, and the
heat dissipates through the surrounding walls. It is noted that accumu
lation of smoke products such as soot cannot be the reason for the
density increase at higher locations because soot was not modeled
during simulations. The pressure distribution is shown in Fig. 5d.
However, because the pressure difference between the top and bottom
positions remained less than ΔP ¼ 1 Pa, whose effect is quite insignifi
cant. The increase in pressure at the bottom is attributed to hot air
expansion in a confined area. A typical stack pressure distribution, with
low values at the bottom and high values at the top, would have resulted
if the stairwells had mimicked a typical shaft flow with reasonably
strong buoyancy or fire size. As follows from Fig. 5, the buoyancy force
was moderate in the present case, thus, a strong stack effect was not

observed.
Fig. 6 compares the images of the rising smoke obtained during the
experiments in comparison with those from the FDS simulations. The
smoke reached the top of the building within t ¼ 15 s for the experiments
and the FDS simulations. Thus, the results are in good agreement qual
itatively. When the fire power was greater (Q ¼ 180 W), the smoke
reached the top faster because a stronger buoyancy force was presented.
As shown in Fig. 4b, FDS slightly overpredicted the rate of smoke rise,
which is consistent with what was qualitatively presented in Fig. 6.
4.2. Experiment and modeling of the effect of fire power Q with all
windows closed
The modeling results were validated against the experimental data
given in the previous section 4.1 for the case with all windows closed. In
the present section, the effect of heating power (Q) on T and w is
investigated. The range of the heating power was 60 W � Q � 180 W for
the experiments and 1 kW � Q � 4 kW for the FDS simulations, the latter
was done to extrapolate the results to real buildings. An experiment for
Q beyond 180 W was impossible because of melting of the acrylic
9
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Fig. 11. Time series images of the rising smoke inside a transparent building with stairwells in Case 7: (a) angle view; (b) side view.
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Fig. 12. Temperature (T) and velocity (w) distribution along the log-scale z-direction for large-scale fires inside buildings of 60 m, 120 m, and 240 m in height. (a) T
and (b) w inside the 60-m building, (c) T and (d) w inside the 120-m building, (e) T and (d) w inside the 240-m building. Both w and z were scaled by Q1/2 and Q2/5,
respectively, for data collapse onto master curves. These computational FDS results were compared with the empirical data for the open-air plume by McCaffrey [12].

material.
Fig. 7 shows that both T and w decreased with distance from the heat
source at z ¼ 0 m, with both the thermal energy removed through the
walls and momentum dissipating in the vertical direction. In addition, a
larger fire power Q induced a higher temperature T and velocity w for
both experiment and the FDS predictions, as shown in Fig. 7a–d. When z
was scaled with Q2/5, the results for both T and w could be collapsed on a
single master curve; see Fig. 7e and f, which includes the experimental
data of Sun et al. [34]. In the experiment of [34], the stairwell column

(or shaft) was completely confined except for the bottom first floor inlet
and the top sixth floor outlet. Thus, the building structure of Sun et al.
[34] was very similar to the present scenario under the
all-windows-closed conditions. Therefore, a comparison between the
data of Sun et al. [34] and the present simulations is relevant.
The sudden increase in velocity w near the heat source is explained
by the initial suction of the smoke at the first floor stairwell, followed by
a decrease in w with distance from the heat source. It is interesting to
note that Sun et al. [34] observed a similar trend, even though their fire
11
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Fig. 13. Time-averaged steady-state temperature (T) and velocity (w) distributions in the rising smoke inside the 60-m-tall building with varying fire power Q from 2
to 20 MW with the all-closed windows (left) and all-open (right) windows.

size was on a much larger scale (0.5 � Q � 0.9 MW). This initial air
suction effect was fully revealed in the FDS simulations, as shown in
Fig. 7d and h. In Fig. 7g–7h, the effect of Q is also apparent, even though
w is scaled by Q2/5, indicating that FDS captured this initial air suction
phenomenon quite accurately. When the data of Sun et al. [34] were
plotted using the same scale as that of the FDS results, the air suction
effect appeared to be nonexistent for T and moderate for w, as shown in
Fig. 7g and h, respectively. Although this suction effect is authentic, it
could be difficult to capture in a very large-scale fire with sparse data. It
should be emphasized that a moderate flow speed (�1 m/s) had minor
effect on the temperature, particularly on a temperature scale of 102 � C
(Fig. 7g).

