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Abstract. The problem of smoke spread through elevator shafts in high rise buildings
is analyzed theoretically and numerically in this paper. While experiments and compu-

tational fluid dynamics (CFD) models have been used for such exercises, there is a
need for fast reduced-order models for such scenarios. Towards this goal, a transient
network model called High-rise fire smoke transport and opacity reduced-order model
(Fire-STORM) was developed to investigate heat and mass transfer through the eleva-

tor shaft during fires. The model numerically solves the coupled set of differential
equations of the fire floor in conjunction with the steady state conservation equations
of the elevator shaft. The model is validated in two stages. First, the stack effect in a

non-fire scenario is analyzed. Pressure differences through exterior doors and elevator
doors are compared with experimental data available in the literature and results of a
computational fluid dynamics tool. Then, a first-floor fire scenario is considered for

the same high-rise building in four different cases which are combinations of different
building tightness and ambient temperatures. The results are compared with CFD
simulations. For the four different building envelope and ambient thermal conditions,
the soot mass fractions and optical visibilities were calculated and compared to CFD

predictions. Overall, Fire-STORM is a simple and fast tool to model the evolution of
heat and mass transfer in a high-rise building affected by fire. While Fire-STORM is
excellent in predicting transient smoke transport for buildings with loose envelopes, it

should be used with caution for buildings with tight envelopes since the errors for
these cases are relatively high. Despite this, the relative computational speed difference
between Fire-STORM and the CFD model highlights the utility of a reduced-order

model for firefighter decision making and building control system design.
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List of symbols

a Thermal diffusivity

af Fire growth rate

Cd Discharge coefficient
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cp Constant pressure specific heat

cv Constant volume specific heat

dp Thermal penetration depth

g Gravity

H Room height

hc Convective heat transfer coefficient

hr Radiative heat transfer coefficient

ht Total heat transfer coefficient

Dhc Heat of combustion

k Thermal conductivity

K Discharge loss coefficient

Kl Light extinction coefficient

Km Mass extinction coefficient

_m Mass flow rate

Nelev Number of elevator shafts

m Kinematic viscosity

Nu Nusselt Number

R Gas constant

P Pressure

DP Pressure difference

Pr Prandtl number
_Q Heat transfer rate

q Density

ReD Reynolds number

T Temperature

Tw Wall temperature

r Stefan Boltzmann constant

t Time

vs Soot yield

Ysoot Soot mass fraction

Vis Visibility
_8 Volumetric flow rate

Subscripts

atm Atmosphere

b Building

elev Elevator

env Building envelope

f Floor

ff Fire floor

HRR Heat release rate

L1 1st floor

L17 17th floor

out Outside

ovr Overall

ref Reference

sh Elevator shaft

sw Shaft wall

th Theoretical

w Wall
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Abbreviations

CFD Computational fluid dynamics

ELA Effective leakage area

FDS Fire dynamics simulator

HVAC Heating ventilating and air conditioning

1. Introduction

Fire safety in high-rise buildings continues to receive attention because of the
potential for significant loss of life [1, 2]. Improving fire safety in high-rise build-
ings requires better understanding of (1) flammability of high-rise building materi-
als; (2) ignition and fire spread and growth; (3) smoke transport and control; (4)
structural response and (5) human evacuation [3]. Effort is being made in develop-
ing improved structural fire protection models and standards as the structural sta-
bility of high-rise buildings during a fire event limits the overall hazardous impact.
A more likely threat to inhabitants of high-rise buildings affected by fire is smoke
spread. Occupant safety and egress is strongly dependent on smoke spread
through occupant incapacitation and wayfinding [4, 5]. Fire generated smoke is
comprised of incomplete products of combustion which can act as asphyxiants
(e.g., CO and HCN) and irritants (e.g. acrolein, unburned hydrocarbons, and
soot) [6]. Combinations of these chemicals have been shown to reduce walking
speeds [4, 5]. Smoke spread also affects wayfinding as smoke impairs vision and
limits the overall visibility required to identify signage and exits. Smoke transport
in high-rise buildings primarily occurs through vertical chases such as stairways
and elevator shafts. The thermal stratification created by the fire modifies any nat-
ural stack effect associated with temperature differences between the interior of the
building and the ambient environmental temperature.

The stack effect, which is the buoyancy driven flow into and out of buildings, is
important in high rise buildings. Density differences between the inside and out-
side of the building cause buoyancy forces to move gases across openings and
leakage areas throughout a building. As noted, the elevator shafts and stairways
are one of the main pathways for smoke to be transported through the building.
In cold weather, air penetrates a warmer building from the lower levels and rises
through it, causing the building to behave like a chimney. This chimney effect can
cause the transport of hazardous materials during a fire scenario in a building.
There are historical cases in which this has happened and resulted in casualties [7].
In order to better understand the smoke movement physics of the problem, the
characteristics of heat and mass transfer in the shafts needs to be investigated.

There are two main approaches to quantitatively analyze the smoke movement
in high-rise buildings which are computational fluid mechanics (CFD) methods
and network models. CFD methods numerically solve the Navier–Stokes equa-
tions and details of the flow throughout an area of interest. Network models are
based on numerically solving coupled fundamental conservation equations of dif-
ferent zones within the region of interest. These zones are usually lumped repre-
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sentation of rooms or shafts. Although CFD tools can provide information about
spatial details of the flow, solving reacting flows in large domains like high-rise
buildings can be computationally expensive. Therefore, simplified network models
are still favorable due to their very fast prediction times.

