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1 Background

Structure fires accounted for approximately 38% of the 1.32 million fires reported in the U.S.
in 2017 [1]. A similar percentage (37.3%) was reported as the mean ratio of structure fires to
total fires for 22 countries mostly from Europe and Asia [2]. According to the United States
Fire Administration (USFA), of the approximately 500,000 structure fires, there were an estimated
371,500 residential fires resulting in 2,695 civilian deaths and 10,825 civilian injuries in the U.S.
in 2017 [3]. In addition to the high cost of life from residential fires, it was also estimated that total
property loss in the U.S. due to these fires amounted to $7.8 billion in 2017. The majority of these
losses were attributed to single- and two-family residential structure fires.

Fire investigations are an integral part of a holistic fire protection strategy that has been developed
with the goal of improving the safety of the built environment. Investigations provide a means
to identify the cause of a fire as well as collect a set of data that can provide insight about the
development and spread of the fire. By determining the cause of a fire and identifying consumer
products, materials, and phenomena that contributed to fire growth, valuable insight is gained that
may inform the fire protection and safety community in future designs, effectively reducing the
losses from fires. Data such as the room of fire origin, the influence of ventilation, the possibility
of changing flow paths on the developing fire-induced flow dynamics, and the ultimate cause of
the fire are critical to understanding and reducing the number and severity of fires.

Fire models are increasingly relied upon in fire investigations as well as scientific studies to test
hypotheses and improve scientists’, engineers’, and investigators’ understanding of fire dynamics.
The most detailed fire models that are currently available are in a class called field models, and
also commonly referred to as computational fluid dynamics (CFD) models. NFPA 921 Guide for
Fire and Explosion Investigations states that fire dynamic analyses conducted with field models
may be used to predict gas temperatures, gas and smoke concentrations, flow rates of gases and
unburned fuel, temperatures of the walls and ceilings, and the effects of opening or closing doors
and windows, among other important fire phenomena [4]. NFPA 921 emphasizes the importance
of rigorous verification and validation (V&V) of fire models to ensure physical phenomena are
accurately represented and suggests that the entire body of V&V work that has been compiled for
a given model be evaluated for suitability prior to utilizing the model in an investigation.

1.1 The Use of Fire Models in Fire Investigation

This study was conducted to support rigorous validation of computational fire models, specifically
regarding the prediction of fire-induced flow dynamics within a residential structure using a field
model. Further, several of the fire and arson investigation research issues identified by the NIJ-
supported Fire and Arson Investigation Technology Working Group Operational Requirements
(December 2016) were incorporated into this project to some extent. Specifically identified needs



include: 1) understanding of the effects of ventilation on fire damage and patterns; 2) repeatabil-
ity and reproducibility of test measurements of large-scale structure fires; and 3) development of
materials property data for accurate computer model inputs [5].

Fires involve a complex combination of physical phenomena that are represented by governing
equations in CFD models. Verification conducted on a set of equations that define a model en-
sures the equations yield the expected numerical values while validation ensures that the equations
adequately represent the physics of a scenario. The standard process for conducting V&V on a
fire model is described in ASTM E 1355 Standard Guide for Evaluating the Predictive Capability
of Deterministic Fire Models [6]. Verification generally requires analytical solutions to equations
that describe fundamental physics experiments. Validation of a CFD fire model generally consists
of comparing model predictions to experimental data to ensure the necessary physics are properly
represented. Validation of fire models using full-scale fire test data is rare due to the safety con-
cerns, logistical limitations, and the high cost of full-scale fire experiments. This relative scarcity
of full-scale fire data has created a gap in the V&V suite which has resulted in uncertainty about
the use of fire models for specific applications, particularly in fire investigations.

1.2 Fire Dynamics Simulator

The Fire Dynamics Simulator (FDS) is a CFD model used to simulate fire-driven fluid flow that has
been developed by a multi-national team led by the National Institute of Standards and Technology
(NIST) and the Technical Research Centre of Finland (VTT) [7, 8]. The model numerically solves
a form of the Navier-Stokes equations appropriate for low-speed, thermally-driven flow. The par-
tial derivatives of the conservation equations of mass, momentum, and energy are approximated as
finite differences, and the solution is updated in time on a three-dimensional, rectilinear grid. FDS
typically uses the Large Eddy Simulation (LES) approach, which presumes that the grid resolu-
tion is sufficient to resolve the dominant eddy structures and the Deardorff submodel is used for
unresolved turbulence.

FDS applies a lumped species approach to model combustion where three lumped species which
represent fuel, air, and combustion products are tracked. Reaction rates are mixing-controlled [9]
with a simple extinction model based on a critical flame temperature [10] by default. Thermal
radiation is computed through solution of the radiation transport equation for a gray gas using the
Finite Volume Method on the same grid as the flow solver. A companion program, Smokeview [11,
12], is used for visualizing the results of the FDS computations. FDS has undergone extensive
V&V [13-15], and the experiments and simulations described here are intended to provide further
validation to the model.



1.2.1 Previous Validation Exercises

FDS has undergone extensive verification and validation and the results of many of the validation
studies have been published by NIST [14], including several multi-compartment experiments. A
set of experiments conducted by the Bureau of Alcohol, Tobacco, Firearms, and Explosives (ATF),
known as the ATF Corridors series, featured a two-story structure with long hallways and a sin-
gle stairwell with a natural gas fire source supplying well-defined heat release rates ranging from
50 kW to 500 kW [15]. Simulations were compared to experimental data to validate gas tempera-
ture and velocity predictions from FDS. Hadjisophocleous and Wang simulated smoke movement
and predicted gas temperatures in a simple ten-story facility designed to simulate the central core
of a high rise building with fire sources that included a propane gas burner [16,17] and combustible
product fuel packages [17].

The PRISME Door series involved a hydrocarbon pool fire in a compartment in which the smoke
propagation from the fire to adjacent compartments through an open doorway was character-
ized [18]. The PRISME Door experiments were modeled to validate hot gas layer thicknesses,
ceiling jet temperature, gas velocity, and pressure predictions in multi-compartment configura-
tions [19]. Each of the aforementioned experimental series were ideal for fire model validation
because the geometry was easily represented in rectilinear coordinates and all fire sources and
boundary conditions were well-characterized. These multi-compartment experimental series have
contributed to validation and widespread acceptance of FDS as a tool available to the fire protec-
tion community, but each study focused specifically on simple industrial-style occupancies and,
beyond stairs and doorways, did not incorporate any features that are found in modern residential
occupancies that may complicate the dynamics of fire-induced flow.

The Dalmarnock fire experiments were conducted in a typical high-rise apartment and the data
collected were used to evaluate FDS fire modeling techniques in an international round-robin for-
mat. Gas temperature, smoke obscuration, gas velocity, and heat flux to the walls were measured
in two experiments that were conducted in fully-furnished apartments in a high-rise building while
ventilation conditions were modified during in a well-defined manner [20]. The fire source and
fuel packages in the experiments were typical furniture items, most of which had not been in-
dependently characterized to determine the contribution to fire development. As a result of this
complication, a comparison of a priori modeling results from the round-robin provided an impor-
tant commentary on the disparity of modeling methodologies among practitioners rather than a
true fire model validation exercise.

An experimental series conducted at NIST that involved the evaluation of smoke alarm response in
a single-story manufactured home has been used to validate FDS [21]. Experiments that involved
either an upholstered chair or a mattress as a flaming ignition source were modeled to validate ceil-
ing jet temperature as well as fire and smoke detection device activation predictions in FDS. These
experiments involved well-characterized fuel sources, but these fuels were necessarily highly soot-
ing for the purpose of studying smoke alarm activation, which may complicate fire modeling and
make the cases less desirable for model validation.

Recently, a set of experiments conducted in a three-story 1970s-era apartment building allowed



researchers to study the effect of fire on pressures measured in the apartment and ventilation sys-
tem [22]. Vents in the apartment were alternated between open and closed while the fan for the
exhaust system was alternated between on and off. Pressure, temperature, gas concentrations, and
velocity were measured in the exhaust ducts and the pressure between the apartment and the sur-
rounding atmosphere was also measured. FDS simulations of these experiments were intended to
validate the pressure and velocity predictions made using the Heating, Ventilation, and Air Con-
ditioning (HVAC) submodel. Although these experiments were conducted in a typical residential
occupancy, the apartment did not feature a modern design or modern construction techniques and
the investigation was focused specifically on the HVAC submodel within FDS.