eleventh floors, respectively. The smoke temperature (T) and velocity
(w) in Cases 1, 2, 3, and 4 are compared with their counterparts in the
all-windows-closed case shown in Fig. 4. As can be seen from this
comparison, both T and w in the one-window-open cases did not deviate
substantially from the values in the all-windows-closed case. Thus, it is
safe to conclude that one open window does not alter the overall pat
terns of both T and w regardless of the open-window location. The effect
of the intake fresh air by one window was insignificant for the overall
flow characteristics. This trend was consistent regardless of the fire
power Q.
Fig. 9 compares the temperature and velocity of the rising smoke for
different open-window scenarios. Case 5 refers to five open windows at
the second, third, fourth, fifth, and sixth floors. Case 6 refers to six open
windows at the seventh, eighth, ninth, tenth, eleventh, and twelfth
floors. Case 7 refers to all windows open except for the one at the first
floor. These cases were compared with the all-windows-closed case
shown in Fig. 4. Opening five, six, or eleven windows caused a tem
perature drop, as shown in Fig. 9a and c. The temperature drop was
largest for Case 7, which had eleven open windows, because a greater
volume of fresh, cool air was taken in. Similarly, the velocity decreased
substantially for these open-window cases. As shown in Fig. 9b and d,
the velocity drop was also greatest for Case 7, owing to the large volume
of fresh air taken in through the eleven open windows. This air intake

4.3. Experiment for the effect of open windows
The effect of the number of open windows (or opening ratio) on flow
characteristics has been addressed in this section. In Fig. 8, only one
window was opened at different floors, while in Fig. 9, the case of the
greater number of open windows was explored and compared with the
all-windows closed case.
Fig. 8 compares the experimentally measured temperature and ve
locity of the rising smoke for different open-window scenarios. Cases 1,
2, 3, and 4 refer to one window open at the second, fifth, eighth, and
12
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Fig. 14. Time-averaged steady-state pressure (P) and density (ρ) distributions in the rising smoke inside the 60-m building with varying Q from 2 to 20 MW in the allwindows-closed (left) and all-windows-open (right) cases.

decelerated the buoyancy-driven smoke rise and eventually stopped the
air flow. For the fire power of Q ¼ 60 W and Q ¼ 180 W, the flow was
completely stopped and became stagnant beyond at z � 0.75 m and z �
1.3 m, respectively. It is noteworthy that for Case 5, the velocity
reduction was nearly zero, as compared with the all-window-closed case
(Fig. 9b and d). This result indicates that the air suction at the lower
floors was insignificant; most of the air intake originated from the upper
floor, which eventually slowed the smoke motion. This is demonstrated
in Case 6. It should also be emphasized that the overall velocity shown in
Fig. 9d is greater than that in Fig. 9b because of the greater Q.
In summary, when the number of open windows exceeds five, the
location of the open windows had a significant impact on w. The overall
temperature T reduced with opening windows, but the location of the
open-windows had no effect on T. The chimney or stack effect has not
been simulated because the temperature and pressure difference be
tween the building inside and outside is insignificant. The outside
temperature was set to T∞ ¼ 20 � C, and thus, the stack effect was
minimized with relatively small temperature difference between inside
and outside the building. The pressure difference between inside and
outside remained well below ΔP < 10 Pa, which is too small to drive a
visible stack effect in the entire building and thus the NPP (neutral plane
position) is essentially non-existent.

