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1. Summary
Nearly half-a-million structure fires were reported annually in the United States. The fires caused
around 17,000 injuries and death, and approximately $10 billion in property loses. For future smart
building, loses due to unwanted fire could be significantly reduced. With the sensor rich
environment and computer-controlled management system in smart building, fire safety could be
enhanced by utilizing the available sensory data and digitized building information. The proposed
project builds a predictive simulation capability for the dynamic spreading of fire and smoke in
smart building by using a computational fluid dynamics software supported by NIST (National
Institute of Standards and Technology). The outcomes of the proposed fire dynamic prediction
research can be combined with the building information data and sensory data to reliably project
the location and the likely growth of fire and smoke in smart building. The research will utilize
this big data to develop smart algorithms to assess the impacts of fire on human, properties, and
environment, with the objective of optimizing fire protection decision making in real time. The
goals of the work proposed here are (1) to establish the computational fire dynamics (CFD)
simulation tool at Western Michigan University (WMU) to simulate incidents of unwanted fire
and smoke events, and (2) to validate the tool for Floyd Hall at WMU.
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2. Introduction
Fire protection in buildings is highly regulated by building codes and standards. In the US,
jurisdictions typically follow the International Building Code (IBC), which has a number of
sections dedicated to fire protection [1, 2]. Despite these regulations that make building fire low
probability event, its severity is high. Injuries, death, and other costs due to fire continue to
increase. For instance, the National Fire Protection Association (NFPA) estimates that in 2011 the
total annual cost of fire, including human and economic losses, costs of the fire service, built-in
fire protection, and costs associated with the insurance industry, was about $330 billion, or roughly
two percent of the U.S. gross domestic product [3]. At the same time, new construction of smart
buildings and the advancement toward future smart city continue to add new challenges to fire
safety, such as those associated with photovoltaic roof panels and insulation materials, and
lightweight engineered lumber framing. [4]
While creating live testing of a fire event in a building is difficult and expensive, if possible at all.
modern smart building technologies present new opportunities to significantly reduce loses to fire.
Smart building systems monitor and manage building performance in real time by using data
obtained from sensors such as programmable thermostats and appliances that can be controlled
with a cell phone. The sensor-rich environment of a smart building provides information or data
that can be integrated for fire protection. For an example, the integration of smoke control protocol
in the HVAC system algorithm to allow a fire alarm trigger to control ventilation during a fire to
reduce smoke exposure of occupants has already been reported [5].
The smart buildings of tomorrow offer untapped fire safety potential to all constituents of a smart
building’s community, including the designers, owners, occupants, and emergency responders. In
fact, the new Research Roadmap of Smart Fire Fighting [6], prepared by NIST and the FPRF (Fire
Protection Research Foundation) in 2015, has charted a path toward overcoming technical
obstacles so that interconnected building performance management technologies can be harnessed
to greatly improve fire-protection and fire-fighting capabilities. "The ultimate aim of the roadmap
is to enable real-time delivery of useful information before, during and after a fire incident… —
to get actionable intelligence to the first responders who need it, when they need it," explains
Anthony Hamins, the head of NIST's Fire Research Division.
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3. Objectives
The goals of the work proposed here are (1) to establish the CFD simulation tool at Western
Michigan University (WMU) to simulate incidents of unwanted fire and smoke events, and (2) to
validate the tool for Floyd Hall at WMU. The long-term goal of the proposed work, which is
beyond the scope of this proposal, is to develop interactive smart algorithms that optimize fire
protection decision making in real time during the different phases of a fire in smart building.

4. Research Plan
With the advent of high-speed computer processor and parallel computing, computational
simulation has increasingly being used in fire protection engineering. Computational simulation
offers fire engineers the flexibility to simulate fire behaviors in different likely scenarios, which is
not possible with the live testing approach. In the proposed work, we will establish the capability
to perform fire simulation using an open-source software called FDS (Fire Dynamics Simulator).
FDS [7] is a computational fluid dynamics model of fire-driven fluid flow. The source code is
available for free download and use at no cost. Its development in the past twenty-five years has
been supported by NIST of the U.S. Department of Commerce. The first version of FDS was
publicly released in 2000 and the latest release of version 6 was published in November 2013. FDS
is one of the most advanced fire simulation software.
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5. Technical Approaches
In this work, we propose to develop 4D (four-dimensional) field modeling of the fire dynamics in smart
building. Reliable modeling and simulation of fire and smoke is arguably the core of future smart fire
safety. By taking advantage of modern high-performance computing software for fire dynamics, we
will simulate the behaviors of fire in likely scenarios in this project. The simulations are based on the
physics and sciences of fire driven flow. The results of the simulations represent the fire dynamics in
the event of a real fire in terms of the three-dimensional physical space and in time (the fourth
dimension), and therefore are 4D simulations.

