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Abstract. This work assessed the impact of ventilation on both weather- and fire-in-

duced stack effect in an 18-story high-rise office building. Elevator shafts are consid-
ered the main route of vertical air movement. Pressure distribution induced by cold
weather within the elevator shafts was calculated theoretically. Computational fluid
dynamics simulations of fire in the same high-rise building under different ventilation

conditions were carried out with a fire dynamics simulator. It was found that ventila-
tion exerted a more complex impact on fire than the weather-induced stack effect.
For the weather-induced stack effect, the ventilation condition of the building only

affected the height of the neutral pressure plane; in fire situations, it did not only
affect the height of the neutral pressure plane in a similar manner to the weather-in-
duced stack effect, but also influenced temperature and pressure distributions in the

elevator shafts. The smoke movement and the distributions of temperature and pres-
sure in elevator shafts are also learned. The smoke movement in high rises experi-
enced four typical stages after ignition. The ventilation condition of the fire floor
influences gas flow into elevator shafts, while that of the upper floors impacts the

smoke rise speed in vertical shafts. When the stack effect finally reaches steady state,
the gas temperature in the shaft decreases exponentially with height. Based on this
assumption, a theoretical model was presented to characterize the fire-induced stack

effect in typical high rises. Results showed that the model successfully predicts the
pressure distribution in high-rise buildings.
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1. Introduction

China is currently undergoing a rapid urbanization process, which has resulted in
the continuous construction of high-rise buildings in large cities to stack huge
numbers of homes and offices into limited space. High buildings tend to experi-
ence more stack effect problems than lower counterparts. Specifically, stack effect
was shown to affect multiple phenomena in high-rise buildings, including addi-
tional energy loss caused by airflow, extensive smoke spread in case of fire, and
loud noise resulting from air flowing through the cracks [1].

Stack effect is initially a building design issue. The basic theoretical analysis of
stack effect is well known [2]. The pressure difference throughout a building is
related to its temperature and elevation, as expressed by the following equation:

DP ¼ Ks
1

T0
� 1

Tl

� �
h; ð1Þ

where Ks = 3460 is a coefficient, T0 and Tl are the environmental (exterior) and
local (interior) temperatures, respectively, and h is the elevation. In cold weather,
the normal outside–inside temperature difference induces stack effect in buildings.
With respect to such weather-induced stack effect, previous investigations focused
on actual pressure profiles [3, 4] and possible solutions to stack effect-related
problems [5–8]. Nevertheless, stack effect is also a safety issue. In the particular
case of fire taking place in a high-rise building, the air inside the building is
heated, leading to stack effect. Because of the heat and mass transfer processes as
a result of fire, coupled with heat loss from the walls, fire-induced stack effect is
more complex than the one associated with weather. Cannon and Zukoski [9]
studied the turbulent mixing in one closed shaft and developed one relationship
between smoke rise time and the ratio of initial density difference between fluids
inside and outside of the shaft. Water/saltwater experiments were conducted to
verified the model. Tanaka et al. [10] conducted experiments to investigate the rise
time of fire-induced buoyant plumes in the free space and in vertical shafts. Sun
et al. [11, 12] assessed the movement of smoke in the stairwell of a full-scale six-
story building experimentally and numerically. The smoke was induced by fire in
an adjacent compartment. They found that the temperature of smoke in the stair-
well generally decreases exponentially with height. Ji further investigated the
smoke rise in a stairwell using the same facility [13, 14]. A network model was
developed by Black [16] to predict the movement of smoke in elevator shafts. An
improved zone model of smoke movement was introduced by Cooper [17] and
partially verified by saltwater experiments. These models have been applied exten-
sively [18]. However, studies using the CFD method to assess how smoke spreads
through the elevator shafts of buildings are scarce. Meanwhile, this method is
becoming a standard tool for fire hazard analysis and fire safety design of build-
ings.

Ventilation is one of the key factors that affects air flow in and out of a build-
ing. Jacques [19] and Koo et al. [20] evaluated weather-induced flow in high-rise
buildings and identified the airtightness of architectural elements that comprise a
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building as an important parameter minimizing stack effect problems. In addition,
the spread of fire in a high-rise building is also restricted by compartmentaliza-
tion, which involves dividing the building into discrete compartments, a process
which hinders fire from spreading from one compartment to another. The configu-
ration of the doors and windows of various compartments significantly affects the
spread of smoke throughout the building [21, 22]. In this regard, Cheung et al.
[23] simulated smoke spread from one room to another and found that the height
of the door gaps has a significant effect on pressure and temperature distributions,
which are important in controlling the spread of smoke. An efficient way to solve
problems associated with the stack effect is to improve the overall airtightness of
the whole building. However, separation failure between the different compart-
ments within a high-rise building is inevitable. Therefore, the impact of ventilation
on stack effect in high-rise buildings needs to be addressed.