A review of the available literature and validation repositories indicates a lack of experiments con-
ducted in modern residential structures. This lack of available data has created a need to validate
fire model predictions of fluid flow through the complicated geometries typical of modern open-
concept residential designs. An additional goal of this work was to provide several data sets from
full-scale experiments with well-defined ventilation scenarios to provide unique validation cases
for the fire modeling community.



2 Objectives

The primary objectives of this series of experiments include:

1. To measure the environment within the structures that result from a well-defined, stationary
fire source.

2. To provide a discussion of basic buoyancy-driven fluid dynamics in structures, specifically
with regard to the impact of ventilation on the resulting fluid dynamics.

3. To provide several unique validation cases for the Fire Dynamics Simulator (FDS) and the
fire modeling community at large.

4. To provide a baseline for comparisons of FDS simulations with data collected in furniture-
fueled experiments conducted in the same structures.

FDS is perpetually under development with the source code constantly changing as technology
improves, new features are proposed, and additional validation data are made available. Currently,
the sixth major release of FDS is available and publication of the seventh major release is imminent.
Additional objectives of this report were to provide a discussion about the process of conducting
a validation study for FDS as well as to provide a benchmark for the model agreement with these
experimental data against which predictions made with future releases of FDS may be compared.



3 Experimental Configuration

All experiments described in this report were conducted at full scale in purpose-built residential-
style structures with variable ventilation configurations. The design of the structures, fuel loads,
and types of experiments were planned during a workshop with the technical panel assembled for
this study. The structures included an approximately 111 m? single-story ranch structure and a
297 m? two-story colonial structure. The colonial structure had a two-story family room and open
foyer. The structures were designed by a residential architectural company to represent a popular
legacy design and a popular modern design. These designs have been used in several previous UL
FSRI firefighting ventilation research studies [23,24].

The single-story, traditional ranch-style structure was designed to represent a home constructed in
the mid-twentieth century with walls and doorways separating all of the rooms and 2.44 m ceilings.
Ranch-style homes were first built in the 1920s, and by the 1950s comprised nine out of ten houses
built in U.S.. Ranch homes are still the most popular style of home in 34 states across the United
States. [25]. The two-story, contemporary colonial-style structure was designed to represent a more
modern design that incorporated an open plan arrangement, a two-story foyer, a two-story family
room, and four bedrooms. According to the U.S. Census Bureau, 50% of the single family houses
built in 2017 were two-story houses, 45% had four bedrooms, and 37% of the two-story houses
had an open two-story foyer [26].

All experiments featured a 0.6 m x 0.6 m natural gas burner as the fire source to provide control of
the fire and hot gas plume. Each ventilation scenario consisted of opening windows and doors to
the homes in a distinct sequence to generate flow paths that connected the fires with remote intake
and exhaust vents. In total, three unique experiments were conducted in the single-story structure
and three unique experiments were conducted in the two-story structure. Some of the experiments
were repeated and the data collected in these replicates has been analyzed to evaluate repeatability
of the experiments. All experiments were conducted at UL’s Large Fire Laboratory in Northbrook,
IL.

3.1 Single-Story Structure

The single-story, ranch-style structure had overall interior dimensions of 13.9 m by 7.7 m. The
layout of the structure included three bedrooms, a living room, a dining room, and a kitchen.
The space continuous with the kitchen between the kitchen and the dining room was designated
as the breakfast area. There were also areas, normally designed as a bathroom and closets, that
were walled-off from the rest of the structure to provide protection to the installed instrumenta-
tion. Figure 3.1 shows a dimensioned plan view drawing of the ranch structure indicating major
dimensions.

The walls were constructed from dimensional lumber, 38 mm by 89 mm (nominally 2 in. by 4 in.).
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The studs were lined with two layers of gypsum board. The base layer was 16 mm (5/8 in.) thick
regular gypsum wallboard. The top layer was 13 mm (1/2 in.) thick light gypsum wallboard. The
ceiling supports were constructed from engineered lumber I-joists and were covered with gypsum
wallboard in the same manner as the walls. The floor was constructed from dimensional lumber,
38 mm by 89 mm (nominally 2 in. by 4 in.) and covered with a 18 mm (3/4 in.) thick plywood
subfloor. On top of the plywood was 13 mm (1/2 in.) cement board.

The single-story structure had two exterior doors (front and back), three bedroom doors, and a
doorway that led to the kitchen. All doors/doorways had a height of approximately 2.0 m. The
interior doors were hollow-core wood frame doors. To repeatably control ventilation (i.e., size
and timing of opening), the exterior vent enclosures (windows) were purpose-built as side-hinged
shutters. Each shutter was wood-framed and finished with a layer of insulation on the inside and
a layer of 13 mm (1/2 in.) plywood on the outside. The shutters were affixed to the exterior of
the framed window openings. For windows greater than 1.0 m in width, shutters were installed
on each side of the opening and met in the middle when closed. One of the two shutters had a lip
installed to overlap the gap where the two shutters met. These shutters allowed for the windows
to be manipulated open and closed as many times as needed during the experimental series. The
ability of the shutter to open fully at a designated time was a particular benefit to this design. This
functionality is not possible with a standard glass window insert. Window shutters like this are
common in fire service training props. Table 3.1 shows the sizes of the windows.
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Figure 3.1: Dimensioned plan view drawing of the single-story structure

To characterize ventilation within the single-story structure, a leakage test was conducted with all
exterior vents closed. The standard test method described in ASTM E 779 Standard Test Method
for Determining Air Leakage Rate by Fan Pressurization was followed to determine the air changes
per hour and the equivalent leakage area [27]. The leakage in the structure was 4 air changes per
hour (ACPH) at 50 Pa with an equivalent leakage area of 0.08 m? at 10 Pa. Equivalent leakage area
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Table 3.1: Single-story structure window sizes and sill heights

Window Size (W x H) Sill Height

085mx1.02m 1.07m
0.86mx146m 0.61m
0.86mx1.46m 0.61m
0.86mx1.46m 0.61m
085mx146m 0.6l m
267mx146m 0.6l m
1.78mx1.46m 0.61 m

QmmgaQw»

is defined as the area of a sharp-edged hole that would have the same leakage flow rate as the build-
ing if both were subjected to a 10 Pa pressure difference. For a single-story residential structure, a
tight house would have 3.5 ACPHS50, a moderately tight house would have 8.8 ACPHS50, a typical
house would have 17.5 ACPH50, and a leaky house would have 35 ACPH50 [28]. Considering
the uncertainty in typical pressure measurements, the structure fell between a tight and moderately
tight structure.

3.2 Two-Story Structure

The two-story, colonial-style structure had overall interior dimensions of 15.05 m by 10.13 m. The
layout of the first story included a living room, den, family room, kitchen, laundry room, dining
room, closet, and entrance foyer. The first story included two areas that were walled-off from the
rest of the structure that provided protection for the installed instrumentation. Figure 3.2 shows
a dimensioned plan view drawing of the first story of the two-story structure indicating major
dimensions.
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Figure 3.2: Dimensioned plan view drawing of the first story of the two-story structure

The second story had the same interior dimensions as the first story, with four bedrooms and three
areas that were walled-off from the structure that provided protection to the installed instrumenta-
tion (these instrumentation areas included the hall bath, the bedroom 4 closet, and a combination
of the master bath and closet). The areas above the first story family room and above the foyer
were open to the second story. Figure 3.3 shows a dimensioned plan view drawing of the second
story of the two-story structure indicating major dimensions and the areas open to the story below.
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Figure 3.3: Dimensioned plan view drawing of the second story of the two-story structure

Similar to the single-story structure, the walls were constructed from dimensional lumber, 38 mm
by 89 mm (nominally 2 in. by 4 in.). The studs were lined with two layers of gypsum board.
The base layer was 16 mm (5/8 in.) thick regular gypsum wallboard. The top layer was 13 mm
(1/2 in.) thick light gypsum wallboard. The ceiling supports for the upper story were constructed
from engineered lumber I-joists and were covered with gypsum wallboard in the same manner as
the walls. The floor for the upper story was supported by dimensional joists, 38 mm by 286 mm
(nominally 2 in. by 12 in.) and covered with 18 mm (3/4 in.) thick plywood subfloor. The floor
of the lower level was constructed from dimension lumber, 38 mm by 89 mm (nominally 2 in. by
4 in.) and covered with 18 mm (3/4 in.) thick plywood sub floor. On top of the plywood was
13 mm (1/2 in.) cement board.