4.4. Experiment and modeling for the all-windows-open case
Fig. 10 compares the smoke rise images obtained during the exper
iment and predicted using the FDS simulations for both Q ¼ 60 W and
180 W, with all windows open. The qualitative and quantitative com
parisons are shown in Fig. 10a–d and Fig. 10e and f for temperature T
and velocity w, respectively. Both the temperature T and velocity w
profiles revealed an excellent agreement between the experimental data
and the FDS predictions in the present all-windows-open case. A suffi
cient supply of air through the open windows quickly diminished tem
peratre T and velocity w in the z-direction, which is different from Fig. 4
for the all-windows-closed case. When all windows were closed, the flow
inside the stairwells exhibited the characteristics of a shaft flow, which
facilitates constant axial velocity. However, as shown in Fig. 10 for the
all-windows-open case, the flow more closely resembled a classical
plume flow under open-air condition. Thus, the plume quickly weak
ened because of the entrainment of the surrounding air and reached
stagnation. This plume weakening was very effectively predicted using
the FDS simulations, with the results being in good agreement with the
experimental data. Therefore, the accuracy of both the computations
and experiments is cross-corroborated.
Fig. 11 shows time series images of rising smoke inside a building
prototype at the sixth and seventh floors. Fig. 11a and b shows the angle
13
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Fig. 15. Cross-sectional view of the 120-m building at the 15th and 16th floors, depicting the streamlines of smoke flow inside the corridor, middle room,
and stairwells.

and side views of the building with rising smoke inside. Movies S1, S2,
and S3 show the complexities involved in the smoke flow inside this
building. Movie S1 shows the front view of the building width, in which
the smoke rotates in the spanwise direction on every floor while moving
upward. Thus, this flow pattern differs significantly from the classical
plume arising under open-air conditions. Movie S2, which includes
images from Fig. 11a, shows that the rising smoke traveled along the
ceiling on every floor and entirely filled Rooms A and B. The smoke
traveled along the ceiling and rotated inside each room. Then, it infil
trated the next room, and this vortical flow pattern was repeated. Upon
contact with the window, the smoke escaped outside. At the same time,
fresh, cool air was drawn into the rooms and diluted the smoke, which
eventually resulted in decrease in the smoke temperature and velocity.
These videos for the first time provide an insight into the smoke flow
inside a building equipped with stairwells.
Supplementary video related to this article can be found at
https://doi.org/10.1016/j.ijthermalsci.2020.106500
Supplementary video related to this article can be found at
https://doi.org/10.1016/j.ijthermalsci.2020.106500
Supplementary video related to this article can be found at

https://doi.org/10.1016/j.ijthermalsci.2020.106500
4.5. Modeling of the large-scale fires
The numerical simulations were extended to larger-scale fires with
heating power in the 2 � Q � 20 MW range. Fig. 12 compares these
numerical results for the large-scale fire inside a building with the
empirical data of McCaffrey [12], which is available for only the clas
sical plume under open-air conditions. This comparison quantitatively
shows various deviations of the building smoke characteristics, as
compared to the open-air plume data of McCaffrey [12]. The results for
buildings of H ¼ 60, 120, and 240 m in height deviated significantly
from the empirical fits of McCaffrey [12]. This result was expected
because the smoke dynamics are inherently different under open-air
conditions from those inside buildings, in particular, when the build
ing geometry is complex and includes stairwells, hallways, and win
dows. As shown in Fig. 12, for most locations in the z-direction, both
temperature T and velocity w were lower when the building windows
were open because the intake of fresh air slowed down and cooled the
smoke. These numerical patterns did not differ significantly from those
14
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Fig. 16. Smoke rising time (t) for various fire powers (sizes) Q inside buildings of (a), (b) H ¼ 60 m, (c), (d) H ¼ 120 m, and (e), (f) H ¼ 240 m. The left and right
columns correspond to the all-windows-closed and all-windows-open cases, respectively.