In this study, the weather- and fire-induced stack effect in a typical 18-story
high-rise office building was assessed theoretically and numerically. Elevator shafts
are considered the main route of vertical air movement. Stack effect under differ-
ent ventilation conditions, including changing the configurations of envelope win-
dows and elevator doors, was comparatively evaluated. Results showed marked
differences in ventilation effects between weather- and fire-induced stack effects.

2. Building Models

2.1. The Building

This study evaluated a typical 18-story high-rise office building (Fig. 1). The build-
ing model was simplified using the layout of the Chicago Committee on High Rise
Buildings’ (CCHRB) Office Research Tower. It is a hypothetical building designed
to comply with building codes [mainly NFPA 101 (National Fire Protection Asso-
ciation 2012) and International Building Code 2012 (International Code Council
2012)]. This layout has been adopted for research on high-rise building evacua-
tion.

The dimensions of the entire building were 43.0 m (W) 9 65.0 m (L) 9 80.0 m
(H). The floor-to-floor height was 4.0 m except for the lobby at ground level,
which had a floor-to-floor height of 12.0 m. An inner service core, with a dimen-
sion of 12.0 m 9 42.0 m, was located in the center of the building. The core was
built for facilities and services needed in the building, including HVAC installa-
tions, elevator systems, stairs, storage rooms, and toilets. The service core was
enclosed by shear walls except for the elevator lobbies. There were a total of eight
elevators connecting all the stories of the building.

2.2. Flow Paths

Buildings are usually not hermetically sealed. There are a number of flow paths
through both the exterior and interior walls. These flow paths consisted of the fol-
lowing: (1) leakages around the building envelope, (2) gaps around internal and
elevator doors, and (3) office area and vertical shafts, e.g., elevator and stair
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shafts. It is noteworthy that the shapes and areas of a flow path may vary from
one building to another, and more than one vertical shaft and internal door may
exist along the path. In this research, we considered the most representative situa-
tion among the above three flow paths.

Of these, the most important flow path affecting smoke spread through elevator
shafts to other levels includes the gaps around the elevator doors. In Klote’s
research [15], an area of roughly 0.047 m2 of elevator door leakage was indicated.
We surveyed the leakage areas of actual passenger elevator and stair doors in a
typical office building (Fig. 2). The dimensions of the elevator door were 42 by 84
inches. Gaps were not only found at the centerline of the door, but also along the
edges. The gaps were approximately 3/16 inches wide (Fig. 2). Thus, the total area
of these gaps was about 63.0 square inches (0.041 m2). This value is very close to
the leakage area in Klote’s research. As a conservative consideration, 0.05 m2 was
used as the leakage area of a single elevator door in this research.

According to the survey, the stair door was sealed more efficiently than the ele-
vator one. As shown in Fig. 2, due to the presence of a gate groove, there was
hardly any gap around the stair door, except for the bottom frame. Thus, leak-
ages through stair doors were much smaller than those through elevator doors. By

Figure 1. Structure of the building model.
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way of simplification, smoke spread was assumed to occur only through the eleva-
tor shafts in this study.

Leakages are also found in the building envelope. According to the ASHRAE
Handbook, the leakage area of exterior walls should be about 0.002 in2/ft2, with a
flow coefficient of about 0.65. Thus, the calculated leakage area of exterior walls
per floor is Aw = 4 9 2 9 (63 + 43) 9 0.00014 = 0.12 m2 for the upper floors,
and Aw = 12 9 2 9 (63 + 43) 9 0.00014 = 0.36 m2 for the lobby floor. The
exterior leakage area of any given floor of the building is quite small, which indi-
cates that most buildings are well-enclosed nowadays.

For the sizes of other leakages along the flow paths, we referred to the recom-
mended values of the NFPA standard for smoke control systems. The values lis-
ted in Table 1 are representative leakage areas commonly found in office buildings
and were deemed suitable for the characterization of smoke spread characteristics
[24, 25].

Elevator cars in the shafts might have a significant effect on smoke spread in
the building. The presence of cars reduces the sectional area of the shafts, as well
as the rate at which smoke spreads. According to current codes, elevators should
not normally be used in a situation of fire outbreak. All cars should be recalled to
the ground floor during fire, which activates a detector in the elevator lobby. In
this study, the elevator shafts were simplified and modeled as being empty. This
situation has a similar effect to moving all the elevator cars to the lobby floor.