The two-story structure had two exterior doors (front and back) and six interior doors (four bed-
rooms, laundry room, and den). All doors had a height of approximately 2.0 m. The interior doors
were hollow-core wood frame doors. To repeatably control ventilation size and timing of opening,
the exterior vents (doors and windows) were purpose built in the same fashion as the single-story
structure. Table 3.2 shows the size of the windows. All interior doors were open for all experi-
ments, with the exception of the door to the den, which was closed in the experiment that is labeled
as "Experiment 6" in this report.
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Table 3.2: Two-Story Structure, First Story Window Sizes and Sill Heights

Window Size (W x H) Sill Height

085mx0.85m 1.22m
1.77mx145m 0.61m
1.77mx 145m 0.6l m
085mx146m 0.61m
1.77mx 146 m 0.61 m
1.77mx 146 m 0.61 m
085mx146m 0.61m
085mx08m 1.22m

T aoOTmMmgOw

Table 3.3 shows the size of the windows on the second story of the two-story structure. For the
second story hallway, the height of the interior wall that opened to the first story was 0.95 m as
shown in rows N, O, and P in Table 3.3.

Table 3.3: Two-Story structure, Second Story Window Sizes and Sill Heights

Window  Size (W x H) Sill Height

1.77mx146m 1.22m
085mx146m 0.6l m
1.77mx146m 0.61m
1.77mx 146 m 0.61 m
085mx146m 0.6l m
1.88mx 126 m 0.95m
190mx1.26m 0.95m
1.5Imx1.26m 0.95m

TOZZ R =

Tables 3.4 and 3.5 summarize the sequence of events for the three experiments conducted in the
single-story structure and the three experiments conducted in the two-story structure. In each table,
times are referenced from ignition and a dash indicates that the vent was closed throughout the
entire experiment. All interior doors were open for all experiments, with the exception of the door
to the den in the two-story structure, which was closed in the experiment that is labeled "Two-Story
Experiment 6" in this report.
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Table 3.4: Sequence of Events for Single-Story Structure Experiments

Event Experiment 1 Experiment2 Experiment 3
Front Door Open 300 s 1200 s -
Back Door Open - - 300 s
Window C Open - 900 s -
Window E Open 600 s 600 s 600 s
Burner Off 900 s 1500 s 900 s

Table 3.5: Sequence of Events for Two-Story Structure Experiments

Event Experiment 4 Experiment 5 Experiment 6
Front Door Open 600 s 600 s 1200 s
Window A Open - - 900 s
Window B Open - 900 s -
Window K Open 900 s - 600 s
Window L Open 1200 s - -

Burner Off 1500 s 1200 s 1500 s

ASTM E 779 tests were conducted for the two-story structure to estimate the air leakage in terms of
air changes per hour and the equivalent leakage area [27]. The leakage in the two-story structure
was 4 ACPH50 with an equivalent leakage area of 0.18 m? at 10 Pa. As with the single-story
structure, the two-story structure leakage values fell between a tight house and a moderately tight
house.

3.3 Instrumentation

Instrumentation was installed to measure gas temperature, gas pressure, and gas velocity within
the structures. Gas temperatures were measured with bare-bead Chromel-Alumel (type-K) ther-
mocouples made from 1.3 mm diameter wire as well as 1.6 mm bead diameter inconel sheathed
thermocouples. Sheathed thermocouples were used in conjunction with the bi-directional probes
for gas velocity measurements. The bare bead thermocouples were welded by laboratory personnel
specifically for this series. Pressure measurements were made using differential pressure sensors
to determine pressure changes relative to ambient conditions (outside of the structure). Differen-
tial pressure sensors were also used to determine gas velocity magnitude using the bi-directional
probes. The differential pressure sensor was a Setra Model 264 with a range of £ 125 Pa.

All numerical data was recorded with a National Instruments data acquisition system that incor-
porated a SCXI-1001 chassis with eight SCXI-1102C 32-Channel modules each connected to a
TC-2095 end terminal with built-in cold junction compensation for thermocouple measurements.
The TC-2095 also accepted 0-10 V DC for non-thermocouple measurements. The system was
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configured for a total of 256 channels with a 1 Hz sample rate. A separate system was used for
each structure.

3.3.1 Measurement Uncertainty

Thermocouple measurements may be affected by imperfect weldments between the dissimilar met-
als, radiative heat transfer from the fire source or hot gas layer, and small variations in orientation
along the thermocouple array. Theoretical error as high as approximately 11% for upper layer tem-
peratures and significantly higher for lower layer temperatures (calculated with Celsius tempera-
tures) measured using bare-bead type-K thermocouples (diameters ranging from 1 mm to 1.5 mm)
have been reported by researchers at NIST [29,30]. The total expanded relative uncertainty (k = 2)
of the temperature measurements from these experiments is estimated to be + 24%.

The relative uncertainty in pressure transducer measurements is usually low, but the total expanded
uncertainty of the measurement incorporates uncertainty in leakage area, ventilation rate, total heat
release rate (HRR), etc. The total expanded uncertainty of differential pressure measurements in
a test series with a mean maximum pressure increase of approximately 150 Pa was calculated as
4 40 Pa [31]. Drawing from the results of this past research, the total expanded relative uncertainty
(k = 2) associated with pressure measurements is estimated as + 23%.

Bi-directional probe measurements may be affected by variations in orientation of the probe rel-
ative to the flow velocity direction and potential fouling of the probe lines due to sooty condi-
tions. A constant calibration factor of 1.08 was assumed to calculate velocity from differential
pressure and temperature measurements made using the bi-directional probes. McCaffrey and
Heskestad showed that this is generally a good estimate of the calibration factor for uniform flows
with Reynolds numbers ranging from approximately 1000 to 3800, which resulted in a maximum
error of 8% from the known velocity in those situations. The error between the actual velocity and
the measurements calculated using a calibration factor of 1.08 increased significantly for Reynolds
numbers below 1000 [32]. Kent and Schneider found uncertainty of approximately £ 15% in the
calibration constant for flows with Reynolds numbers below 400 [33]. The angle of orientation of
the bi-directional probe relative to the flow direction is an additional source of uncertainty. McCaf-
frey and Heskestad found a relative uncertainty of + 10% when the angle of orientation relative to
the flow direction was modified by + 50° using a probe with a diameter of 22 mm in a flow with a
Reynolds number of 3400, and Kent and Schneider confirmed this uncertainty over the same range
when using a 25.4 mm diameter probe in a uniform flow with a Reynolds number of 900 [32,33].

A gas velocity measurement study examining flow through doorways in pre-flashover compart-
ment fires yielded expanded uncertainties ranging from + 14% to £ 22% for measurements from
bi-directional probes similar to those used during this series of experiments to measure veloc-
ity magnitudes [34]. Due to the relatively low velocity magnitudes measured in the experiments
presented in this work as well as the scatter in measurements made in replicate experiments, the
total expanded relative uncertainty (k = 2) associated with velocity measurements for this work is
estimated to be £ 22%.
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3.4 Single-Story Structure

The locations of the instrumentation and the natural gas burner in the ranch-style structure are
displayed in Figure 3.4. The wall and ceiling immediately adjacent to the burner were reinforced
with cement board to minimize excessive thermal damage to the structure. Each thermocouple
array consisted of eight type-K thermocouples. The highest elevation thermocouple in each array
was located 2.5 cm below the ceiling with the remaining seven spaced at approximately 30.5 cm
intervals (30.5 cm below ceiling, 61 cm below ceiling, ... , 213 cm below ceiling). Three pressure
taps were installed at each location at elevations of 30.5 cm, 122 cm, and 213 cm below ceiling.