Early studies of network models for smoke movement have been done by sev-
eral authors [8–24]. Klote developed fundamental network and zone model
approaches for analysis of the stack effect in building fires [9]. Walton developed a
well-known network model, CONTAM which is frequently used for air quality
and ventilation analysis of buildings [10]. It can also be used for design of smoke
management systems. Recent work on CONTAM has been conducted to add heat
transfer to the model for high-rise fire smoke modeling [11]. Black developed a
solver called COSMO which specifically solves the fundamental equations of
smoke movement in elevator shafts in a high-rise fire [12]. The major differences
between COSMO and CONTAM are that it includes heat transfer and solves the
conservation of momentum equation in the shafts’ control volumes. COSMO’s
limitation is that it is limited to steady state. A new version of COSMO uses a
fire’s heat release rate (HRR) instead of the fire temperature [13, 14]. COSMO has
been used to design fire safety plans for different types of stairwell pressurization
and ventilation configurations [15]. COSMO has been extended to be capable of
modeling two types of shafts (elevator shafts and stairwells), which can also be
pressurized [16–18]. Qi et al. solved the coupled heat and mass transfer equations
of the elevator shaft to locate the neutral plane and estimate smoke movement in
the shaft. Analytical estimations were compared with the results obtained from a
CONTAM network solution [11, 19–21]. Qi et al. recently proposed a new
Froude-Stanton model for heat and mass transfer in large vertical shafts of high-
rise buildings. They verified the model by comparing with the experimental data
that it was an improvement over Froude modeling in which temperature change
in the shaft was not considered. It was mentioned that the new model is limited to
steady state analysis, but can be extended to provide transient solutions [22].

Zhang et al. proposed a two-zone model to estimate the location of neutral
plane in the shaft of a high-rise building in case of a fire. The results of the ana-
lytical model were compared with results using Klote’s model and CFD results.
However, their analytical model used the temperatures found from a CFD simula-
tion, which could require a relatively expensive CFD calculation for each model
prediction [23]. Zhang et al. developed a simplified steady state two zone model to
predict the smoke movement in vertical shafts during a fire. They compared their
results with the open source CFD code Fire Dynamics Simulator (FDS) and
experimental data using a lab-scale shaft [24]. Bae et al. developed another steady
state network-based smoke control program and investigated a first-floor fire sce-
nario in an ultra-high-rise building and compared the results with the ones from
CONTAM. Although the results were in good agreement, heat release rate was
steady in their model and a particular fire temperature had to be used as an input
to the model [25]. Chen developed a model to estimate vertical temperature distri-
butions in ventilation shafts. They found good agreement with the experimental
data obtained from a lab-scale shaft, however the velocity was assumed to be con-
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stant in the shaft, which could be valid for lab-scale shaft geometries but is not a
realistic assumption for high-rise buildings [26].

In addition to network models, there are several computational and experimen-
tal studies examining the stack effect with or without fires in high-rise buildings.
Hadjisophocleous and Jia [27] performed a CFD simulation for a 2nd floor fire
scenario in 10-story building with no elevator shaft. They compared their results
with the experimental data and good agreement was found. Acikyol et al. [28]
conducted experiments in a 40-story high office building in Istanbul to better
understand the effect of a fire protection lobby, which is a small enclosed space
between the corridor and the stairwell. It was found that the presence of the fire
protection lobby increased the pressure difference between the stairwell and corri-
dor by a factor of 2.2. This change minimized smoke transport to upper layers.
Strege et al. [29] studied the stack effect within stairwells and elevator shafts by
measuring differential pressures in 15 high-rise buildings in four different cities.
The results of this study are used as experimental validation case in our study.

In this study, a transient network model is developed, and the results are com-
pared with the ones obtained from the CFD tool, Fire Dynamics Simulator (FDS)
[30]. Firstly, experimental validation was performed by modeling the non-fire
stack effect case(s) detailed by Strege and Ferreira [29]. Then, a fire is placed at
the first floor of a 17-story high rise building and a simulation is performed for a
fire time of about 17 min (1000 s) for four different cases which are combinations
of warm/cold ambient temperatures and loose/tight envelope tightness. Pressure
and total mass on the fire floor are compared, and reasonable matches are found.
Pressure, temperature and mass flow rate distributions in the elevator shaft are
reported. Finally, smoke transport and visibility case studies are performed using
the model.

2. Simplified Transient Network Model

The network model is based on defining zonal elements within a building solving
a set of coupled conservation equations. In our formulation, each floor is com-
prised of two zones (an elevator shaft zone and a main/open floor space zone).
Different floors are only connected via elevator shafts, which provides flow
through elevator doors under the effect of a pressure gradient. The gas mixture on
the fire floor is assumed to obey the ideal gas equation of state. As such, as the
fire burns, the temperature and pressure increase, which drives flow into the eleva-
tor shaft. The elevator shaft is divided into equal volumes at each floor level, and
conservation of mass and energy equations are solved for each volume. A sche-
matic of the building showing the flow pathways and control volume of the fire
room is presented in Fig. 1.

The underlying assumptions of the simplified model are summarized below

� All gases are modeled as air and assumed to be ideal.
� A simple radiative transfer model is applied between the fire and the walls

through the use of a radiative transfer coefficient, hr.
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� Interior walls are assumed to have constant temperature, Tw ¼ 20 �C.
� There is no external wind load on the building.
� The fire heat release rate is characterized using a t2-fire model. The combustion

is assumed to be fuel limited with _mfuel ¼ _QHRR=Dhc.
� The vertical pressure variation is based on a hydrostatic pressure computed

using the instantaneous mean temperature.
� Flow is incompressible everywhere, but the density varies at the fire floor and

the elevator shaft.
� Density is constant in elevator shaft and calculated based on ground level shaft

pressure and mean temperature of the shaft at the previous time step.
� There are no stairwells in the building
� There are no elevator cars in the elevator shafts
� There is no momentum loss in the shaft due to friction
� There are no interior rooms or doors that might add additional flow resistance

between the shaft and the outside.
� Flow resistances of the building envelope are identical at each floor and based

on the building tightness in case of close windows and doors.

Conservation equations for the building system are detailed in the following
sections. For the elevator shaft and the floors, pressure, temperature, mass flow
rates, soot concentration and visibilities are solved by using the Eqs. (1)–(20).