Figure 2. Locations of leakage areas for typical passenger elevator
(left) and stair (right) doors in office buildings.
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2.3. Flow Loss Coefficient

According to the ASHRAE Handbook [26], tests were carried out to evaluate the
mass flow through door leakages (Fig. 3). The results were based on a pressure
difference of 0.3 inch of water (about 74.8 Pa). We determined the flow loss coeffi-
cient (K = 3.56) and discharge coefficient (CD = 0.53) were valid for crack
widths of 0 to 0.3 inch. For exterior leakages in the building envelope, CD = 0.65
was used, according to the ASHRAE Handbook [26].

Table 1
Summary of Flow Paths

Component Area (m2) References

Exterior wall of upper layers 0.12 –

Exterior wall of lobby 0.36 –

Open window Perimeter 9 2 (2 m in height) –

Interior single door 1.9 [24, 25]

Interior double door 3.9 [24, 25]

Closed interior single door 0.016 [24, 25]

Closed interior double door 0.027 [24, 25]

Open elevator door 2.0 –

Closed elevator door 0.05 [15]

Figure 3. Mass flow rate varies with crack width (ASHRAE Hand-
book) [26].
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2.4. Ventilation Conditions

In reality, the windows and doors of a building are either open or closed, which
leads to different ventilation conditions. As discussed above, leakages or gaps exist
even when the windows and doors are closed. According to the states of flow
paths (closed/open), six typical ventilation conditions were considered (Table 2).
Each case was named either ‘‘CS-X’’, an abbreviation of the weather-induced
stack effect, or ‘‘FS-X’’, for the fire-induced stack effect, according to the causes
of stack effect. In these scenarios, the elevator door of the fire/second level was
considered to be either closed or open. Open elevator doors at this level signifi-
cantly increase smoke flow into the shafts, which is one of the worst fire situa-
tions. The windows at the envelope are also considered to be closed or open.

3. Weather-Induced Stack Effect

During the heating season in winter, the warmer indoor air rises up, causing a
reduction in pressure at the base of the building. This low pressure draws in cold
air through the open windows and leakages. In other words, the difference
between the indoor and outdoor air temperatures (or density) results in a stack
effect within the building.

While investigating the weather-induced stack effect, the indoor air temperature
is assumed to be uniform. This assumption is valid when the leakage area of the
building is much smaller than the inner surface area. In this condition, the limited
inflowing cold air is quickly heated by the air conditioning system. Based on this
assumption, temperature and pressure distributions can be calculated theoretically.
The impact of ventilation on the weather-induced stack effect was assessed as fol-
lows:

The typical flow paths and air temperatures of weather-induced cases are shown
in Fig. 4. By way of simplification, the outside temperature was assumed to be
0�C (32�F) and the inside temperature 20�C (68�F), because of the heating system.
It should be noted that the temperature difference could be larger or smaller
depending on the local weather and air-conditioner setup.

Table 2
Summary of Ventilation Conditions

Case
Elevator door of

fire/second level

Elevator door

of other levels

Envelope of

fire level

Envelope of

other levelsWeather Fire

CS-1 FS-1 Leakage Leakage Leakage Leakage

CS-2 FS-2 Leakage Leakage Open Leakage

CS-3 FS-3 Leakage Leakage Open Open

CS-4 FS-4 Open Leakage Leakage Leakage

CS-5 FS-5 Open Leakage Open Leakage

CS-6 FS-6 Open Leakage Open Open
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In this situation, considering a total of 18 floors (80 m), the pressure difference
within the building caused by the temperature difference could be simply calcu-
lated by Eq. (2).

DP ¼ Ks
1

T0
� 1

Tl

� �
h ¼ 3460� 1

273
� 1

293

� �
� 80 ¼ 69 Pa: ð2Þ

Here, 69 Pa is the maximum pressure difference from top to bottom. To obtain
the neutral plane height and the mass flow through these leakages, the detailed
ventilation condition of the building must be specified. According to hydrostatic
models, local pressure difference is a function of location and the density of the
buoyant smoke plume:

Dp zð Þ ¼
R h
hnp
ðq1 � qsÞgdh

pjz¼hnp¼ 0

(
ð3Þ

where hnp is the neutral plane height (m) and q¥ and qs are the density of air and
smoke. Based on the ideal gas state equation, the gas density is the function of
gas temperature:

q ¼ Patm
RT

� �
; ð4Þ

where Patm is the atmospheric pressure (101,325 Pa) and R is the specific gas con-
stant for air (287 Jkg-1k-1).

Figure 4. Flow paths and air temperatures for weather-induced
cases.
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The mass flow rate, _m, at the openings is a function of the pressure difference
as:

_m ¼ NCDA
ffiffiffiffiffiffiffiffiffiffiffi
2qDp

p
: ð5Þ

where CD is the discharge coefficient, A is the cross-area of the flow path, and N
is a flow direction coefficient (N = 1, when Dp > 0; N = - 1, when Dp< 0).