revealed for smaller-scale fires in Figs. 7 and 9, under the conditions of
all-closed and all-open windows, respectively.
Fig. 13 compares the temperature T and velocity w distributions in
the all-windows-closed and al-windows-open cases. It should be
emphasized that the distributions presented herein are the timeaveraged steady-state solutions. It is clear that the smoke dynamics
corresponding to the closed-windows case revealed higher velocities at
the same fire power because the flow in this case exhibited the charac
teristics of a shaft flow with only one inlet and one outlet. However,
when all windows were open, the flow inside resembled a plume flow
under open-air conditions, which facilitates suction of cold air into
plume and thus diminishes the buoyancy force and decelerates the flow.
As a result, both temperature T and velocity w are diminished in the
open-windows case in comparison with the closed-windows case.
Although the temperature T distribution was relatively uniform on each

floor, the velocity w distribution exhibited a zigzag or alternating
pattern determined by the repetition of acceleration and deceleration
near the corners of the stairwell.
When the fire power Q increased, both T and w increased because
they acquired a higher-power source thermal energy and thus, were byproducts of a higher buoyancy force. In principle, the temperature could
be as high as 1000 � C (Fig. 12a, c, and e), although T of about 300 � C in
some regions (Fig. 13a), and a maximum velocity of 4 m/s were
observed here (Fig. 13b). When Q � 5 MW, the temperature at the top
floor was virtually at the level of room temperature (Fig. 13a). However,
smoke reached the top floor because velocity w was sufficiently high
even at this relatively low fire power (Fig. 13b). As a rough estimate, the
smoke traveled at speeds greater than 1 m/s when Q � 2 MW. Accord
ingly, it took less than 102 s for smoke to reach the end at a height of 102
m. This rapid smoke motion is certainly threatening to human life.
15
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Fig. 17. Smoke rising time with a scaled horizontal axis for data collapse.

were closed (left), the pressure distribution inside the stairwell was
similar to that in a typical shaft flow, which is dominated by the stack
effect. A low-pressure region is formed at the low levels because of the
buoyancy force (generated by fire), which heats up and lifts air. The low
pressure at the fire source draws in more fresh air. On the other hand,
the heated air is buoyant but experiences cooling because of the heat
transfer into the building walls. As a result, smoke is densified, and the
pressure increases toward higher floors. This pushing force is sufficiently
high to release smoke into an open atmosphere outside (at P ¼ 0 Pa, the
gauge pressure). In the open-windows case (right), the pressure distri
bution between floors did not differ significantly; however, pressure
alternated at the stairwell at the same level because of the swirling
vortical smoke motion. Such velocity alternation caused the pressure
variation. In the open-window case in Fig. 14a, the smoke flow was
similar to a plume flow under open-air conditions, and thus, the typical
shaft flow characteristic of the stack effect was absent.

Table 1
Values of the constants C1 and C2 in Eq. (12) at different building heights.
H [m]
60
120
240

Closed

Open

C1

C2

C1

C2

15
19
25

0.8
0.8
0.8

7
1.2
0.005

1.2
1.8
3.3

Although the smoke temperature was not life-threatening at the top
floors, the smoke itself, with its great mobility, is dangerous.
Fig. 14 shows the pressure and density distributions for the allwindows-closed and all-windows-open cases. Overall, the difference
between the maximum and minimum pressure was nearly ΔP ¼ 15 Pa,
which is high enough to cause a moderate pressure-driven flow. Fig. 14a
ascertains the differences between the two cases. When the windows
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Fig. 18. Log–log plots of t versus Q for (a) 60-m, all-closed; (b) 60-m, all-open; (c) 120-m, all-closed; (d) 120-m, all-open cases; (e) 240-m, all-closed; (f) 240-m, allopen. The scaling exponent of -1/3 shown for comparison is based on the plume theory for an open-air surrounding.