Figure 1. A schematic of the simplified model representing the flow
pathways and the control volume of the fire floor.
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2.1. Conservation Equations in the Fire Room

Conservation of mass for the fire compartment can be written as

dm
dt

¼ _mfuel � _mout � _melev ð1Þ

The fuel mass flow rate, _mfuel, is always positive, _mout is the mass transfer rate via

the exterior walls and _melev is the mass transfer rate via the elevator shaft doors.
The parameters in the Eq. (1) are defined as

_mfuel ¼
_QHRR

Dhc
ð2Þ

_mout ¼ CdAð Þwall
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2q P � Pout;z¼0

�

�

�

�

q

sgn P � Pout;z¼0

� �

ð3Þ

_melev ¼ Nelev CdAð Þelev
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2q P � Psh;z¼0

�

�

�

�

q

sgn P � Psh;z¼0

� �

ð4Þ

Knowing the ambient pressure distribution and the flow resistances at each floor,
Psh,z=0 is adjusted such that the continuity is satisfied in the elevator shaft. The
conservation equations solved for the elevator shafts are explained in the next sec-
tion.

For fire in a compartment, the energy equation is given in Quintiere as [31]

cp
d

dt
mTð Þ � 8dP

dt
þ

X

j;netout

mjcpTj ¼ _QHRR � _QLoss ð5Þ

The time derivative of the equation of state for an ideal gas is

8dP
dt

¼ R
d

dt
mTð Þ ð6Þ

Implementing Eq. (6) to the energy equation (Eq. (5)) yields
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mcv
dT
dt

¼ _QHRR � _QLoss � cvT
dm
dt

� cpT
X

j;netout

mj ð7Þ

Then, the coupled set of ordinary differential equations, (Eqs. (1) and (7)) can be
solved simultaneously by using a Runge–Kutta method.

A simple Newton’s law of cooling-based heat loss model is applied to the fire
room.

_QLoss ¼ htAw T � Twð Þ ð8Þ

ht is the overall heat transfer coefficient, Aw is the total wall area at the fire floor
and Tw is the wall temperature. The overall heat transfer coefficient consists of
radiative and convective coefficients. (ht = hc + hr)

Assuming turbulent natural convection in compartment fires, the convection
heat transfer coefficient can be calculated from the following Nusselt number cor-
relation given by Quintiere [31],

Nu ¼ hcH
k

¼ 0:13
g T � Twð ÞH3

T m2

� �

Pr
� 	1=3

ð9Þ

where H is the height of the room and the others are the thermophysical proper-
ties of the air.

The radiative heat transfer coefficient can be estimated as [31].

hr ¼ r T 2 þ T 2
w

� �

T þ Twð Þ ð10Þ

Throughout the simulations with fire, hr varied between 6 and 8 W/m2K and hc
was approximately 5 W/m2K.

2.1.1. Fire Model In many tall buildings, lobby or waiting areas consist of flam-
mable decorations and furniture. In this paper, a first-floor fire is investigated.
The fuel load is assumed to be polyurethane. Fire growth is modeled with a t-

squared fire growth model [30] where the size of the fire is set using _QHRR;max ¼
7:0MW based on a full scale fire test of a single office workstation by NIST [32].
The heat release rate can be written as [33].

_QHRR ¼ min af t2; _QHRR;max
� �

ð11Þ

Here _QHRR is the transient fire heat release rate (HRR), af is the fire growth rate in
units of kw/s2, and t is the time from ignition. According to NFPA 204 M (Na-

tional Fire Protection Association 1995) [34], the fast fire growth rate of af ¼
0:0469 kW/s2 is suitable for this scenario. Thus, the calculated duration of the fire
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growth phase is 386 s. Note that the fire model in its current implementation does
not simulate under-ventilated fire scenarios. It is assumed that the available oxy-
gen within the lower level of the building and mass flow rate into the fire com-
partment provided by Eq. 1 provide a sufficient amount of oxygen to sustain the
fire.

2.2. Conservation Equations in the Elevator Shaft

As previously noted, the elevator shaft is divided into equal control volumes such
that there is one cell at each floor. Steady state conservation equations are
applied. The pressure, temperature and mass flow rates in the shaft vary due to
the changes of pressure and temperature at the fire floor.

Assuming incompressible flow in the shaft, conservation of mass states that the
sum of mass flow rates from floors to the elevator should be zero.

X

i

_melev;i ¼ 0 ð12Þ

where the index i indicates the ith floor. The mass flow rate at each floor, except
the fire floor, is determined by considering pressure differences between the eleva-
tor shaft and the building exterior and the associated flow resistances. Therefore,
pressure in the elevator shaft and ambient at each floor level and associated flow
resistances connecting them should be carefully determined.

The uniform density assumption through the elevator shaft implies that the
pressure decreases with increasing elevation as:

Psh zð Þ ¼ Psh;z¼0 � qshgz ð13Þ

Similarly, the pressure distribution exterior to the building can be written as

Pout zð Þ ¼ Pout;z¼0 � qoutgz ð14Þ

where Pout,z=0 is the ambient pressure at the ground level, qout is the ambient air
density.

In each time step, the density of the elevator shaft is calculated by

qsh ¼
Psh;z¼0

RTmean
ð15Þ

where Tmean is the mean temperature of the shaft at the current time, which is cal-
culated from the solution of temperature distribution in the shaft.

Theoretically, pressure difference between elevator shaft and the ambient due to
temperature stratification can be calculated as in Eq. (16) [30].

DPth zð Þ ¼ Pb zð Þ � Pout zð Þ ¼ Psh;z¼0 � Pout;z¼0

� �

þ qout � qshð Þgz ð16Þ

Fire Smoke Transport and Opacity Reduced-Order Model 989



www.manaraa.com

The flow pathway between the exterior and the elevator shaft is depicted by a cir-
cuit analogy in Fig. 2. Please note that flow resistances are the same at each level.

Flow resistances through the elevator doors and the exterior walls are calcu-
lated as

Renv ¼
1

CdAð Þ2env
ð17Þ

Relev ¼
1

NelevCdAð Þ2elev
ð18Þ

The overall flow resistance for each floor can be calculated as

Rovr ¼ Renv þ Relev ¼
1

CdAð Þ2ovr
ð19Þ

Once (CdA)ovr is calculated, the mass entrainment rate to the shaft at each floor
can be calculated as

_melev;i ¼ CdAð Þovr
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2q Psh;i � Pout;i
�

�

�

�

q

sgn Psh;i � Pout;i
� �

ð20Þ

Figure 2. Flow resistances in the building.