Bi-directional velocity probes were installed in relevant doorways, windows, and the interior hall-
way. In each case, the five probes in the array were evenly spaced along the centerline of the
opening. See Table 3.1 for the heights of the exterior vents. The probes in the windows were
spaced 0.24 m apart. Therefore the probe in the window at the highest elevation was 0.61 m below
the ceiling and the lowest elevation probe in the windows was approximately 1.6 m below the ceil-
ing. The probes in the front door opening were spaced 0.33 m apart. The probe in the front door
opening at the highest elevation was 0.73 m below the ceiling and the lowest elevation probe was
approximately 2.07 m below the ceiling. The probes in the hallway were spaced 0.4 m apart. The
probe in the hallway at the highest elevation was 0.4 m below the ceiling and the lowest elevation
probe was approximately 2.0 m below the ceiling. The temperature and gas velocity measurements
at the front door and each of the windows were only utilized for experiments where the front door
or the particular window of interest was opened.
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Figure 3.4: Dimensioned plan view drawing of instrumentation in the single-story structure
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3.5 Two-Story Structure

Figures 3.5 and 3.6 show the dimensioned locations of instrumentation and the gas burner on the
first and second story of the structure, respectively. The wall immediately adjacent to the burner
was reinforced with cement board to minimize excessive thermal damage to the structure. In
similar fashion to the single-story structure, instrumentation in the two-story structure remained
constant throughout the three experiments. Thermocouple arrays consisted of either eight or 16
type-K thermocouples. There were two 16-thermocouple arrays installed in the two-story structure:
one in the family room and one in the foyer. The remainder of the thermocouple arrays had eight
probes. In all cases, the highest elevation thermocouple in each array was located 2.5 cm below
the ceiling with the remaining thermocouples spaced at 30.5 cm intervals. The lowest elevation
thermocouples in the eight-thermocouple arrays were approximately 213 cm below the ceiling and
the lowest elevation thermocouples in the 16-thermocouple arrays were approximately 460 cm
below the ceiling. Three pressure taps were installed at each location at elevations of 30.5 cm,
122 cm, and 213 cm below the ceiling in all locations except the family room. Because the family
room was open to the second story, the three elevations at which pressures were measured were
30.5 cm, 244 cm, and 460 cm below the ceiling. Bi-directional velocity probes were installed in
relevant doorways and windows. In each case, the five probes in the array were evenly spaced
within the respective location.
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Figure 3.6: Dimensioned plan view drawing of instrumentation of the second story of the two-story
structure

3.6 Fire Source

A single natural gas burner was the sole fire source within the unfurnished structures for all ex-
periments. The burner had dimensions of 0.6 m by 0.6 m and the surface of the burner was lo-
cated approximately 0.6 m above the floor. The burner was calibrated under a ventilation hood
instrumented with an oxygen-depletion calorimeter. The calibration yielded a heat of combustion
of approximately 45 MJ/kg for the natural gas that supplied the burner. An Alicat MCRH-5000
SLPM mass flow controller was used to ensure the mass flow rate to the burner matched the desired
heat release rate. The total heat release rate for the single-story structure was 250 kW (flow rate
set point of approximately 400 standard liters per minute (SLPM) with a reference temperature of
0°C), and 500 kW (flow rate set point of approximately 800 SLPM with a reference temperature
of 0°C) for the two-story structure. In the single-story structure, the burner was positioned in the
center of the far right wall in the living room. In the two-story structure, the burner was positioned
approximately at the center of the wall in the family room that was common between the family
room and the den.
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4 Modeling

FDS (Version 6.7.1) was used to simulate the effect of ventilation on buoyancy-driven fluid flow
in the single-story ranch-style and two-story colonial-style homes. The geometry of the structures
was defined in the models as closely as possible to the constructed structures while adhering to the
underlying rectilinear grid. The ambient temperature was assumed to be 20°C in all simulations.
The initial temperature on the first story of the two-story structure in Experiment 6 was assumed
to be 26°C and the initial temperature on the second story was assumed to be 35°C to provide the
best agreement with the experimental data for that experiment. The initial temperature throughout
the structure for all other experiments was assumed to be 20°C.

FDS devices and control logic were utilized to remove obstructions representing windows and
exterior doors at predefined times in the simulations that matched the experimental timeline. The
gas burner was represented in each model as an inlet vent attached to a solid obstruction with
a predefined total HRR that matched the set point HRR in the experiments. FDS input files for
Single-Story Experiment 1 and Two-Story Experiment 4 have been included in Appendix B.

4.1 Materials

The structures were built with non-combustible gypsum wallboard construction with non-combustible
cement board on surfaces in close proximity to the burner. It was expected that the relatively small
difference in properties between the cement board and the gypsum wallboard would not affect the
results of the simulations so the only material defined for the models was gypsum board with the
thermo-physical properties shown in Table 4.1.

Table 4.1: Gypsum Board Material Properties Defined in FDS Models [35,36]

Property Value

Specific Heat Capacity 1.0 kJ/kg/K
Thermal Conductivity 0.16 W/m/K
Density 480.0 kg/m>

4.2 Model Parameters

The following sections describe an investigation conducted to determine the set of model param-
eters that provided the best predictions of the experimental data with consideration also given to
the computational cost of each modification of the parameters. Each section describes a parameter
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or set of parameters that was independently investigated to determine the effect of the parameter
on the model predictions. The effect of changing more than one parameter at a time on the model
predictions was not investigated in this work.

4.2.1 Simulation Mode

Due to the large number of parameters that control the mathematics and numerical stability of
a simulation, FDS incorporates four distinct simulation modes. The modes include Direct Nu-
merical Simulation (DNS), Large Eddy Simulation (LES), Very Large Eddy Simulation (VLES),
and Simplified Very Large Eddy Simulation (SVLES), listed in order of decreasing computational
expense. Each LES mode provides simplifying assumptions for: 1) the representation of the baro-
clinic torque, 2) the method of calculation for the Courant-Friedrichs-Lewy (CFL) constraint, 3)
whether the the Von Neumann constant is evaluated during the simulation, 4) the method of defin-
ing the specific heats of gas species, 5) the number of iterations for the pressure solver, and 6) the
near-wall turbulence model.

Baroclinic torque is responsible for generating vorticity due to misalignment of the pressure and
density gradients. Inclusion of the baroclinic torque in a calculation may have an effect on the
puffing behavior of a buoyant diffusion flame due to the large density gradients expected within
a flame [7]. The SVLES simulation mode neglects the baroclinic torque and all other simulation
modes include it in the pressure term of the momentum transport equation.

The CFL constraint limits the timestep size due to the advection velocity, ensuring that a fluid
element does not traverse more than one cell width during a time step. Determining the timestep
to fulfill the CFL constraint requires calculation of the norm of the velocity vector. The norm of
the velocity vector for the LES mode is the L; norm, which is most restrictive and most expensive
in terms of computational resources and time. The L. norm is used in the VLES mode, which
also includes a representation of the divergence of the velocity vector, which is an added measure
to ensure stability of the simulation. The L., norm without the divergence of the velocity vector
is used to calculate the CFL constraint for the SVLES mode, which is the least restrictive form of
the velocity norm. These simplifications to calculation of the norm are not expected to affect the
results, but may influence the stability of the simulations [7].

The Von Neumann constraint is a stability measure that is analogous to the CFL constraint applied
to diffusive transport instead of advection. The Von Neumann constraint ensures that variations in
scalar fields do not lead to spurious oscillations that may result in simulation instabilities. The Von
Neumann constraint is checked in all LES modes except for the SVLES mode [7].

The ratio between the constant volume specific heat and the constant pressure specific heat is
assumed constant in the SVLES mode. In reality this ratio is a function of temperature, but it has
been suggested that the assumption of a constant ratio may be suitable for a compartment that does
not approach flashover conditions. This assumption improves the speed of the simulation because
calculating temperature-dependent properties for each gas species increases the computational cost
of several routines. All other simulation modes involve the calculation of temperature-dependent
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gas properties [7].

The pressure solver in FDS enforces an imperfect no-flux boundary condition at solid obstruc-
tions within the computational domain. This imperfect representation results in a non-zero normal
velocity at these boundaries that is not physically accurate. The magnitude of this error may be
reduced through additional iterations of the pressure solver. The LES and VLES modes include a
maximum of 10 pressure solver iterations and the SVLES includes 3 iterations per half of the time
step in an attempt to decrease the error to below the defined velocity tolerance [7].

FDS uses a Deardorff turbulent viscosity model throughout the domain that is not well-defined
near the wall. To improve the model representation of the local physics near the wall, FDS utilizes
a near-wall model to resolve the eddy viscosity in the first cell away from the wall. The LES
mode uses the wall-adapting local eddy-viscosity model (WALE) in this region that causes the
eddy viscosity to approach zero at a rate proportional to the cube of the distance from the wall. A
less expensive solution is used in the VLES and SVLES modes that utilizes a constant-coefficient
Smagorinsky model with an explicit damping function applied to force the eddy viscosity to zero
at the proper rate [7].