Fig. 14b shows that the density distributions of the closed-window
and open-window cases were quite similar, except for some minor de
tails inside the corridor and middle room through which fresh air was
supplied when the windows were open. This density distribution was
consistent with the temperature distribution in Fig. 13a. The smoke
density was higher at higher floors because temperature was lower,
which densified air. Conversely, the smoke density was lower at lower
floors because the temperature was higher there, which expanded air
and lowered its density.
Fig. 15 shows cross-sectional view of the 120-m building at the 15th
and 16th floors with the instantaneous trajectories of smoke flow inside
the corridor, middle room, and stairwells spaces. The alternating pat
terns of the flow shown in Figs. 13 and 14 are the direct result of the
vortical structure manifested by the streamlines in Fig. 15a. The com
plex internal geometry inside the building induced several vortices not

only near the stairwells but also near ceilings, doors, and windows. This
vortical smoke structure shown in Fig. 11 was visualized using the LIF
(laser-induced fluorescence) method. It shows that fresh air is supplied
through the windows and, at the same time, smoke also escapes through
the windows, which is responsible for the vortical flow structure. This
phenomenon was also predicted numerically; cf. Fig. 15b. In addition,
the temperature distribution presented in Fig. 15c confirms that the
rising hot smoke undergoes cooling when moving from the low to higher
floors. A cooler air is supplied through the hallway bottom from the open
windows and the hot smoke escapes from the stairwell to the windows
through the upper half of the hallway. In Fig. 15d, the heavier cooler air
is present in the lower half of the hallway, while the lighter hotter smoke
is presents in the upper half of the hallway.
The alternating flow field was induced through the alternating
structure of the stairwells, as shown in Fig. 15a. Therefore, the flow
17
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windows case).
Ji et al. [35] reported the slope of the difference of the smoke rising
time (t) on the fire power (Q) on a log–log scale plot for smoke flow
inside closed stairwells. They found that the slope was approximately
-1/3, which yields the scaling t ~ Q-1/3 for the building height of H ¼ 12
m. Fig. 18 reveals a trend similar to the scaling of Ji et al. [35] for the
smoke rising time with respect to the fire power in the 2 � Q � 20 MW
range. The exponent in the power-law here is approximately the same as
that reported by Ji et al. [35].
Overall, the smoke rising time was longer in the open-window cases
than that in the closed-window cases for all locations except z ¼ 4 m for
the building heights of H ¼ 60, 120, and 240 m. At the lowest floors (z ¼
4 m), no difference in t was noted between the closed- and open-window
cases. However, the value of t increased significantly for the openwindow cases because the fresh intake air slowed down the ascending
smoke flow. In the open-window cases, the data deviated from the fitting
lines, as seen in the cases of z � 52 m, z � 84 m, and z � 132 m in
Fig. 18b, d, and f, respectively, at low fire powers of Q ¼ 2 and 5 MW.
Thus, one should be aware that the rough estimate based on the fitting
lines is inapplicable when the building is tall, and the fire power is low.
Because the fitting significantly underpredicted the smoke rising time,
either experimental data or numerical simulation must be used for a
reasonably accurate prediction in such a case.
Fig. 19 shows the scaling corresponding to the plume theory, which
predicts the exponent of -1/3, as per integration of the following kine
matic equation

Fig. 19. Log–log plots of t versus Q in comparison with the plume theory with
the scaling exponent of -1/3. Note that the plume theory is based on an open-air
surrounding.

inside the stairwell column was completely three-dimensional, which is
visually confirmed in Movie S1. The smoke was spreading not only in the
vertical direction but also in the spanwise and helical directions. As a
result, one should keep in mind that the smoke rise time is longer in a
complex building than that in an open-air structure or in a silo with no
obstructions present.

�1=3
�
dz
βgQ
¼ wmax ðzÞ ¼
;
dt
ρcz

where β is the thermal expansion coefficient of the gas, c is the specific
heat of the gas at constant pressure, ρ is the gas density, and g is the
gravity acceleration. Equation (13) yields after integration: t ¼ (3/4)⋅z4/
3
⋅(ρc)1/3⋅(βg)-1/3⋅Q-1/3 which reveals that t ~ z4/3 and t ~ Q-1/3. The
dependence of t on Q is plotted in Fig. 19. The slope is -1/3 for all z
values and thus t ~ Q-1/3. The latter shows that the smoke rising time
predicted by the plume theory is in full agreement with the present
numerical results under the open-air conditions. That was also reported
by Ji et al. [35], albeit their stairwells were inside a closed column,
which makes their conclusion quite remarkable. Despite the dramatic
difference in the surroundings between the open-air plume and stairwell
flows, all these cases are still described by the same scaling of t on Q with
the exponent of -1/3. However, this does not mean that the smoke rising
time during building fires can be accurately predicted by the plume
theory. As the comparison of Figs. 18 and 19 shows, the magnitude of t
predicted by the plume theory is significantly smaller than that of the
building fires.