990 Fire Technology 2019



www.manaraa.com

Depending on the pressure difference between the shaft and the exterior, _melev;i

becomes positive or negative with certain modification in the code. Please take
note that this equation is not used for fire floor, the model of which is described
in previous section.

The temperature distribution inside the shaft is calculated by assuming ideal
mixing of the entrained air with heat loss to the wall. A schematic of a cell con-
trol volume is shown in Fig. 3.

By writing the energy balance equations for all cells, a set of equations can be
constructed. Then, unknown temperatures at each cell can be easily solved by any
linear system of equation solver.

2.3. Determination of Flow Resistances

Flow resistances must be specified since they affect the flow characteristics in the
building. Recall the leakage model

_m ¼ CdA
ffiffiffiffiffiffiffiffiffiffiffiffi

2qDP
p

ð21Þ

In this section selection of the leakage area A and discharge coefficient Cdfor ele-
vator door and building envelope will be discussed.

2.3.1. Elevator Door Flow Resistance An area survey of an actual elevator is done
by He et al. [35]. The dimension of the elevator door is 1.07 m (42 inches) by
2.14 m (84 inches). Gaps are along the edges and the centerline of the door. The
width of the gaps is approximately 4.76 mm (3/16 inch), which is equivalent to a
total leakage area of 0.041 m2 which is very close to 0.047 m2 given by Klote. As
a conservative consideration, 0.05 m2 is used for a single elevator door. In the
ASHRAE handbook [36] experimental investigations of the leakage rates for ele-
vator and stair doors for a pressure difference of 70 Pa are presented. Using that
data, discharge coefficient of 0.53 is calculated. [35], which corresponds to a loss
coefficient of K = 3.56. based on the following relation

Figure 3. Schematic of a shaft cell control volume for energy balance
in the elevator shaft for each floor.
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K ¼ 1

C2
d

ð22Þ

2.3.2. Building Envelope Flow Resistance Leakage through building envelopes
have been extensively studied. The typical approach to the problem is measuring
leakage rates under pressurization. In general, leakage data correlations are
derived from building measurements based upon building features such as age,
construction type, materials used, type of occupancy, etc. However, few data sets
are available for high rise buildings.

In general, pressurization test results can be applied to orifice equation to deter-
mine leakage area, which can be normalized by using total wall area to generalize.
The orifice equation is given as

_8 ¼ CdA

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2DPref
q

s

ð23Þ

The reference pressure ðDPref Þ for leakage measurement tests can be performed

using either 4, 10, 25, 50 or 75 Pa. In the ASHRAE handbook [36], the recom-
mended pressures are 4 Pa and 10 Pa since they are closer to the actual pressure
differences for leakage cases. It is also stated that some studies use a discharge
coefficient of C = 0.65 and others use a parameter called the effective leakage
area (ELA) by assuming a discharge coefficient of C = 1.0 at 4 Pa reference pres-
sure. Using the definition of ELA, the orifice equation becomes,

_84 ¼ ELA

ffiffiffi

8

q

s

ð24Þ

where _84 is the flow rate for DP ¼ 4 Pa. Conversion can be made between the
leakage data at different reference pressures by using the power-law equation.

_8 ¼ CDPn ð25Þ

C is the same for most of the flows, and the exponent, n is usually very close to
0.65.

Using that, the effective leakage area conversion can be shown to be

ELA1

ELA2
¼ DP1

DP2

� �n�0:5

ð26Þ

Based on an office building data set available, Emmerich and Persily [37] con-
cluded that effective leakage area for buildings taller than 10 stories converged to
3.33 cm2/m2 at 10 Pa reference pressure, which corresponds to 2.90 cm2/m2 at
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4 Pa. Jeong [38] conducted an experimental study on two office buildings having 3
stories and 5 stories and determined effective leakage areas between 0.28 cm2/m2

and 1.38 cm2/m2 at 10 Pa, which corresponds to 0.24–1.20 cm2/m2 at 4 Pa. Klote
et al. [39]. provided flow areas of walls of commercial buildings based on the
experimental results of Tamura and Shaw [38–40]. Leakage areas given by Klote
are based on Cd = 0.65 at a reference pressure of 75 Pa for four different tight-
ness conditions which are converted to ELA and presented in Table 1. All other
experimental data that we accessed in the literature are also converted to ELA at
4 Pa reference pressure and summarized in Table 2.

2.4. Building Model and Parameters Related to FDS Simulation

The building model is based on the study of He et al. which has 17 stories and
has dimensions of 43 m, 66 m and 68 m in x, y and z respectively [35]. Each floor
has 4 m height. Elevator shafts are defined as rectangular ducts having dimensions
of 1.5 m to 2.5 m. For the case with fire, 8 elevator shafts are used. Flow paths
consist of the envelope leakage which consists of construction cracks, windows
and doors, and gaps of elevator doors and elevator shafts. There is no open door
or window via exterior wall or via elevator doors, which means the flow is
through leakages only. There is also no closed door within the floors.

FDS numerically solves the Navier–Stokes equations using the Large Eddy Sim-
ulation (LES) model for turbulence. LES is based on filtering the small scales of
eddies and modeling them instead of resolving them. This is a suitable approach
especially for reactive flows since most of the turbulent kinetic energy is carried by
large eddies. As the focus of this paper is not on the turbulent flow physics, we
did not explore differences in predictions between the LES based model and other
types of turbulent flow models. For the fire simulation, the literature suggests that
the LES based methodology in FDS is valid. For the flows in the elevator shafts,
comparisons are made to experimental data for pressure differences. The LES
based FDS predictions are reasonable for these problems.