Preliminary simulations were conducted to investigate the effect of the simulation mode on the
model predictions. Figure 4.1 displays the temperature measured approximately 2.5 cm below the
ceiling of the family room in Two-Story Experiment 4 as well as model predictions made using
the SVLES, VLES, and LES simulation modes. The discrete data points in the figure represent
experimental data and the curves represent model predictions. It is evident in the figure that the
SVLES mode captured the rising edge of the experimental data and the maximum temperatures
measured in the experiment more accurately than the other simulation modes. All simulation
modes produced predictions that were approximately equivalent after 900 s into the experiment.
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Figure 4.1: Comparison of typical temperature predictions from each simulation mode
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Model predictions are compared to the pressure measured approximately 0.3 m below the ceiling
in the front door corridor in Two-Story Experiment 4 in Figure 4.2 and to the velocity measured
at the highest elevation in the front door opening in Figure 4.3. In both figures, the discrete data
points represent experimental data and the curves represent model predictions. The pressure and
velocity predictions were not as sensitive to the simulation mode as the temperature predictions,
with little variation between the curves produced from models that employed each mode.
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Figure 4.2: Comparison of typical pressure predictions from each simulation mode
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Figure 4.3: Comparison of typical velocity predictions from each simulation mode
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The trends in the comparison of simulation predictions against experimental data shown in Fig-
ure 4.1, Figure 4.2, and Figure 4.3 are representative of all measurement locations throughout
both structures. Temperatures measured at high elevation were most accurately represented with
the SVLES mode during the initial increase after ignition of the burner and all simulation modes
predicted consistent temperatures after several ventilation events resulted in an overall decrease in
temperatures. The velocity and pressure predictions were generally equivalent regardless of the
simulation mode. The VLES mode required approximately 30% more computation time than the
SVLES mode and the LES mode required approximately 100% more computation time than the
SVLES mode. After analysis of these preliminary simulations, it was determined that the data for
each measurand and measurement location were predicted with comparable accuracy regardless
of simulation mode, although the SVLES mode had the lowest computational cost. The SVLES
mode was used to simulate all of the experiments that are presented in the following sections.

4.2.2 Spatial Resolution

The model geometries were defined as closely as possible to the constructed homes while adher-
ing to the underlying rectilinear grid. Preliminary simulations of the two-story structure were
conducted to determine the sensitivity of the simulation results to the spatial resolution. The
fire size in the two-story structure was 500 kW, which corresponded to an effective fire diame-
ter, D* = 0.727 [37]. Two levels of resolution were investigated with both simulated using the
SVLES simulation mode. The grid was defined to be uniform throughout the computational do-
main with all cubic elements and cell sizes of 0.1 m and 0.05 m. These resolutions corresponded
to D* /dx = 7.3 (coarse resolution) and D* /dx = 14.6 (moderate resolution).

Figure 4.4 provides a comparison of temperature data collected approximately 2.5 cm below the
ceiling of the Foyer in Two-Story Experiment 4 as well as model predictions made using the coarse
resolution and moderate resolution simulations. The discrete data points in the figure represent
experimental data and the curves represent model predictions. The relative agreement between
predictions and data for each resolution simulation are representative of all measurement locations
for each structure. It is evident in the figure that the temperature prediction is not sensitive to the
model resolution.

Figure 4.5 provides a comparison of the pressures measured approximately 0.3 m below the ceiling
in the front door corridor in Two-Story Experiment 4 and Figure 4.6 provides a comparison of the
velocity measured at the highest elevation in the front door opening against predictions in Two-
Story Experiment 4. In both figures, the discrete data points represent experimental data and
the curves represent model predictions. The relative agreement between model predictions for
each resolution simulation are representative of all measurement locations for each structure. It is
evident in these figures that the pressure and velocity predictions are not significantly affected by
an increase in resolution from coarse to moderate.

The grid in the coarse resolution simulations of the experiments conducted in the two-story struc-
ture had a total of 1,205,280 elements split evenly into 48 meshes and the grid in the moderate
resolution simulations had a total of 9,216,000 elements split evenly into 144 meshes. A computa-
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Figure 4.4: Comparison of typical temperature predictions from coarse and moderate resolution
simulations
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Figure 4.5: Comparison of typical pressure predictions from coarse and moderate resolution sim-
ulations

tional cluster comprised of individual nodes with a total of 48 2nd generation Intel Xeon Platinum
8000 series processor cores and a sustained clock speed of 3.6 GHz was used to perform the simu-
lations. The coarse resolution models required 48 cores, which utilized one full node in this cluster
and the moderate resolution simulations required 144 cores, which utilized three full nodes in the
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Figure 4.6: Comparison of typical velocity predictions from coarse and moderate resolution simu-
lations

cluster. The coarse resolution simulation required approximately 16 hours on a single 48-core node
for a total of 1800 s of simulation time and the moderate resolution simulation required approxi-
mately 116 hours on three 48-core nodes for the same simulation duration. A review of the time
allocated to each FDS routine indicated that 18% of the time spent running the coarse resolution
simulation was dedicated to communications whereas 48% of the time spent running the moderate
resolution simulation was dedicated to communications, which represents a significant decrease in
simulation efficiency.

An increase in model resolution for the model that represented the two-story structure resulted in
a significant increase in computational cost without much change in the predicted quantities. This
result led to adoption of a coarse resolution model for each structure to represent each distinct
experiment. The resulting models had a total of 414,720 elements defined for the single-story
domain and 1,205,280 elements for the two-story domain.

4.2.3 Pressure Zones

The experimental effort presented in this work is one of the few sets of experiments in which static
pressures were measured throughout a residential structure containing a well-defined fire source.
This unique aspect of the experiments made them ideal for validation of the inherent functionality
of FDS specifically related to pressure predictions. Although a detailed discussion of the technical
details related to solution of the governing equations for pressure throughout the domain in FDS
and the theory behind and implementation of pressure zones is left to the developers of FDS [7, 8],
a brief explanation is provided in this section.
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FDS relies on a low Mach number approximation, first presented by Rehm and Baum [38], in
which pressure is represented as a linear combination of a background pressure and a perturba-
tion pressure. The background pressure is variant in elevation and time within a given volume,
and the perturbation pressure varies spatially and temporally and is responsible for driving fluid
flow within a continuous volume. Decomposition of the pressure into background and perturba-
tion components simplifies representation and solution of the governing equations. The solution
procedure consists of a phase in which all thermodynamic quantities, velocities, and species mass
fractions are estimated to ensure the time step is adequately small to retain stability, followed by
a phase in which these estimated quantities are corrected. In the correction phase, the densities
of the gas species and each unique background pressure are corrected first, followed by all other
quantities and source terms which are dependent on the pressure and density. The perturbation
pressure and the corrected velocity are calculated last in each time step. Almost all of the quanti-
ties predicted by FDS rely on an accurate representation of pressure, including temperatures and
gas velocities [8].

Pressure zones allow the model practitioner to define a unique background pressure for a sealed
compartment within the model (a space completely enclosed by solid obstructions). Pressure zones
also facilitate the definition of leakage paths between compartments with different background
pressures. The background pressure may change due to many phenomena, but the changes in
background pressure that are pertinent to this work derive from a fire source within the zone. When
an obstruction that separates two pressure zones is removed, the two zones effectively become a
single zone. To account for pressure equilibration between the two zones, a volumetric flow rate
is assigned to the gases in each zone that causes the background pressures to quickly change to
match each other. The characteristic time for the pressures to come into equilibrium is generally
on the order of seconds [8].

Preliminary simulations were conducted to investigate the sensitivity of the model to the definition
of pressure zones to differentiate the structure from the exterior, as well as the sealed instrumen-
tation areas throughout the structure from the instrumented volume of the structure. Figure 4.7
presents pressure data measured approximately 213 cm below the ceiling in the living room of
the single-story structure as well as model predictions produced with three different definitions of
pressure zones. The discrete data points in the figure represent experimental data and the curves
represent model predictions. One simulation was conducted with no pressure zones defined, one
simulation was conducted with a single pressure zone that encompassed the entire interior vol-
ume of the structure, and one simulation was conducted with pressure zones defined for each
specific continuous volume that was isolated for at least part of the experiment. For the single-
story structure, the isolated volumes that were defined as pressure zones corresponded to the three
instrumentation areas shaded in Figure 3.4.