There are two flow resistant paths between the elevator shaft and outer space
(the elevator doors and building envelope leakages) as shown in Fig. 5. Since
there are in parallel eight elevator shafts in the building, the total flow area
through elevator doors should be equal to eight times a single door’s area.
According to hydrostatic theory, the general flow resistance, CdA, can be calcu-
lated using Eq. (6):

1

CdA
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

ð8Cd;eAeÞ2
þ 1

ðCd;wAwÞ2

s
; ð6Þ

where Ae and Aw are the cross-area of the elevator doors and leakage on the
building envelope, respectively, and Cd,e and Cd,w are the corresponding discharge
coefficients.

As determined in Sect. 2.2, typically, the leakage area of a closed elevator door
is about 0.05 m2 and the exterior leakage area on the building envelope of a floor
with normal height is about 0.12 m2. The other leakage area refers to Table 1.

The discharge coefficient has been addressed in Sect. 2.3. Based on Eq. (6), for
each case, the general flow resistance at lobby, second, and the other floors could
be calculated. The calculation results are shown in Table 3.

Then, the mass flow rate at lobby, second, floor and upper floors can be expres-
sed, respectively:

_mlobby ¼ CDAð Þlobby
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
Patm
RT1

Dplobby
�� ��

r
; ð7Þ

_msecond ¼ CDAð Þsecond
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

Patm
RTsecond

Dpsecondj j
r

; ð8Þ

Figure 5. Combination of the flow resistance.
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_mothers ¼
X

N CDAð Þi
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
Patm
RTi

Dpij j
r

: ð9Þ

Gas flow in and out an elevator shaft should further obey the mass conservation
law. The mass conservation equation is:

_mlobby þ _msecond þ _mothers ¼ 0: ð10Þ

Substituting Eqs. (7)–(9) into Eq. 10., the neutral plane height could be solved. A
program in Python language was used to solve the latter equation. The calculated
neutral plane hnp is shown in Table 3.

Pressure differences among various ventilation conditions are shown in Fig. 6.
These computed stack effect pressure differences are of similar magnitude to those
reported by Jo et al. [8]. When the elevator doors and windows on the fire floor
were all open, the neutral plane height was much lower compared with closed
door/window cases.

In conclusion, the top–bottom pressure difference in an elevation shaft induced
by weather only depends on the difference of exterior and interior air tempera-
tures. In addition, the configurations of ventilation paths affect the height of the
neutral pressure plane. Specifically, the general flow resistance (CdA) of the floors
connected to the elevator shafts determines the neutral pressure plane height in
the weather-induced stack effect cases.

4. Fire-Induced Stack Effect

4.1. Mathematical Approach

When a fire outbreak occurs in a high-rise building, the heat released from the fire
significantly raises the ambient temperature within the building, resulting in the
fire-induced stack effect. In this situation, the interior air temperature is no longer
uniform, which is quite different from the weather-induced stack effect. As a
result, the corresponding physical prototype is much more complex. The CFD
approach was used to assess the fire-induced stack effect in high-rise buildings.

Table 3
Leakage Parameters and Calculated Neutral Plane Height Values

Case

General flow resistance CDA/m
2

Neutral plane height hnp/mFire floor Lobby level Other floors

CS-1 0.07 0.16 0.07 41.7

CS-2 0.22 0.16 0.07 38.2

CS-3 0.22 0.22 0.22 43.9

CS-4 0.08 0.16 0.07 40.2

CS-5 12.78 0.16 0.07 13.3

CS-6 12.78 0.22 0.22 14.6
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We used the Fire Dynamic Simulator program, which was developed by the
National Institute of Standards and Technology, to perform CFD simulation. The
program solves approximate forms of the Navier–Stokes equations [27, 28]. The
equations for large-eddy simulation (LES) modeling of Navier–Stokes were
derived by separating turbulent motions into large and small eddies using a filter.
Therefore, any flow variable, u x; tð Þ, can be decomposed by filtering it into a
resolved large-scale component, uL x; tð Þ, and a sub-grid-scale component, u0 x; tð Þ,
as shown below:

u x; tð Þ ¼ uL x; tð Þ þ u0 x; tð Þ: ð11Þ

The large-scale component was simulated directly, while small eddies were mod-
elled by means of the Smagorinsky form of LES.