Leakage through cracks are handled by a coupled network HVAC solver
embedded in FDS [28, 41]. A cubic mesh with a grid size of 0.5 m was used for

Table 1
Leakage Areas for Exterior Building Walls Provided by Klote et al.
[39]

Construction element Leakage

Aleak ([39–42])

(m2/m2)

ELA (at 4 Pa)

(m2/m2)

Exterior building walls (includes construction cracks

around windows and doors)

Tight 5.0 9 10-5 2.09 9 10-5

Average 1.7 9 10-4 7.11 9 10-5

Loose 3.5 9 10-4 1.47 9 10-4

Very

loose

1.2 9 10-3 5.02 9 10-4

Data is based on Tamura and Shaw [40–42]) and calculated effective leakage areas (ELA)
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the FDS simulations reported in this study. There are two critical features of this
problem that must be resolved: the fire the building flows. A characteristic fire
diameter of 2.1 m is calculated using the scaling formula given in the FDS Tech-
nical Reference Guide [43]. It is recommended that the characteristic fire diameter
to grid size ratio be between 4 and 12 to adequately resolve fires according to
NUREG-1824 [44]. Therefore, the grid size of 0.5 m is within the range of sizes to
coarsely resolve the fire. While this resolution is on the coarser side for the fire, it
adequately resolves the relatively slow flows in the large building.

The walls have considerable thermal inertia that isolate the thermal effects on
any given side over the time of interest in these calculations. The time required for
heat transfer to reach the other side of any given wall can be defined using the
thermal penetration depth. For concrete, the thermal diffusivity is a = 6.92 9 10-
7 m2/s according to properties given in the literature [45]. For a wall thickness of
0.3 m, the time required for the inner surface to feel thermal changes on the
opposite side is very large compared to the simulation times used in this project.
Therefore, the walls are expected to behave like a semi-infinite medium for the
simulation time of interest, which is t ¼ 1000 s.

The overall computational cost will be very expensive when high rise building is
analyzed, therefore the detailed heat transfer calculation within the walls is not
computed. Instead, all walls are set to a constant temperature (i.e., the initial tem-
perature of the interior) that is 20�C. Fire is defined on the floor of office area
(ground level, z = 0 m) and specifically in 4m< x< 8m and 20m< y < 23m in
FDS.

3. Results and Discussion

3.1. Experimental Validation (Case with no Fire)

Strege and Ferreira [29] experimentally measured the stack effect for 15 high rise
buildings. They reported the pressure differences between the inside and outside of
the buildings at the ground level and upper levels of the buildings. They also mea-
sured the pressure differences between the building and the elevator shaft through
the doors connecting them. Two buildings from their data located in Minneapolis
were selected as a benchmark for validation due to the similarity of the building
heights with the building used in this study. The elevator door width is given as

Table 2
Experimental Data Available in Literature Converted to Effective
Leakage Area (ELA) Based on 4 Pa Reference Pressure

Reference ELA at 4 Pa (cm2/m2)

Klote [39] (based on Tamura and Shaw [40–42] 0.21, 0.71, 1.47, 5.02

Jeong [38] 0.24–1.20

Emmerich and Persily [37] 2.90
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1.2 m which is 3.5ft = 1.07 m in our case. The elevator door leakage area is set
to 0.0483 m2 in the model, which is provided in the experimental study. The
perimeter of the building was found by using measurement tool of Google Earth
as 190 m. The building contains 4 elevator shafts and 2 stairwells. Specifications
of the selected buildings are provided and compared with our simulated model in
Table 3.

The building model of this study was changed to be able to validate our model
against their data. Such that: a door is located at the ground level, the number of
elevator hoistways are selected as 6, elevator door leakage area is changed as
0.04831 m2 and the no fire scenario is considered. A loose leakage scenario is
defined for exterior doors.

Ground level and upper level pressure differences are compared in Table 4.
Psh - Pout is dominated by shaft to ambient temperature difference. However,
pressure differences through the elevator doors and exterior walls depend on the
corresponding leakage resistances. Adding stairwells is very similar to increasing
the number of elevator hoistways, so that a 6 elevator shafts are used in our
model instead of 4 to include the effect of stairwells.

In both the network and FDS models, using a loose envelope tightness at each
floor resulted pressure differences at the ground level that are close to the experi-
mentally measured ones; the percent differences are no more than 20% between
the exterior and the building interior zone and 30% between the interior building
zone and the elevator shaft zone. However, pressure differences are overestimated
at upper levels with approximately 90% error. Using identical tightness for each
floor led to pressure differences of similar magnitudes at the ground and upper
levels, which is expected in theory but was not the case in the experimental results.
The building is a hotel building and there is an open skybridge connecting this
building to adjacent building and a revolving door at the entrance, which makes
the first two levels looser than the upper levels. To examine this effect, some mod-
ifications are applied to our network model. First, the envelope tightness is set to
an average tightness (the value in Table 1) for the levels between 3 and 17 while
first two levels are kept loose. The height of the second level is set to 5 m while
other levels have 4 m height. These modifications lead to a significant decrease in
upper level pressure difference, and the percent error of at the upper level decrea-
ses to 32%. Additionally, the pressures at the ground level are also closer to the

Table 3
Specifications of Selected Buildings from Strege and Ferreira [29]
Compared with the FDS Validation Model

Building#

Height

(m) Floors

Number of elevator

hoistways

Number of

stairwells

Outside temp

(�C) Inside temp (�C)

Exp [29] 69 19 4 2 - 8 23

FDS (6 shaft) 68 17 6 – - 8 22

Our model 69 17 6 – - 8 23

Building numbers are same as it is in the reference

Fire Smoke Transport and Opacity Reduced-Order Model 995
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experimental values (8% error via exterior, 20% error via elevator doors). There
is a small additional story at the rooftop which may cause extra leakage at the
upper level. An additional door pathway is defined at uppermost level to handle
this which has the same resistance as the elevator door. This small addition raised
the pressure difference at the upper level such that the percent error is further
decreased to 24%.

Although the modifications discussed above are not fully representative of all
architectural layout details of the building, it shows that our network model pre-
dicts the trends in the pressure distribution in the building. The experimental data
were taken during the normal building activity. The presented pressure differences
are dependent on the architectural layout of the building and operating conditions
of HVAC and elevators. Architectural details of the building can be easily imple-
mented to the network model by changing the flow resistances and can be cali-
brated using any existing data because of the extremely fast run time of the code
compared to CFD simulations.

3.2. First Floor Fire Scenario

Four different cases are examined which consist of the combinations of cold and
warm environments with tight and loose envelope tightness. These cases are tabu-
lated in Table 5. 8 elevator shafts are used in all cases.

3.2.1. Fire Floor Pressure variations and discharge characteristics in the fire room
are discussed in this section. The network solutions (with a subscript th) is com-
pared with FDS solutions.