As shown in the figure, the simulation with no zones defined displayed a different rate of increase
in the initial pressure rise immediately after ignition as well as a lower maximum pressure than the
simulations with pressure zones defined. The pressure curves predicted with the simulations that
included a single and multiple pressure zones were indistinguishable from each other. After the
first ventilation event (front door open at 300 s), the predicted pressure curves from all of the sim-
ulations displayed the same behavior. The computational cost for implementing the single zone
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Figure 4.7: Comparison of model pressure predictions with three different zones definitions

representation was approximately 6% higher and the multiple zone representation was approxi-
mately 24% higher than the representation without zones defined in the single-story simulations.
To maintain simplicity and reduce computational costs, it was determined that a single pressure
zone would be defined in each model that incorporated the volume within the exterior envelope of
each structure. It is acknowledged that definition of pressure zones is the best practice in CFD fire
modeling and it is recommended that a similar exercise to investigate the sensitivity of results to
the definition of pressure zones be conducted when residential fire scenarios are simulated.

4.2.4 Definition of Leaks

With few exceptions, no modern structure is constructed to be airtight, due, in part, to the pro-
hibitive cost of such construction. To ensure the most accurate representation of the validation
experiments, it is important to define the model to represent the construction as closely as reason-
ably possible to the structures in which the physical experiments were conducted. FDS provides
functionality to define leaks to simulate sub-grid resolution gas flows into and out of a compart-
ment. This functionality uses the HVAC submodel in FDS, and eliminates the need to explicitly
resolve the physical dimensions of the leak.

There are two methods to define leaks in FDS that largely depend on the pressures that are used
to calculate the flow rate through the leak. The first approach is referred to as "Pressure Zone
Leakage" in the FDS literature and was formulated to primarily represent bulk leakage due to
imperfect seals at walls, windows, and doors. The pressures used to determine the flow rate through
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the leak in the first method are the mean background pressures of each zone defined in the leak
assignment. To define a leak using this method requires definition of the two zones on either side
of the leak as well as assignment of a leakage area to surfaces within one of the pressure zones [7].

The second method to define leaks in FDS is referred to in the FDS literature as "Localized Leak-
age" and was formulated to represent flow through a specific leak in the geometry. This method
uses the local pressures at the leak to calculate the flow rate through the leak. To define a leak
using this method requires linking two vents within the model that represent the two sides of the
leak as well as definition of a leakage area [7]. The results of simulations that utilize this method of
defining leaks are dependent on the locations of the vents that are defined to represent the leaks due
to the use of the local pressure to calculate flow through the leaks. Preliminary simulations showed
that defining vents on the walls resulted in lower pressure magnitude predictions at all locations
and defining a vent on the ceiling of the two-story structure resulted in lower pressure magnitudes
as well as lower temperature predictions.

Preliminary simulations were conducted to investigate the sensitivity of the model to the two meth-
ods of defining leaks. To test the "Pressure Zone Leakage" method, a surface that was assigned to
the doors was defined with the effective leakage area measured as described in Section 3. To test
the "Localized Leakage" method, a fictitious vent was defined at the floor level of each structure.
Using the HVAC namelist group, the fictitious vent was specified to transport gases from the inte-
rior to the exterior of the structure through an orifice with the effective leakage area measured as
described in Section 3. Figure 4.8 presents pressure data measured approximately 213 cm below
the ceiling in the living room of the single-story structure as well as model predictions produced
with each leakage method implemented. The discrete data points in the figure represent experi-
mental data and the curves represent model predictions.

The figure indicates that the "Pressure Zone Leakage" method of defining leaks predicted a pressure
below atmospheric at this elevation prior to the first ventilation event. Negative pressures were not
observed in any of the experiments prior to the first ventilation event, and were not expected based
on the relatively low flow rates throughout each structure prior to exterior ventilation. At higher
measurement elevations, the pressures predicted with "Pressure Zone Leakage" were positive, but
also systematically underpredicted prior to the first ventilation event. This trend was evident at
all measurement locations in each of the tested structures. The "Localized Leakage" method of
defining leaks yielded pressures that remained above atmospheric prior to the first ventilation event,
which agreed with experimental observations. This method also predicted pressures that more
closely agreed with the experimental data measured throughout each structure.

The disparity in the trends between these two methods is due to the use of the mean zone back-
ground pressure in the "Pressure Zone Leakage" method and the local pressure in the "Localized
Leakage" method. Within the fire compartment, the mean zone pressure is typically greater than
the local pressure at low elevations. In the experiments presented in this work, this disparity in pres-
sure definitions for the flow rate calculation yielded artificially high volumetric flow rates through
the modeled leaks, which resulted in artificially low pressure predictions when the "Pressure Zone
Leakage" method was used as compared to the "Localized Leakage" method. The difference in
computational cost between the "Localized Leakage" method and the "Pressure Zone Leakage"
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Figure 4.8: Comparison of model pressure predictions with different definitions of zones

method was negligible, so no consideration was given to computational cost when deciding which
set of parameters to use. All predictions presented in the following sections were obtained from
simulations that used the "Localized Leakage" approach to defining leaks with a single vent defined
at the floor level to represent the effective leakage.

4.3 Device Parameter Uncertainty

The instruments described in Sections 3.4 and 3.5 were defined in FDS as devices located in the
same positions as the instrumentation in the physical experiments. Because FDS requires that the
domain be split into meshes of prismatic cells, a discussion of how the quantities at these defined
devices are calculated becomes necessary. FDS determines in which cell the device is located and
calculates the requested quantity either at the center of the cell (scalar quantities like temperature
and pressure) or at the center of one of the faces of the cell (vector quantities like gas velocity)
regardless of the position of the device within the cell [7]. Each quantity is essentially evaluated
as the mean over the volume of the cell or the area of the face of the cell. Because of this method
of calculating the device quantities, the uncertainty in the position of each device as defined in the
model is a maximum of half of the cell length. The uncertainty in the magnitude of a predicted
quantity based on the uncertainty of the position of the device in the model is dependent on the
predicted quantity, with larger uncertainties in the vicinity of large gradients.

Several quantities are necessary to define a device in the model, but not all were directly measured
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during the physical experiments, which increases the uncertainty in the comparisons. Specifically
for thermocouples, these properties include the emissivity, density, specific heat, and diameter of
the bead. The bead diameter was defined in the model to be 1.3 mm and the emissivity of the
bead was defined to be 0.9. The density and specific heat capacity of the thermocouple beads
took on the default values in FDS which were values consistent with nickel, 8908 kg/m3 and
0.44 kJ/kg/K, respectively. Nickel is a major component of Chromel and Alumel, the components
in the type-K thermocouples used in these experiments, and these parameter values are likely a
good representation of the actual density and specific heat capacity of the thermocouple beads. The
bead diameter and emissivity were not directly measured, but preliminary simulations conducted
to investigate the sensitivity of the predictions to these parameters found that the emissivity had a
negligible effect on the temperature predictions for the maximum temperatures encountered in this
work and that the mean deviation of temperature predictions was typically approximately £ 5%
when the bead diameter was multiplied and divided by a factor of 3, which is a margin that is likely
higher than the uncertainty in the physical diameter of the bead.

An additional source of uncertainty was the orientation of each of the defined devices. The ther-
mocouple beads had a small diameter, which would typically favor convective heat transfer over
radiative heat transfer, and would limit the sensitivity of the measurements to orientation. There
is a possibility that radiative heat exchange between the fire source and the thermocouple beads
occurred in the experiments, which could manifest as artificially high temperature measurements
that were dependent on the orientation of the thermocouples, the bead diameter, and the location
of the thermocouples relative to the fire source and the hot upper gas layer. Because temperature is
a scalar quantity, the orientation of the devices in FDS does not affect the calculated value, which
neglects this potential effect. Orientation of the bi-directional probes in the experiments may also
have a significant effect on the measured gas velocities as any deviation in orientation from or-
thogonal to the doorway or window would result in a decreased velocity measurement, whereas all
velocity devices in the model were aligned perfectly orthogonal to the opening.
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S Single-Story Results

The following sections present the experimental data collected with each distinct ventilation sce-
nario as well as the results of the FDS model simulations that were constructed to simulate each
experiment. The sole fuel source for the single-story structure experiments was a relatively low
HRR (250 kW) burner. It was expected that neither the structure nor any of the individual rooms
would reach a ventilation-limited state during the experiments, effectively ensuring that the HRR
remained controlled and constant. By opening external vents, flow paths were created that allowed
air to flow into the structure and high temperature gases to flow to different compartments and out
of the structure. The effects of these flow paths may be interpreted from temperature, pressure,
and velocity data collected throughout the structure. In all of the figures presented in the following
sections, discrete data points denote experimental data and solid lines denote model predictions.

5.1 Single-Story: Experiment 1

Experiment 1 conducted in the single-story structure featured the 250 kW gas burner ignited for
900 s as well as venting of the front door (300 s) and window E (600 s).