A mixing-limited infinitely fast reaction combustion model was used. The reac-
tant species in any given grid cell were converted into product species at a rate
determined by a characteristic mixing time. The heat release rate per unit volume
was obtained by summing the products of all mass production rates of the species
and the respective heats of formation:

_q000 ¼ �
X
a

_m000
a Dhf ;a: ð12Þ

A duct flow model was designed to simulate air flow through small leakages,
which is critical in flow calculation. Simple conservation equations of mass and
energy combined with an implicit solver for the momentum conservation equation
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based on the MELCOR solver were used [29]. Mass storage within the air trans-
port route was not taken into account. The conservation equations of mass,
energy, and momentum of the species (j) were as follows:

X
j

qjujAj ¼ 0; ð13Þ

X
j

qjujAjhj ¼ 0; ð14Þ

qjL
duj
dt

¼ pin � poutð Þ þ qgDzð Þj�
1

2
Kjqj uj

�� ��uj; ð15Þ

where L is the length of the duct segment and K is the loss coefficient of the duct
segment. The measured minor loss is usually given as a ratio of heat loss
hm = Dp/(qg) through constriction to the velocity head v2/(2 g) of the associated
piping system. Thus, the coefficient can be defined by Eq. (16):

K ¼ hm
v2= 2gð Þ ¼

Dp
1
2 qv

2
: ð16Þ

This minor loss coefficient is related to the discharge coefficient, Cd, via the fol-
lowing equation:

K ¼ 1

Cd
2
: ð17Þ

4.2. Simulation Model

A 3-dimensional numerical model of the 18-story high-rise building was devel-
oped. Its structure and dimensions are described in Fig. 1. The main flow paths
consisted of envelope leakages, door gaps, and elevator shafts; the eight elevator
shafts inside the service core were the primary routes for vertical air flow.

It is significant that we used a duct flow model to simulate air circulation
through small air flow paths, including the envelope leakages and elevator door
gaps. Since the spatial scale of small leakages and gaps are too small compared to
the huge size of a high-rise building, it is hardly possible to directly simulate air
flow through the leakages and gaps with the large-scale air movements in the
building at the same time. In order to fix this problem, the leakage and gap air
flow were obtained separately using the empirical formulas described in Sect. 4.1.
The CFD simulation mainly concentrated on building scale flow features, espe-
cially the fire-induced stack effect.

Based on the concept of separating the two air flow scales, there was no need to
use tiny meshes to obtain the detailed flow field through the leakages and gaps in
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the simulation model. Considering the large scales of the physical/computational
domain (i.e., 70 m 9 45 m 9 72 m), a relatively coarse mesh size of 0.5 m was
used. The total number of grid cells was 1,866,240. They were divided into eight
meshes for parallel computing.

In high-rise buildings, due to the stack effect, fire is potentially more dangerous
when occurring at lower levels. We considered the situation of fire taking place in
the office area on the second floor above the lobby, since more combustible mate-
rials are found at this level than in the lobby. A full-scale fire test of a single office
workstation was carried out by NIST as part of the 9/11 accident investigation
[30]. The peak heat release rate (HRR) of a single workstation was about
7.0 MW, with a relative expanded uncertainty of approximately ±15%. The t-
squared fire model was adopted to describe the fire growth phase. Since furniture
contains a lot of foam materials, the fast t-squared growth model was used for the

early stage. A fast fire growth rate of a ¼ 0:0469kW=s2 is suitable for this sce-
nario. Thus, the calculated duration of the fire growth phase was 386 s. Figure 7
presents the HRR profile.

4.3. Smoke Spread in High-Rise Buildings

Typical smoke spread processes after ignition were observed from the simulations
(Fig. 8). In the simulation models, the initial inside and outside temperatures of
high-rise buildings are considered to be equal. As a result, no stack effect occurs
in the beginning. As in common compartment fires, smoke generated from the fire
first fills the local floor from the ceiling (Fig. 8a). When the smoke layer height
reaches the elevator doors, hot gas starts to enter the elevator shafts. Due to
buoyancy, hot gas generally rises in the shafts with less restriction (Fig. 8b). In
this case, gas temperature inside the shafts significantly increases, and the stack
effect starts to occur. Due to the pressure difference at the lower elevator doors,

Figure 7. Heat release rate (HRR) of fire from a single office work-
station.
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fresh air would be drawn into shafts through the leakages, with hot smoke gradu-
ally filling the shafts. Finally, hot smoke arrives at the upper floors and flows out
of the shafts through elevator doors, finally exhausting out of the building
(Fig. 8c). Steady smoke movement throughout the high-rise building could then
be observed from the simulation. There was a neutral plane around the middle
height of the high rise. Above this neutral plane, smoke flows out of the shafts,
while below it, gas flows into the shafts.