Table 4
FDS Model Validation with Experimental Study of Strege and Ferreira
[29]

Data

source Envelope tightness

Pb,L1 -

Pout,L1

(Pa)

% Diff.

from

exp

Psh,L1 -

Pb,L1

(Pa)

% Diff.

from

exp

Psh;L17 � Pb;L17
(Pa)

% Diff.

from

exp

Exp

[29]

– - 24.9 - 12.0 8.7

FDS All loose - 27.1 8.6 - 15.8 31.8 16.1 85.1

Our

mo-

del

All loose - 29.7 19.31 - 16.1 34.5 16.8 93.2

Our

mo-

del

Average L3–L17 exte-

rior

- 27 8.4 - 14.7 22.8 5.9 31.7

Our

mo-

del

Average L3–L17 exte-

rior + extra door at

L17

- 27.6 10.92 - 15.1 25.75 10.8 24.4
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In Fig. 4, pressure variations are presented. For all cases, pressure has a peak
value at approximately 400 s. It is nearly independent of ambient temperature but
increases significantly when the building envelope is tightened. The network solu-
tions show reasonable agreement with the FDS solutions for the loose envelope
simulations. There is more error in the tight envelope simulations. For the tight
envelop cases, there are errors in the time to peak pressure and the magnitude of
peak pressure. The time shift between pressure curves is clearer in tighter cases
than in looser cases. Moreover, the highest pressure is overestimated with the net-
work model compared to the FDS predictions. Percent differences of highest
gauge pressures of the network model compared to the results from FDS are
given in Table 6. For loose cases, the differences are no more than 3%. However,
the percent differences reach approximately 47% for tight cases. For the same
level of envelope tightness, network pressure predictions for warm cases are more
accurate compared to cold case predictions.

The elevated pressure on the fire floor causes mass flow to lower pressure zones.
Characterizing the discharge behavior is critical to modeling the smoke transport.
The total mass contained within the fire floor at the end of the simulation pro-
vides an estimate of much mass (smoke) had been discharged during the fire
event. This serves as a useful parameter to use in validating the network model
against FDS predictions.

In Fig. 5, the total mass of gas on the fire floor is plotted. The network model
discharged the gases and reaches steady state slightly faster than FDS. The final
total mass is overestimated in the network model which means that the total dis-
charge amount is underestimated. The percent differences between the final total
masses are given in Table 6 which vary between 1.68% and 8.15%. The spatial
distribution of temperature within the fire floor is not considered in the network
model. In reality, hot product gases accumulate near the ceiling and colder gases
are near the floor. Because the elevator door gaps run from floor to ceiling, tem-
perature of the gas entering the elevator shafts are different than the average tem-
perature on the fire floor. Therefore, differences in the total discharge amount are
observed between the network model and FDS, even when the pressures agree.

3.2.2. Elevator Shaft The problem of interest is characterized by a range of time
scales. The shortest time scales are associated with turbulent eddy dynamics while
the longest scales are associated with the fire growth times. The goal for Fire-
STORM is to predict transient effects on the fire time scales, and as such it is use-

Table 5
Different Cases Considered for First Floor Fire Scenario

Case Tout (�C) ELA of exterior walls

Cold, loose - 15 1.47 9 10-4

Cold, tight - 15 2.09 9 10-5

Warm, loose 20 1.47 9 10-4

Warm, tight 20 2.09 9 10-5
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Figure 4. Time variation of gauge pressures in the fire floor (a) cold,
loose (b) cold, tight, (c) warm, loose, (d) warm, tight.

Table 6
Percent Differences Between FDS and Our Model for Pressure and
Total Mass at Fire Floor

Case %Diff of max gauge pressures %Diff of total mass at t = 1000 s

Cold and loose 2.67 7.08

Cold and tight 46.43 1.68

Warm and loose 1.50 8.15

Warm and tight 41.45 4.24
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ful to evaluate the effects of filtering FDS results when comparing with Fire-
STORM. As an example, the mass flow rate time history at 24 m height in the
elevator shaft is presented in Fig. 6. In addition to the low-amplitude, higher fre-
quency transients associated with eddies, there is a high-amplitude, low-frequency
oscillation after 400 s for the tight envelope case. We believe that these low fre-
quency oscillations are associated with transient density, pressure coupling in the
shaft. The period of oscillation is approximately 100 s which is comparable to the
characteristic time scale using the shaft length and a characteristic mean velocity
in the shaft. Since the simplified model is incapable of resolving such a phe-
nomenon, the data is smoothened by using Savitzky–Golay filter. Using a time-
window of 20 s, first order fitting is applied on every data point. For the results
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Figure 5. Time variation of total mass in the fire floor (a) cold, loose,
(b) cold, tight, (c) warm, loose, (d) warm, tight.
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discussed in the following sections, the FDS data is filtered once for loose cases
and 50 times for tight cases.

The mass flow rate distributions in the elevator shaft are given in Fig. 7. For all
cases, the mass flow rates increase until the neutral plane and then decrease after-
wards. The mass flow rates increase more at later times in the loose cases than in
tight cases. The network model is in very good agreement with FDS for cold and
loose cases and in reasonable agreement in warm loose and warm tight cases.

Pressure differences between the shaft and ambient are plotted in Fig. 8. The
network model is in good agreement with FDS except at the early times for tight
cases. As can be seen in Fig. 8b, d, there are considerable differences between the
FDS and fire-STORM predicted pressures for the tight envelope cases. Looking at
Fig. 4b, d, one also sees that there is a time offset of approximately 100 s in the
time to peak pressure for the tight cases. To clarify the impact of a time-offset on
the differences between the FDS and fire-STORM predictions, we shifted the fire-
STORM pressure predictions by this 100 s offset and found closer agreement to
the FDS predictions. There is likely an optimal but arbitrary time shift that would
minimize the error. The existing error appears to be a fundamental limitation of
the fire-STORM model for tight envelope simulations.

The location of the neutral plane is around half the height of the building for
loose cases. The neutral plane moves downwards in tight cases and disappears at
certain times due to pressurization of the shaft by the high pressure on the fire
floor. The slope of the pressure differences is directly related to the temperature
stratification differences between the elevator shaft and the environment. There-
fore, the slopes are larger in cold cases than warm cases.