5.1

Computational Fluid Dynamics Simulations of Fire Dynamics

FDS numerically solves the Navier-Stokes equations. Mathematical and physical models, and
advanced numerical methods that have been well validated in the realm of classical computational fluid
dynamics, such as those used in weather forecasting today, were applied. The methodology, in a
nutshell, breaks down a three-dimensional domain, such as the interior space of a building, into tiny,
rectangular cells. Through the solution of the Navier-Stokes equations at each cell, FDS tracks heat,
mass, and momentum transfers across each cell in the domain. Over time, the evolution of the solution
data can be visualized and allows the identification of the fire dynamics, including size, shapes, and
temperature. Instantaneous smoke propagation can be displayed by using SmokeView (SMV) [8], a
graphic visualization software that is also supported by NIST. The advanced capabilities of FDS and
SMV can be further augmented by the addition of the evacuation simulation module, FDS+Evac [9].
The NIST-supported software FDS+Evac simulates the movement of people in evacuation situations.
The human egress simulations can be fully coupled with the FDS fire simulations. The FDS software
employs a conserved scalar approach to model the combustion of fires. The mixture fraction-based
model assumes that combustion is mixing-controlled with fast reaction rate between fuel and oxygen.
The mass fractions of major reactants and products are computed using validated scientific analyses.
Radiative heat transfer is simulated via the solution of the radiation transport equation for a nonscattering gray gas. The computational cell sizes are typically in the range of centimeter for the largeeddy-simulation in FDS to achieve the resolution and the realism of the flow structures in turbulent
buoyant flow. The solution process marches in real time. Instantaneous results can be displayed in still
images, in motion, or in virtual reality to, for instance, track the growth of fire and the propagation of
smoke.

5.2

Three-Dimensional Building Geometry Layout Acquisition

FDS approximates the governing equations of the fire-driven turbulent flow on a rectilinear mesh.
Three-dimensional rectangular obstructions are to conform with the underlying mesh. The
geometry is described in terms of obstructions to the flow, such as the walls and the doors. In fact,
considerable amount of work in setting up a simulation is normally spent in specifying the
geometry of the building space to be modeled. In addition to the geometry, other parameters, such
as the building materials types and its thermal properties, of the obstructions are also to be
specified.
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For simple structural layout, say, of the single room and the two room cases studied in the work,
the geometry acquisition is straightforward. For the case of the Floyd Hall simulation, most of the
geometry layout of the rooms in the G-Suite are extracted manually from the floor plan in a version
of the BIM model for the building. Information that are not in this BIM, such as the dimensions of
all of the exterior and interior windows, ceiling height, etc, are acquired using tape measure on
locations.

6. Work Results
6.1 Verification of Software
6.1.1 Single Room Fire
A typical single room fire is simulated. A few pieces of furniture are considered as the obstructions,
including three couches, a table, and a floor rise. The computational domain, as shown in Figure
6.1.1, consists of the room and the hallway.

Figure 6.1.1: Computational domain and the furniture in the single room fire case.
As is shown in Figure 6.1.2, a fire is set on the long couch. In Figure 6.1.2, one of the wall is
opened for visualization purposes. The fire heats up the air and the buoyance quickly generates a
turbulent plume as indicated by the rise of the black smoke and the spread of the smoke over the
ceiling. Figure 6.1.3 shows the simulated fire and smoke at 12 seconds after the fire started. The
smoke is seen spreading along the ceiling radially outward from the location of the initial
impingement of the buoyance plume. In Figure 6.1.4, the smoke is seen to have accumulated
underneath the ceiling of the entire room, descended, and spilled out to the hallway over the head
jamb of the door. The smoke layer thickness distributions vary with space and time. An estimate
shows that the smoke-layer depth is around 10 percent of the floor-to-ceiling height on the average.
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Figure 6.1.2: Ignition on the long couch and the initial rising jet flow of the smoke.