Temperature is a key feature in describing fire developments and flow character-
istics. The temperature profiles of different heights in a shaft are presented in
Fig. 9. Generally, the temperature development process could be divided into four
stages. In stage (1), the temperature profile remains flat since the smoke is fully
restricted under the ceiling of the fire floor, with no smoke entering the shafts
until time t1. In stage (2), more and more smoke flows into the shafts, increasing
the temperature at different height rises in sequence. The smoke front would
finally reach the top of the shafts at time t2. Afterwards, the gas temperature in
the shafts would continually increase before stability at t3. The temperature
change between t2 and t3 is determined as stage (3), which precedes the final
steady stage (4). The time point dividing the four stages in all six cases is marked
in Fig. 9 as well. However, due to different ventilation conditions, the durations of
various stages are different.

Key time points determined from the temperature profiles, i.e., t1, t2, and t3, of
the six cases are summarized in Table 4. The t1 values for the various cases were
very close, all around 170 s. This is reasonable since t1 could be considered the
smoke filling time at the fire floor, which is mainly affected by the building geome-
try and fire size. In the simulation model, these two factors are unchanged in dif-

Figure 8. Smoke spread processes. (a) Smoke filling the fire floor,
(b) smoke rising in shafts, (c) smoke flowing out of the building.
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ferent cases. Unlike t1, t2, and t3 vary a lot among cases. Indeed, both t2 and t3 of
cases FS-2 and FS-3 were significantly larger than those of the remaining cases.

The smoke movement process in shafts could be further assessed from simula-
tion results. While t1 represents the time point at which smoke starts getting into
elevator shafts, t -t1 is the smoke traveling time after entering the shafts. Thus, the
rise time of smoke from the fire layer in shafts, s, could be defined by Eq. (18).

s ¼ t � t1 ð18Þ

Plume movement in shafts has been evaluated by Tanaka et al. [10]. In their
study, the heat transfer from a fire plume to surrounding walls was insignificant.
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Figure 9. Temperature in the shaft under various ventilation condi-
tions. (a) FS-1, (b) FS-2, (c) FS-3, (d) FS-4, (e) FS-5, (f) FS-6.
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Based on this assumption, the authors proposed an empirical model to express the
relationship of rise time and rise height as follows:

s / A _Q1=3z2=3; ð19Þ

where s is the travel time of a fire plume front from the source to a given height

(s), _Q is the heat release rate (kW), A is the horizontal section area of the rising
plume (m2), and z is the distance from the fire source (m). Based on Eq. (19), the
rise time is proportional to two thirds the power of the rising height for a certain
fire size and section area. Ji et al. investigated the rising characteristics of fire-in-
duced buoyant plumes in stairwells experimentally [13, 14] and found that the
time for the buoyant plume front to reach a given height from a fire source is pro-
portional to the 1.203 and 2.129 power of the height in a stairwell with the top
vent open and closed, respectively. It should be noted that, compared with smoke
movement in shafts, smoke plume movement in a stairwell was further affected by
stairwell treads. Consequently, the upward movement was blocked.

In this study, the rise time of the smoke front was determined as proposed by
Tanaka [10]. At a certain moment after ignition, the temperature profile at a given
height would show a sudden temperature rise due to the contact of a rising plume,
as shown in Fig. 9. Smoke rise time for all the six cases was plotted versus the
vertical distance from the fire, z ” h - hlobby in logarithmic coordinates (Fig. 10).
Fitting lines using Eq. (20) were plotted in the latter figure as well.

s ¼ azb ð20Þ

In this equation, the coefficients a and b reflect the plume rising speed in the
shafts. According to Tanaka’s analysis, the coefficient a is related to the heat

source in the shaft, as a � _Q1=3. In this study, the fire was placed in the open
office area, which is far away from the elevator shafts, and only part of the smoke
flowed into the shafts. Although a fire with the same heat release rate in all the
cases was used in the models, heat flowing into the shaft depended on the flow
resistance at the fire floor. Therefore, the ventilation condition of the fire floor
affected a significantly. From the fitting results in Fig. 10, the a values of FS1 and

Table 4
Key Time Points Determined from Temperature Profiles of Six Cases

Case t1/s t2/s t3/s

FS-1 162 453 621

FS-2 171 747 1026

FS-3 170 684 927

FS-4 159 396 660

FS-5 180 477 753

FS-6 168 456 693
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FS4 were significantly smaller than those of other cases. In these two particular
cases, the envelope of the fire floor was nearly closed, which reduced smoke
exhausting from the envelope. And as a result, more smoke entered the vertical
shafts.

The coefficient b was around 1.0 in this study, which is slightly higher than
Tanaka’s theory. In Tanaka’s study, the time for the buoyant plume front to
reach a given height from a fire source was proportional to two thirds the power
of the heat inputting rate when heat transfer from hot smoke to the shaft wall
was insignificant. Considering the relative large dimensions of high rises and the
large number of elevator door leakages along the shafts, both convective and con-
ductive heat losses from the shaft wall could not be ignored. Heat loss from the
shaft wall would significantly reduce the buoyancy driving force of the smoke
plume. Thus, this decreased the smoke rise speed in the shafts.