4.6. Smoke rising time
Fig. 16 compares the smoke rising time (t) for various fire powers
(sizes) Q when all windows are closed and open, where the first, second,
and third row correspond to building heights of H ¼ 60, 120, and 240 m,
respectively. Clearly, t was much longer when all windows were open for
all building heights because the rising smoke lost momentum for an
increased suction of fresh air. Furthermore, when Q was larger due to a
greater heating power, the fire-produced buoyancy force was higher and
thus t was shorter, as the smoke rapidly reached the top of the building.
This pattern is revealed in Fig. 16 for all building heights in both the
closed-window and open-window cases. Overall, for a fire power in the
Q � 2 MW range, when all windows were open, the smoke rising time
was approximately t ¼ 102 s for H ¼ 60 m; t ¼ 103 s for H ¼ 120 m, and t
¼ 104 s for H ¼ 240 m. For a fire power in the Q � 2 MW range, when all
windows were closed, the smoke rising time was approximately t � 150 s
for H ¼ 60 m, t � 400 s for H ¼ 120 m, and t � 1200 s for H ¼ 240 m.
Fig. 17 shows the collapsed data of Fig. 16 plotted versus z4/3⋅Q-1/3 to
yield an empirical formula that estimates the smoke rising time, t, for
various building heights H and fire powers Q. The exponents of -1/3 and
4/3 for Q and z, respectively, were first adopted from Ahn et al. [8–10],
but were later modified with the constants, C1 and C2 to present an
averaged dashed line for various cases in Fig. 17 as
�
t ¼ C1

z4=3
Q1=3

�C2

(13)

5. Conclusion
The smoke dynamics in a confined building under various openwindow scenarios were studied numerically and experimentally in
model experiments. The numerical results are in good agreement for the
smoke dynamics in a prototype building 2 m in height used in the model
experiment. This validation allowed us to extend the numerical simu
lations to an actual-scale fire power of 2 � Q � 20 MW. In the latter
simulations it was found that the smoke rising time was much shorter for
the all-windows-closed case than that for the all-windows open case. The
smoke motion was slowed when the amount of intake air through open
windows was significant. We found that the smoke rising time depends
on the power Q according to the power-law with the exponent of -1/3
irrespective of the building size when all windows were closed. When all
windows were open, the smoke rising time increased because of the
slowed motion with air intake.
This relation is essentially the same as the one predicted by the
plume theory, which is related to an open-air fire scenario. Therefore,

(12)

It should be emphasized that the units of z are [m], the Q unit [kW],
and the constant C1 for each height is listed in Table 1, where the data in
the first and second columns correspond to the closed-window and openwindow cases, respectively. The data collapse shown in Fig. 17 provides
a simple empirical formula that can be used to roughly estimate the
smoke rising time per given building height. Obviously, it takes longer
for smoke to reach the building top in the all-windows-open case
because smoke entrains an additional fresh intake air. Therefore, the
time range in the vertical axes in Fig. 17b, d, and f (the open-windows
case) is much larger than that in Fig. 17a, c, and e (the closed18
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fires in both closed buildings and open-air structures exhibit similar
smoke rising time characteristics. However, one should be aware that
the magnitude of t predicted by the plume theory is significantly smaller
than that of the building fires, rendering a conservative estimate for the
smoke rising time. These findings can be useful for fire safety engineers
who seek to estimate smoke rising times.
Although the experimental and numerical studies in the present
work revealed that the smoke motion was slowed with opening win
dows, the present work does not suggest that opening a window is
favorable for real fire-fighting scenarios because opening it would
intensify fires by providing more oxygen. It should be emphasized that
some caution should be taken in interpreting the present findings.
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