Figure 6.1.3: Propagation of smoke over the ceiling 12.4 second after the fire initiation.
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(a)

(b)
Figure 6.1.4: (a) and (b) show two views of the distribution of the smoke layer depth in the room.
6.1.2 Two-Room Fire
A two-room structure case is simulated. Figure 6.1.5 (Nuclear Regulatory Commission Report
2007) [10] shows a sketch of the layout of the multi-room configuration in the fire experiments
[11] where two smaller rooms are connected by a long corridor. The fire is located in one of the
small rooms, or the burn room, far away from the exit. Natural gas was used as the fuel with a
radiative fraction of 0.2 for the fire. The heat release rate (HRR) during the steady-burn period,
which was measured using oxygen consumption calorimetry, was 110 kW with about 15%
uncertainty.
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Figure 6.1.5: NBS multi-room configuration. [10]

Figure 6.1.6 shows the geometric dimension of the NBS multi-room structure in the experiments.
Thermocouples were placed in eight vertical arrays (called TC Tree) positioned throughout the test
space as indicated in Figure 6.1.5 (yellow dots showing the locations of the probes). Simulated
temperatures were extracted from FDS simulation results at the locations corresponding to TC
tree#1. TC tree#1 was located in the burn room as indicated in Figure 6.1.4. The thermocouple
probes were placed at 0.15, 0.36, 0.66, 0.97, 1.27, 1.57, 1.88, 2.03, and 2.15 meter off the floor,
respectively. They are named TC 1, TC 2, … TC 9, respectively, in the FDS simulation output
channels. Figure 6.1.7 shows the FDS simulated variations of temperature with time for TC tree
#1. The temperatures at all probe locations increase sharply immediately after the initiation of the
fire with the four nearest to the ceiling exhibiting a similar progression in time and in magnitude,
which are the highest among the measured. The results confirm that the FDS validation case is
successfully simulated at WMU.

Figure 6.1.6: Geometry of the NBS multi-room experiment. [12]
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Figure 6.1.7: FDS simulated temperature in the burn room of the NBS multi-room experiment.
6.1.3 NRCC Smoke Tower Fire
A fire experiment conducted by the National Research Council of Canada (NRCC) is one of the
validation cases for FDS [12]. The NRCC smoke tower (Figure 6.1.8) experiment [13] is a ten
story experimental facility. The facility was used to study smoke movement through the stair shaft
to the upper floors of the building. The tower was designed as a testbed for fire behavior in the

Figure 6.1.8: Geometry of the National Research Council of Canada (NRCC) Smoke Tower [11]
center core of a high-rise building. The cases have four commodity fires and six propane fires. As
shown in Figure 6.1.5, the building includes a compartment and corridor on each floor, with
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connected stair shaft, elevator shaft, and service shaft. Wall and floor slabs are 0.2 m thick. The
first and the second floor are 3.4 m high and the upper eight floors are 2.4 m. The propane burner
was located on the second floor and the smoke was allowed to flow through open doors to the stair
vestibule and stair shaft itself. In the test, the stair shaft doors was open on the 4th, 6th, 8th, and the
10th floors. The other floors were closed off to the stair shaft. The ventilation system was off and
there were no openings to the outside except for a single door that was opened on the first floor.
Temperature was measured using thermocouples and species concentrations, O 2, CO2 and CO,
were measured using gas analyzers.
The simulation case has been successfully installed and executed at WMU. Figure 6.1.9(a) shows
the FDS view of the tower from below. The computation contains 24 mesh zones and the total
mesh cell count is 470,400. Figure 6.1.9(b) shows the temperature distribution results of a propane
burn at the 2- minute mark from the initiation of the burn.