In conclusion, the ventilation condition significantly affects the initial smoke
plume movement throughout the building. The ventilation condition of the fire
floor alters the gas flow rate into elevator shafts, while ventilation of the upper
floors impacts the smoke rise speed in vertical shafts. These findings are useful in
guiding the fire protection design in high-rise buildings. When a fire took place,
opening the windows on the fire floor could be one of the efficient choices to
delay smoke spread in a high-rise building.

4.4. Temperature and Pressure Distributions in Shafts

The temperature distribution within the elevator shafts is critical in determining
the characteristics of the stack effect. As shown in Fig. 9, the temperature in the
shaft reached steady state after a certain period of time (600–1000 s). In the
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Figure 10. Smoke rise time versus the vertical distance from the fire
in the six cases.

A Comparative Study on the Influences of Ventilation on Weather 179



steady state, the temperature in the shaft decreased with height. Cooper [17] and
Sun [11, 12] assumed that the only possible significant component of flow velocity
is along the axis of the vertical shaft. Based on this assumption, from the basic
conservation equations of mass and energy, and the ideal gas equation of state,
Sun [11, 12] obtained a relationship between dimensionless temperature rise and
dimensionless height as follows:

h zð Þ ¼ ae�bz; ð21Þ

where the dimensionless temperature rise h is defined as:

h � T � T1
T1

; ð22Þ

where T is the gas temperature in the shaft (K) and T1 is the environmental tem-
perature (K). Adopting a similar definition of dimensionless temperature rise, the
relationship between the dimensionless temperature rise in the shaft in the steady
state and height relative to fire could be obtained (Fig. 11). In Fig. 11, the rela-
tionship between the two parameters was fitted by Eq. (21). The values of a, b
and the related fitting coefficients in different simulation cases are listed in
Table 5. For all six cases, the coefficient b was around 0.02. The correlation coeffi-
cients of all six cases were between 0.96 and 0.99, demonstrating that the gas tem-
perature in the shaft under real fire conditions decreases exponentially with height.
Equation (21) could be further used in assessing the intensity of the stack effect in
elevator shafts of high rises.

Figure 11 also shows the effect of ventilation on gas temperature in the shaft.
The temperature in the shafts was significantly decreased with only the windows
on the envelope of the fire level open (FS-2) compared with all leakage cases (FS-
1). This is because a lot of smoke flows out of the building from open windows,
maintaining the smoke layer on the fire floor at a certain height. As a result, less
smoke entered the shafts. When only the elevator doors on the fire floor were
open (FS-4), the temperature in the shafts was significantly increased. This is
because flow resistance at the elevator doors sharply reduces, leading to much
more smoke entering the shafts. There were two simulation cases with a window
opening in all the other levels (FS-3 and FS-6). Opening these windows slightly
decreased flow resistance in the upper floors and slightly increased the tempera-
ture.

Figure 12 presents the typical pressure profiles of different ventilation condi-
tions. The pressure difference in the shafts throughout the building height showed
different characteristics under various ventilation conditions. When the window on
the fire floor was open, the pressure difference was much smaller compared to the
other cases. Additionally, when the fire level elevator doors were open, the pres-
sure difference was much larger than in the remaining cases.

Another important feature of pressure profiles in Fig. 12 was the height of the
neutral plane. The height of the neutral plane is also closely related to the ventila-
tion conditions of a building, as shown in the assessment of the weather-induced
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stack effect. In most cases, the height of the neutral plane was about half the
height of the entire building, except for cases in which both the window and ele-
vator doors on the fire floor were open. In these two cases (FS-5 and FS-6), the
height of the neutral plane was significantly lower, in accordance with the situa-
tions in the weather-induced stack effect.

Overall, the impacts of ventilation on the fire-induced stack effect are more
complex than those on the weather related stack effect. In the fire-induced stack
effect, ventilation does not only affect the height of the neutral plane in a similar
way to the weather-induced stack effect, but also influences the temperature in the
shaft. In fire situations, opening the windows of the fire level could significantly
decrease the shaft temperature and pressure difference, while opening elevator
doors at the fire level might largely increase the shaft temperature and pressure
difference. Opening windows on other floors has a limited impact on the stack
effect, with only slightly increased shaft temperature and pressure difference.