5.1.1 Experiment 1: Temperature

The temperature data collected by thermocouple arrays throughout the structure as well as model
predictions are presented in the following figures. Figure 5.1 displays the temperatures in the living
room, where the burner was located, Figure 5.2 displays the temperatures in the hallway that con-
nected all of the bedrooms, Figure 5.3 displays the temperatures in bedroom 1, Figure 5.4 displays
the temperatures in bedroom 2, Figure 5.5 displays the temperatures in bedroom 3, Figure 5.6 dis-
plays the temperatures in the kitchen, Figure 5.7 displays the temperatures in the breakfast area,
and Figure 5.8 displays the temperatures in the dining room. Note that a malfunction occurred
which affected the temperature measured 0.02 m below the ceiling in the kitchen, and these data
have been excluded from Figure 5.6.
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Figure 5.1: Temperatures in the living room of the single-story structure during Experiment 1

250 -
]

QO 2001 S ©6690056°9
o 0°%0%
1501 " N
a,% aa ada Aan A4
A A, A
AN

Temperature (°
=
o
o

507 I T PP LT T L ’M
e R R bbb >y .
LR R R R A e
0 | | | |
0 150 300 450 600 750 900 1050 1200
Time (s)
B — 0.02 m Below Ceiling A — 0.6 m Below Ceiling @ — 1.2 m Below Ceiling V — 1.8 m Below Ceiling
(©) 0.3 m Below Ceiling 93 0.9 m Below Ceiling e] 1.5 m Below Ceiling o 2.1 m Below Ceiling

Figure 5.2: Temperatures in the hallway of the single-story structure during Experiment 1
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Figure 5.3: Temperatures in bedroom 1 of the single-story structure during Experiment 1
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Figure 5.4: Temperatures in bedroom 2 of the single-story structure during Experiment 1
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Figure 5.5: Temperatures in bedroom 3 of the single-story structure during Experiment 1
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Figure 5.6: Temperatures in the kitchen of the single-story structure during Experiment 1
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Figure 5.7: Temperatures in the breakfast area of the single-story structure during Experiment 1
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Figure 5.8: Temperatures in the dining room of the single-story structure during Experiment 1
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All temperature measurements steadily increased until the front door was opened. At the point
the front door was opened, all temperatures decreased or remained steady as bi-directional flow
through the front door allowed cool air to enter the structure and hot products of combustion to
exit the structure. The gas temperatures were allowed to reach approximately steady values and
window E in bedroom 1 was opened. Opening window E created a flow path between the window
and the burner that introduced air at low elevation and drove hot gases at high elevation out the
window. All temperatures in the other compartments were largely unaffected by opening window
E, particularly measurements made 0.9 m below the ceiling and at higher elevations.

The effect of this new flow path on the temperatures in the living room, hallway, and bedroom 1
was generally an increase in temperature for the measurements made 0.6 m below the ceiling and
at higher elevations and a decrease in temperature for measurements at lower elevations. These
trends indicate that hot gases were carried from the living room to the hallway and bedroom 1
at high elevation, and that additional cool air entered the structure through the open window and
flowed toward the burner, cooling the thermocouples along the flow path at elevations closer to the
floor.

After the temperatures reached a steady state, the gas supply to the burner was stopped and all tem-
peratures throughout the structure dropped precipitously toward ambient temperature. Throughout
the experiment, the temperatures in the bedrooms, dining room, kitchen, and breakfast area were
in the range of ambient temperature to 150°C and the temperatures in the hallway and living room
ranged from ambient temperature to approximately 230°C.

In general, the model accurately predicted the qualitative features in the data that resulted from the
ventilation openings. The model accurately predicted the magnitude of the highest temperatures
near the ceiling throughout the structure over the entire course of the experiment. The model
underpredicted the experimental temperatures 0.3 m and 0.6 m below the ceiling in the living
room and hallway. The model also slightly overpredicted the temperatures at elevations of 0.9 m
below the ceiling and lower.

5.1.2 Experiment 1: Pressure

The pressure data collected throughout the structure are presented in the following figures. Fig-
ure 5.9 displays the pressures in the living room, where the burner was located, Figure 5.10 displays
the pressures in bedroom 1, Figure 5.11 displays the pressures in bedroom 2, Figure 5.12 displays
the pressures in bedroom 3, Figure 5.13 displays the pressures in the kitchen, and Figure 5.14
displays the pressures in the dining room. Note that a malfunction occurred which affected the
pressure measured 2.1 m below the ceiling in bedroom 1, and these data have been excluded from
Figure 5.10.

The pressure increased rapidly at ignition to a global maximum of approximately 17 Pa and quickly
decreased to much lower positive pressures at all measurement locations. Venting the front door
resulted in a decrease of all measured pressures as high temperature gases were allowed to ex-
haust through the front door, cool air was introduced, and flow velocities throughout the structure

35



(3
Q (2
RS & «
& \Z [¢)
& Q & <
<P < ® ©
N & & D
O < N Q
20
Bl
1517
|\
c |
& 10 “ “\\\
()] |
j |
> |
7)) |
n 51 \
(U] ‘
~ \A BAEAE KA A 2
o ¢ ATpARA AN ADMAAAAAAAAAAAAA A pAD
200000 100, o 2agagt A ALAIARTAAATARARAAAA N AAR AR AR A A A A AAA
01 poEEEg g Ny LB [o[elo [0 [e[o[v[e|® ® S[Cle] [o{e a1 la eloIe[oTo OIOISITaIBI0I0IaIbIGIO OO
Q Nl
0 150 300 450 600 750 900 1050 1200
Time (s)
B — 2.1 m Below Ceiling o 1.2 m Below Ceiling A — 0.3 m Below Ceiling

Figure 5.9: Pressures in the living room of the single-story structure during Experiment 1
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Figure 5.10: Pressures in bedroom 1 of the single-story structure during Experiment 1

increased. The pressures ranged between -5 Pa and 5 Pa from the point that the front door was
opened to the end of the experiment. At each ventilation event the pressures throughout the struc-
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Figure 5.11: Pressures in bedroom 2 of the single-story structure during Experiment 1

& o
& & «
& \Z O
~ ‘0 s &
& & & &
O <& N Q
20
151
—_
(©
o
N 1 0 4
()
hu
a
n 51
(V)
fud
a e
0+ A" ¥leo 0ogeg oBRtor g Be2 8 aceuBRaas o BlounoustaRsagaaeEats

-5 r r T
0 150 300 450 600 750 900 1050 1200
Time (s)
B — 2.1 m Below Ceiling o 1.2 m Below Ceiling A — 0.3 m Below Ceiling

Figure 5.12: Pressures in bedroom 3 of the single-story structure during Experiment 1

ture changed by a relatively small amount to be closer to atmospheric pressure or remained at
approximately the same magnitude.
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Figure 5.13: Pressures in the kitchen of the single-story structure during Experiment 1
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Figure 5.14: Pressures in the dining room of the single-story structure during Experiment 1

The model generally agreed qualitatively with the trends in the experimental data. The model
predictions also agreed quantitatively with the peak pressure magnitude. The magnitudes of the
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pressures were accurately predicted by the model and the effects of the ventilation events were also
captured by the model.

5.1.3 Experiment 1: Velocity

The velocity data collected throughout the structure are presented in the following figures. Fig-
ure 5.15 displays the velocities measured in the hallway that connected the living room to the
bedrooms, Figure 5.16 displays the velocities at the front door, and Figure 5.17 displays the ve-
locities at window E in bedroom 1. The velocity profiles for the exterior doors and windows are
plotted such that positive flows correspond to gases flowing out of the structure. The velocity pro-
file for the hallway is plotted such that positive flows correspond to the positive x-direction (away
from the living room) in Figure 3.1.
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Figure 5.15: Velocities measured in the hallway of the single-story structure during Experiment 1

Conditions in the hallway were quiescent just after ignition with relatively low magnitude flow
away from the living room at the uppermost measurement location. The gases in the hallway
remained in relatively quiescent conditions after the front door was opened, but there was some
apparent recirculation that occurred in the hallway as indicated by relatively low velocity flow in
the same direction measured at both 0.4 m and 2.0 m below the ceiling and flow in the opposite
direction 0.8 m and 1.2 m below the ceiling. After window E was opened, a new flow path was
created where the hot gases at the ceiling flowed away from the living room and the gases at the
lowest two measurement elevations flowed toward the living room, with the middle measurement
location indicating quiescent conditions as the neutral plane. After the gas flow to the burner was
stopped, the flow directions remained unchanged although the magnitudes of flow decreased.
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Figure 5.16: Velocities measured in the front door of the single-story structure during Experiment
1

Conditions at the front door were quiescent after ignition but prior to the time when the front door
was opened. After the front door was opened, bi-directional flow was immediately evident with
relatively high velocity flows out of the structure at the highest two measurement elevations and
lower velocity flow 1.03 m above the floor and at lower elevations. This trend remained with little
change in magnitude after window E was opened.