Figure 6.1.9: NRCC Smoke Tower FDS simulation. (a) FDS view of the NRCC smoke tower.
(b) A snapshot of the temperature over a slice plane.
Figure 6.1.10 shows the pattern of the smoke in the structure 5 minutes after the initiation of the
burn. The smoke has penetrated to the floors that has the connecting doors open, up to the 8 th at
the 5-minues mark. The stair vestibules below the 8 th floor are nearly completely occupied by
smoke. The smoke is optically dense and may be considered obstructive to escape attempts.
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Figure 6.1.10: The FDS simulated conditions of the fire and smoke 5 minutes after the initiation
of fire.

6.2 Fire Simulations in Floyd Hall
6.2.1 Building Information Modeling
Firstly, some dimensions of the rooms are taken from an existing BIM model, which is an
Autodesk Revit file of the building. In this file, the floor plan for the G suite can be found under
the second-floor section, seen in Figure 6.2.1. Finding the widths of the doors and windows is done
with the “Measure Between Two References” tool within Revit, seen in Figures 6.2.2 and 6.2.3.
The length and thicknesses of walls are similarly obtained. For the windows and doors, some
properties can be viewed in Autodesk Revit as seen in Figure 6.2.3. The Cartesian coordinate
system (x,y) used is shown at the bottom left corner in Figure 6.2.1 with the z-axis pointing toward
the ceiling. The point-wise locations of all the geometric features are then written in terms of this
coordinate system and subsequently used in FDS simulations. The locations are translated to FDS
input format by measuring from the bottom left corner of the of the offices as shown in Figure
6.2.1.
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Figure 6.2.1: G Suite (Second Floor).

Figure 6.2.2: Measuring Dimensions

Figure 6.2.3: Door Properties
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Since some dimensions of the offices are repetitive, the coordinates for the inputs to FDS are
assembled one section at a time. A section is defined as an area that repeats its pattern. This way,
all that has to be done is to add the x-distance between sections to all the objects within the section.
In Figure 6.2.4, each area is shown to have 288 inches of separation, or 24 feet. Note that the
coordinates themselves are in hundreds of inches (i.e. a distance of 288 inches is represented by
2.88). This is because the computer used to compile the FDS program in this part of the work was
taking upwards of 20 minutes each time when compiling the program on a larger scale, partly due
to the automatically activated computational mesh generation process.

Figure 6.2.4: Work screen for adding doors

For features that are not available in the BIM, the associated sizes were obtained using tape
measures on locations. This task entails measurements of nearly all of the windows along the
outside wall of the building, all of the windows that sit high up on all the interior partitioning walls,
and those between the hallway and the offices. For an example, Figure 6.2.5 shows the measured
dimensions (in inches) of the windows in the conference room G-233. The thicknesses of the
windows are taken as the same as that of the walls they are on. In FDS, geometries are made
aligned with the Cartesian coordinates and, therefore, these measured quantities are translated to
the associated point locations in the FDS input file. The FDS modeled G-suite of the Floyd Hall is
shown in Figure 6.2.6.

16

Figure 6.2.5: Measured window dimensions. G-233 Floyd Hall.

Figure 6.2.6: FDS modeled G-suite.

6.2.2 G-Suite Fire
Simulations of fires in the faculty office suites in the G-Suites of the WMU Floy Hall are
successfully performed. A scaled model of the G office block was used in the effort to simulate
the smoke and fire propagation with FDS. The dimension of the scaled model is 1.58m X 1.65m
X 0.73m. The corresponding mesh cell count is 52 X 54 X 24, with the total number of rectangular
cells of 67,392. Each mesh cell measures 0.03m X 0.03m X 0.03m. The simple chemistry model
used assumes that the fuel contains only C, O, H and N. The fire is modeled here as the ejection
of gaseous methane fuel from a solid surface. The Heat Release Rate Per Unit Area, or HRRPUA
in units of kW/m2 is used to define the fire. In the cases simulated, HRRPUA=1222 kW/m2 was
prescribed. The simulation was conducted on a computer cluster in the Computational Engineering
Physics Lab at WMU. A total of eight computing nodes were used. Each computing node has
one Intel Xeon 6-core CPU and 64 GB memory. Computational time for the total number of the
wall-clock hours elapsed for the simulation is roughly 8.4 hours to simulate about 30 sec of the
fire scene in real time for the entrance fire case. The materials used in the model are listed in Table
1. No office furniture has been included in the simulations.
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Part
Wall
Window
Carpet

Material
Gypsum Plaster, 0.012 m thick
Glass, 0.005 m thick
Carpet, 0.006 m thick

Table 1. Bill of the construction materials use in the G-Suite fire simulations.
A single ignition is simulated with the fire at the west entrance doorway. Both the west and the
east entrance doors are closed in the simulations. All office doors are also assumed closed. The
gas fueled fire was ignited at time zero. Figure 6.2.7 shows the FDS view of the location of fire
ignition.