Accurate estimation of temperature in the shaft is very important since temper-
ature differences drive the flow through the elevator shaft. Temperature distribu-
tions in the shaft are presented in Fig. 9. Similar to pressure and mass flow rate
results, the network model most closely agrees with the FDS results in cold and
loose cases. For all other cases, the network model overestimates the tempera-
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Figure 6. Time history of mass flow rate at 24 m height of elevator
shaft (a) cold-loose, (b) cold-tight cases.
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tures. While the heat loss model in the elevator shaft is reasonable for the net-
work model, the temperatures at the inlet of the shaft are overestimated. This is
because FDS predicts that the gases entering the elevator are colder than the aver-
age compartment temperature. Further, temperatures are unsteady in FDS while
they are essentially steady by about 650 s in the network solution.

The mean temperature in the shaft determines the hydrostatic pressure distribu-
tion in the shaft. The network model estimates the mean temperature better in
loose cases than in tight cases and in cold cases than warm cases.
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Figure 7. Time variation of mass flow rates in the elevator shaft (a)
cold, loose, (b) cold, tight, (c) warm, loose, (d) warm, tight.
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4. Application

As an application, we consider the problem of smoke spread and visibility changes
on the different floors of the building. One of the important design issues for tall
buildings is the modeling of smoke transport. As previously noted, smoke influ-
ences occupant evacuation through visibility and signage issues and also from
health, toxicity, and mobility perspectives. There are two main elements to per-
forming such calculations. There is a need to construct accurate soot generation
and transport models as well as a need to translate the soot volume fractions into
measures of visibility and opacity.
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Figure 8. Time variation of pressures in the elevator shaft (a) cold,
loose, (b) cold, tight, (c) warm, loose, (d) warm, tight.
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4.1. Theoretical Calculation of Soot Mass Fraction

Conservation of mass for soot can be written at the fire floor as

dmsoot;ff

dt
¼ _mfuelvs � _melevYsoot;ff � _moutYsoot;ff ð27Þ

The subscript, ff refers to fire floor in the Eq. (27). According to cone calorimeter
tests conducted by Babrauskas, the amount of soot production per fuel consump-
tion, known as the soot yield (vs), is approximately 0.1 for foam materials [46, 47].
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Figure 9. Time variation of temperatures in the elevator shaft (a)
cold, loose, (b) cold, tight, (c) warm, loose, (d) warm, tight.
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Equation (27) is coupled with the mass and energy conservation equations of
the fire floor and solved with them. Control volume balances for the soot mass
fraction calculation are shown in Fig. 10.

In Fig. 11, soot mass fraction (Ysoot) in the elevator shaft is presented for differ-
ent cases at different times. For all cases, the simplified theoretical model results
are in good agreement with the FDS solutions, especially for the cold-loose case.
For t = 333 s, the simplified model predicted soot everywhere in the shaft,
whereas FDS predicts no soot at higher levels. Because the simplified model does
not discretize the elevator space as finely as FDS does, the soot was immediately
transmitted upwards in the simplified model. This causes Ysoot overestimations at
the initial times while the elevator shaft zones are being filled with the soot. More-
over, Ysoot is underestimated for tight cases at upper levels due to discrepancies in
mass flow rates.

In Fig. 12, the average soot mass fractions at different floors are presented for dif-
ferent cases. Results of the simplified theoretical model are in good agreement with
the results of FDS. In the cold loose case, FDS predicted that soot exists at lower
levels while the simplified model does not. In FDS, soot coming out from fire floor
to the external environment rises along the outside wall by buoyancy forces and pen-
etrates the lower floors with the flow from the outside via exterior leakage.

For both elevator shaft and floors, the external/ambient temperature does not
affect the soot mass fraction significantly for the tight cases. Soot is transported to
upper levels quickly in cold-loose cases compared to other cases.

4.2. Visibility Calculation

Visibility loss due to smoke is a potential hazard which inhibits the evacuation of
people from the building. It can be assumed that light intensity decreases expo-
nentially from its source with a light extinction coefficient, which can be written in
terms of the mass specific extinction coefficient (Km) and soot density as follows.
[30]

I=I0 ¼ expð�KmqYsootLÞ ð28Þ

Figure 10. Schematic of control volumes for conservation of mass for
soot at elevator partition and floor (a) flow is from the floor to the
elevator, (b) flow is from the elevator to the floor.
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Then, visibility can be defined as [30]

Kl ¼ KmqYsoot ð29Þ

Vis ¼ C
Kl

ð30Þ

C is a nondimensional constant that depends on smoke and signage properties

and q is the density of the fluid that contains soot. In our case, Km ¼ 8700m2=kg
and C = 3 (suggested for reflected signage) are taken which are default values of
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Figure 11. Soot mass fraction in the elevator shaft (a) cold, loose,
(b) cold, tight, (c) warm, loose, (d) warm, tight.
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FDS [30]. Density is calculated by using the ideal gas law with calculated pres-
sures and temperatures for the elevator shaft and fire floor, while it is taken as

constant at other floors. (qf ¼ 1:225 kg/m3, which is the density of air at 25�C and

1 atm [45]).
According to the visibility formula (Eq. (30)), as Ysoot fi 0 Vis fi ¥. To

eliminate this, FDS sets a maximum visibility value of 30 m, which is reached
when Ysoot @ 10-5. For this reason, all visibilities presented in this paper are 30 m
if Ysoot is approximately 10-5.