Table 5
Parameters and Correlation Coefficients for Fitting in Fig. 11

Case a b R2

FS1 0.076 0.019 0.96

FS2 0.020 0.024 0.99

FS3 0.022 0.023 0.98

FS4 0.147 0.019 0.98

FS5 0.033 0.019 0.96

FS6 0.035 0.018 0.98
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Figure 11. Dimensionless temperature rise in the shaft in the steady
state for all cases.
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4.5. Theoretical Model of the Fire-Induced Stack Effect

After assessing the characteristics of temperature and pressure distributions in ele-
vator shafts, a theoretical model of the fire-induced stack effect in typical high
rises was presented. Based on temperature distribution in the shaft, the pressure
difference throughout the building could be calculated. While uniform temperature
distribution was assumed in characterizing the weather-induced stack effect, the
vertical temperature distribution in real fire scenarios in the steady state was
found to decrease exponentially with height as in Eq. (21). In a previous study of
the stack effect in elevator shafts, heat loss from the shaft wall was assumed to be
insignificant, and the temperature in the shaft was considered to be uniform.
However, in this work, both convective and conductive heat losses could not be
ignored. Thus, the gas temperature in shafts should be obtained as:
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Figure 12. Effect of ventilation on pressure distribution in elevator
shafts in the steady state.

Table 6
Comparison of Neutral Plane Heights Between CFD Results and
Theoretical Calculation

Case

Neutral plane height determined

from CFD results hnp,CFD/m

Neutral plane height calculated

from model hnp;theoretical/m

FS-1 35.2 36.2

FS-2 34.1 35.0

FS-3 41.0 41.4

FS-4 29.3 31.7

FS-5 17.3 16.2

FS-6 19.3 16.8
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T zð Þ ¼ T1 þ T1h zð Þ: ð23Þ

This is using the same models shown in the calculation of weather-induced stack
effect. Substituting Eqs. (23) and (4) into Eq. (3), the difference in pressures
between the inside and outside of the shaft at the typical three types of floors
could be calculated after integration as:
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Figure 13. Validation of pressure difference calculated from the
theoretical model using CFD results (a) FS-1, (b) FS-2, (c) FS-3,
(d) FS-4, (e) FS-5, (f) FS-6.
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Dplobby ¼ � 3463

T1b
In

1þ a
1þ ae�bhn

; ð24Þ

Dpfire ¼ � 3463

T1b
In

1þ ae�bhfire

1þ ae�bhn
; ð25Þ

Dpi ¼ � 3463

T1b
In

1þ ae�bhi

1þ ae�bhn
; ð26Þ

where Dplobby, Dpfire, and Dpi represent the pressure difference at lobby, fire floor,
and ith floor (above fire floor) and hfire and hi are the elevation of fire floor and
ith floor (above fire floor).

Substituting Eqs. (24)–(26) into Eqs. (7)–(9), the mass flow at each floor can be
calculated. By applying mass conservation law as Eq. (10), the neutral plane
height of the fire-induced stack effect can also be solved. Both the neutral plane
height of the CFD result and the theoretical calculation are listed in Table 6. The
neutral plane height calculated from the theoretical model in different ventilation
conditions is generally in accordance with the CFD simulation results.

The pressure difference through high rises could then be calculated using
Eq. (3). The pressure difference results from both CFD simulation and theoretical
calculation for each case are plotted in Fig. 13, which shows that the model suc-
cessfully predicted the pressure difference in high-rise buildings.

5. Conclusion

This work assessed the impacts of ventilation on both the weather- and fire-in-
duced stack effects in an 18-layer high-rise office building by theoretical calcula-
tion and CFD simulation. The remarkable findings can be summarized as follows:

For the weather-induced stack effect, the ventilation condition of the building
has a significant effect on the height of the neutral pressure plane, while the top to
bottom pressure difference in a certain elevator shaft is only a function of the
exterior and interior air temperatures.

The impacts of ventilation on the fire-induced stack effect are more complex
than on the weather-induced stack effect. In real fire scenarios, smoke generated
from the fire initially fills the fire floor after ignition. When the smoke layer des-
cends to the elevator doors, hot smoke starts getting into the elevator shafts, sig-
nificantly raising air temperature inside the elevator shafts. As a result, the hot air
inside the elevator shafts, driven by the buoyancy force, flows vertically upward,
causing the stack effect. Ventilation conditions affect the initial fire plume move-
ment throughout the building significantly. The ventilation condition of the fire
floor influences gas flow into elevator shafts, while that of the upper floors also
impacts the smoke rise speed in vertical shafts. When the stack effect finally
reaches steady state, the gas temperature in the shaft decreases exponentially with
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height. In the steady state, the ventilation condition affects the neutral plane
height in a similar way to the weather-induced stack effect, as well as shaft tem-
perature.

A theoretical model of the fire-induced stack effect in typical high rises was pre-
sented. Based on the temperature distribution in the shaft, the pressure difference
throughout the building could be calculated according to hydrostatic models and
the mass conservation law. Results showed that the model successfully predicts the
pressure distribution in high-rise buildings.
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