Fire Ignition
Location
Figure 6.2.7: Fire location at time zero.
Figure 6.2.8 shows the snap shots of the resulting fire and smoke at five instances of time, i.e., 2.4,
9.1, 16.2, 23.0, and 30.0 seconds after the ignition. The smoke spreads along the ceiling and
reaches the east entrance in 30 second.

2.4 sec

9.1 sec
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23.0 sec

16.2 sec

30.0 sec
Figure 6.2.8: Snapshots of fire and smoke propagation in a G-Suite fire.

A simulation was also performed where, in addition to a fire near the west entrance door, a second
fire with the identical HRR also started in one the offices at the same time. Figure 6.2.9 indicates
the two locations of the fire ignition. Figure 6.2.10 shows the development of the fires and smoke.
The entrance door fire generates smoke, which spreads along the corridor, similar to the case
before. The fire in the confined office room generates smoke, which quickly fills the room and
subsequently raises the temperature in the enclosure. Eventually, the high temperature smoke
causes the fire to flashover and spreads to the neighboring office. The case demonstrated the
difference in the behavior of fire and smoke in open space from that in an enclosure.
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Figure 6.2.9. The locations of the west entrance fire and the office fire.

(a)

(b)
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(c)
Figure 6.2.10. Snapshots of fire and smoke propagation of the twin fires.
Three campus buildings were initially considered for the fire simulations in this work, including
the Waldo Library building and the Sangren Hall on the WMU main campus, and the Floyd Hall
on the engineering campus. Although none of the buildings is considered a smart building, the
Floyd Hall building was selected in this study, as the building information is locally available in a
BIM model and dimensions can be readily measured when needed. As can be seen from the work
described above, the accessibility of these information has greatly expedited the process of
transmitting building data to the inputs required by setting up the computational simulations of fire
and smoke in a complex building, which is manually intensive.

6.3 Fire Professional Conference Attendance
The U.S.-based National Fire Protection Association (NFPA) is a global organization advocating
the elimination of death, injury, property and economic loss due to fire, electrical and related
hazards. It delivers standards and codes for fire safety adopted throughout the world. The PI
attended the 2018 NFPA Conference and participated in discussions with other conference
attendees about fire safety. The PI has also gained valued insights into new fire protection products
and solutions.

7. Conclusion Statements
The goals of the work proposed here are (1) to establish the computational fire dynamics
simulation tool at Western Michigan University (WMU) to simulate incidents of unwanted fire
and smoke events, and (2) to validate the tool for Floyd Hall at WMU. The goals have been
successfully achieved. The long-term goal of the proposed work, which is beyond the scope of this
proposal, is to develop interactive smart algorithms that optimize fire protection decision making
in real time during the different phases of a fire in smart building. The research capability
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established here lays a critical foundation for future applications of this computational fire dynamic
tools to machine learning for the development of smart fire management algorithms.

8. Team Management
Dr. William Liou is the project principal investigator. Dr. Liou is responsible for the tasks of
installing Window-based FDS and performing the verification and validation fire simulation cases.
He is also responsible for project reporting and for coordinating submissions of manuscript for
publication. Mr. Brian Erhart (who subsequently graduated with a Bachelor degree in Aerospace
Engineering) is responsible for transmitting the geometry layout data from the Floyd Hall BIM
and for the measurement made on locations at Floyd Hall. Ms. Maha Reda Abdelgani Alkasisbeh
(who subsequently graduated with a PhD degree from the Civil and Construction Engineering
Department) provides assistance for project accessing the Floyd Hall BIM and its floor plan data.
Dr. Yang Yang is responsible for the simulation of the fires at Floyd Hall.
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