Visibility in the elevator shaft and average visibility on the floors are presented
in Figs. 13 and 14 respectively. Since visibilities are inversely proportional to soot
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Figure 12. Soot mass fraction on floors for different envelope and
ambient thermal scenarios (a) cold, loose, (b) cold, tight, (c) warm,
loose, (d) warm, tight.
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mass fraction, similar discussions made for soot mass fraction can also be made
for visibilities. Despite this similarity, visibility is considered as a metric that is
easier to understand and visualize. It connects the science and mathematics with
an easily understood parameter affecting evacuation metric. Different mass extinc-
tion coefficients could be addressed in the model, but we ultimately chose to keep
it the same as the approach used in FDS. As expected, Fire-STORM and FDS
results are in good agreement. However, visibilities are overestimated by the sim-
plified model for tight cases at upper levels of the elevator shaft due to discrepan-
cies in estimating the mass flow rates in the elevator shaft. Comparing cold-loose
case with the others, it can be deduced that stack effect reduces the visibilities at
uppermost levels quickly. Fire-STORM overestimated visibilities in tight cases
compared to FDS results, which reminds that it should be used cautiously for

0 5 10 15 20 25 30

Visibility (m)

0

10

20

30

40

50

60

70

H
ei

gh
t (

m
)

Cold,Loose 
 Vis

th
 t=333 s

Vis
FDS

 t=333 s

Vis
th

 t=666 s

Vis
FDS

 t=666 s

Vis
th

 t=999 s

Vis
FDS

 t=999 s

0 5 10 15 20 25 30

Visibility (m)

0

10

20

30

40

50

60

70

H
ei

gh
t (

m
)

Cold,Tight 
 Vis

th
 t=333 s

Vis
FDS

 t=333 s

Vis
th

 t=666 s

Vis
FDS

 t=666 s

Vis
th

 t=999 s

Vis
FDS

 t=999 s

0 5 10 15 20 25 30

Visibility (m)

0

10

20

30

40

50

60

70

H
ei

gh
t (

m
)

Warm,Loose 
 Vis

th
 t=333 s

Vis
FDS

 t=333 s

Vis
th

 t=666 s

Vis
FDS

 t=666 s

Vis
th

 t=999 s

Vis
FDS

 t=999 s

0 5 10 15 20 25 30

Visibility (m)

0

10

20

30

40

50

60

70

H
ei

gh
t (

m
)

Warm,Tight 
 Vis

th
 t=333 s

Vis
FDS

 t=333 s

Vis
th

 t=666 s

Vis
FDS

 t=666 s

Vis
th

 t=999 s

Vis
FDS

 t=999 s

(a) (b)

(a) (b)

Figure 13. Visibility in the elevator shaft for different envelope and
ambient thermal scenarios (a) cold, loose, (b) cold, tight, (c) warm,
loose, (d) warm, tight.
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tight cases. Average visibilities at the floors other than fire floor are all 30 m
except the cold-loose case, which indicates that discrepancies in small soot mass
fractions do not affect visibility.

4.3. Simulation Times

Simulation times of the simplified model and FDS are compared in Table 7. The
simplified model is extremely fast compared to FDS. All cases were solved in 30 s
with the simplified model while FDS runs lasted about 1 week. In FDS, cold cases
are slower compared to warm cases due to smaller time step requirement to satisfy
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Figure 14. Average visibility on floors for different envelope and
ambient thermal scenarios (a) cold, loose, (b) cold, tight, (c) warm,
loose (d) warm, tight.
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the Courant Friedrichs Lewy (CFL) stability constraint [43]. The somewhat
increased flowrates for the cold cases require smaller time steps.

5. Conclusion

In this study, a transient network model (Fire-STORM) is developed, and results
from it are compared against those from a CFD (FDS) tool. Fire-STORM solves
a coupled set of differential equations for the fire floor in conjunction with conser-
vation equations applied to the elevator shaft and other building zones. Fire-
STORM quickly predicts the transient flow behavior in the shaft. In the non-fire
experimental validation case with stack effects, a maximum error of 25.75% is
obtained for pressure differences. The error is likely due to differences between the
architectural details in the actual building that were not specified in the model
description.

A first-floor fire scenario was investigated for a similar building structure with
both Fire-STORM and FDS. Four cases which are combinations of ambient tem-
peratures and envelope tightness were examined. The best agreement was achieved
for a cold and loose case, because the flow in the elevator shaft is dominated by
the stack effect which can be estimated very well using the network model. How-
ever, when there is less thermal/temperature stratification and the envelope is
tight, more complex flow phenomena occurs in the building and the accuracy of
the Fire-STORM decreases. An error of approximately 100 s occurs in the time to
peak pressure on the fire floor for tight cases. Also, the maximum pressure on the
fire floor is overestimated by Fire-STORM relative to FDS by approximately 45%
for the tight envelope cases, which dramatically shifts the pressure in the elevator
shaft and causes some inaccuracies in mass flow rates.

Temperature in the elevator shaft is usually overestimated with Fire-STORM.
Good agreement is obtained when the mass flow rates in the shaft were high.
Entrainment of cool air from floors above the fire floor into the elevator shaft
reduced the gas temperature in the elevator shaft which minimized the effect of
the initial temperature overestimations of the Fire-STORM model. The main rea-
son for the elevator shaft temperature is the overestimation of temperature at the
fire level of the elevator shaft. Fire-STORM assumes isothermal fire floor whereas

Table 7
Comparison of Simulation Times of Simplified Model and FDS for
Different Cases

Case Simplified model (s) FDS (day:hour:min)

Cold, loose 25.9 7:20:21

Cold, tight 26.1 8:05:04

Warm, loose 26.7 5:00:28

Warm, tight 26.4 5:23:31
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FDS fully resolves the temperature distribution. Air colder than the average tem-
perature of the fire floor enters the elevator shafts in FDS since the elevator door
gap spans the height of the floor and provides gas access to the shaft from the
lowest and coolest parts of the ground level. Developing a 2-layer zone model for
fire floor might decrease the deviations in temperature and mass flow rates
between the network model and FDS.

Overall, the new network model (Fire-STORM) does a reasonably good job in
predicting the flow parameters in the elevator shafts, especially when the envelope
tightness is loose and stack effect is dominant. Despite its error for some cases,
such simplified network models are promising due to the advantage of quick run
times (seconds) over CFD models (days) which provides possibilities for perform-
ing thousands of analyses in very short times. Therefore, different buildings in
various environment conditions can be analyzed for different fire scenarios to per-
form fire risk analysis and/or optimize the firefighting tactics. Integrated with
smart sensor systems, such fast network codes can be used to predict and monitor
the real-time changes of flow pathways in the building during the building activity
or fire.Publisher’s NoteSpringer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
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