Conditions were quiescent at window E in bedroom 1 up to the point when window E was opened.
After the window was opened, bi-directional flow was immediately evident with relatively low
velocity flows into the structure at the lowest two measurement elevations and higher velocity flow
out of the structure 0.72 m above the window sill and at higher elevations. The location of the
neutral plane for flow through window E was located at the approximate center of the window
from the time that window E was opened to the end of the experiment.

The model accurately predicted the qualitative features of the data and the effect of opening the
exterior windows and doors on the directions of flow and relative changes in flow magnitude. The
model generally overpredicted the magnitudes of all flow velocities. The one notable exception
was an underprediction of the high velocity flow 1.71 m above the floor out of the front door. The
predictions of flow velocities in the hallway throughout the experiment indicated relatively strong
bi-directional flow immediately following ignition with minor changes in magnitude throughout
the remainder of the experiment. The measured velocities indicate lower velocity uni-directional
flow between ignition and opening of the front door, which transitioned to circulating flow and
weak bi-directional flow after the ventilation events that followed. These predictions are problem-
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Figure 5.17: Velocities measured in window E of the single-story structure during Experiment 1

atic and indicate an unresolved issue with the bi-directional probes used to measure velocities, the
model parameters used in these simulations, or the with the model.

5.2 Single-Story: Experiment 2

Experiment 2 conducted in the single-story structure featured the 250 kW gas burner ignited for
1500 s as well as ventilation of window E (600 s), window C (900 s), and the front door (1200 s).

5.2.1 Experiment 2: Temperature

The temperature data collected by thermocouple arrays throughout the structure are presented in
the following figures. Figure 5.18 displays the temperatures in the living room, where the burner
was located, Figure 5.19 displays the temperatures in the hallway that connected all of the bed-
rooms, Figure 5.20 displays the temperatures in bedroom 1, Figure 5.21 displays the temperatures
in bedroom 2, Figure 5.22 displays the temperatures in bedroom 3, Figure 5.23 displays the temper-
atures in the kitchen, Figure 5.24 displays the temperatures in the breakfast area, and Figure 5.25
displays the temperatures in the dining room. Note that a malfunction occurred which affected the
temperature measured 0.02 m below the ceiling in the kitchen, and these data have been excluded
from Figure 5.23.
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Figure 5.18: Temperatures in the living room of the single-story structure during Experiment 2

o & ~
< R? R
‘oo ® & &
& o o Q &
& & & S N
\qﬁ\ $\ Q\\ ((‘0 @Q
300 '
O 250+
o
~
< 200
—
> AR
+ 1501 ARG N S
T a e by, 24
%
g- 1001 \""‘C-’:: $5000%06° 04” A%Ooowmoo(m 9: YA t
> > \—\\/N——\/\-Q R0 KO0
o o b U —— L i
i 0%0009%0900000000 g, 0
=50 MW
209033 5ITTUIUIITTIS I ySeSE
0 | | | | | |
0 250 500 750 1000 1250 1500 1750
Time (s)
B — 0.02 m Below Ceiling A — 0.6 m Below Ceiling @ — 1.2 m Below Ceiling V — 1.8 m Below Ceiling
(©) 0.3 m Below Ceiling O 0.9 m Below Ceiling o 1.5 m Below Ceiling o 2.1 m Below Ceiling

Figure 5.19: Temperatures in the hallway of the single-story structure during Experiment 2
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Figure 5.20: Temperatures in bedroom 1 of the single-story structure during Experiment 2
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Figure 5.21: Temperatures in bedroom 2 of the single-story structure during Experiment 2
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Figure 5.22: Temperatures in bedroom 3 of the single-story structure during Experiment 2
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Figure 5.23: Temperatures in the kitchen of the single-story structure during Experiment 2
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Figure 5.24: Temperatures in the breakfast area of the single-story structure during Experiment 2
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Figure 5.25: Temperatures in the dining room of the single-story structure during Experiment 2
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All temperature measurements steadily increased until window E was opened. When window E
was opened, all temperatures 0.9 m below the ceiling and at lower elevations throughout the struc-
ture decreased or remained steady. The temperatures measured at higher elevations in the hallway
and bedrooms increased and the temperatures remained steady at all other measurement positions
on the opposite side of the structure from the bedrooms. This indicates bi-directional flow through
window E as cool outside air entered the structure through the window and cooled the gases at low
elevations while the hot gases exited the structure, which prompted flow throughout the structure
that resulted in temperature increases, particularly in bedroom 1. These trends also indicate the
development of a two-layer system throughout the structure as the temperatures stratified into a
high temperature layer at high elevation and a low temperature layer at low elevation.

After window C in bedroom 2 was opened, the temperatures throughout the structure either re-
mained steady or decreased, with the exception of the temperatures in bedroom 2. The tempera-
tures measured 0.6 m below the ceiling and at higher elevations in bedroom 2 increased, while the
temperatures measured at lower elevations decreased. This increase in the gas temperatures near
the ceiling was expected because bedroom 2 did not facilitate any flow prior to opening window
C. These trends in the temperature data indicate that the new flow path generated between window
C and the burner did not dominate the flow in the structure. When the front door was opened,
all temperatures measured throughout the structure decreased. This decrease was likely due to the
significant increase in ventilation area to exhaust hot gases and introduce cool air into the structure.

Over the course of the experiment, the temperatures in the bedrooms, dining room, kitchen, and
breakfast area were in the range of room temperature to 170°C and the temperatures in the hallway
and living room ranged from room temperature to approximately 280°C. Ventilation of window E
and window C resulted in an increase of approximately 30°C at the highest elevation temperature
measurements in bedroom 1 and bedroom 2, respectively.

In general, the model accurately predicted the qualitative features in the data that resulted from the
ventilation openings. The model accurately predicted the magnitude of the highest temperatures
near the ceiling throughout the structure over the entire course of the experiment. The model
underpredicted the experimental temperatures 0.3 m and 0.6 m below the ceiling in the living
room. The model also slightly overpredicted the temperatures at elevations of 0.9 m below the
ceiling and lower, particularly after window E was opened.

5.2.2 Experiment 2: Pressure

The pressure data collected throughout the structure are presented in the following figures. Fig-
ure 5.26 displays the pressures in the living room, where the burner was located, Figure 5.27
displays the pressures in bedroom 1, Figure 5.28 displays the pressures in bedroom 2, Figure 5.29
displays the pressures in bedroom 3, Figure 5.30 displays the pressures in the kitchen, and Fig-
ure 5.31 displays the pressures in the dining room. Note that a malfunction occurred which affected
the pressure measured 2.1 m below the ceiling in bedroom 1, and these data have been excluded
from Figure 5.27.
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Figure 5.26: Pressures in the living room of the single-story structure during Experiment 2
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Figure 5.27: Pressures in bedroom 1 of the single-story structure during Experiment 2

The pressures in all measurement locations increased rapidly at ignition to a global maximum in
the range of 12 Pa to 15 Pa and very quickly decreased to lower positive pressures. When window E
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Figure 5.28: Pressures in bedroom 2 of the single-story structure during Experiment 2
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Figure 5.29: Pressures in bedroom 3 of the single-story structure during Experiment 2

was opened, the pressures at all locations decreased such that measurements at the lowest elevation
(2.1 m below the ceiling) were below atmospheric and all pressures remained within the range of
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Figure 5.30: Pressures in the kitchen of the single-story structure during Experiment 2
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Figure 5.31: Pressures in the dining room of the single-story structure during Experiment 2

-5 Pa to 5 Pa until the end of the experiment.
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At each successive ventilation event the pressure magnitudes throughout the structure either changed
to be closer to atmospheric pressure by some relatively small amount or remained at the same

magnitude. The model generally agreed qualitatively with the trends in the experimental data. The

magnitudes of the pressures were generally accurately predicted by the model and the effects of

the ventilation events were also generally captured by the model. The pressures predicted 0.3 m

below the ceiling steadily increased between ignition and venting window E, whereas this trend

was not observed in the experimental data. This pressure increase over time may be an artifact of

the method used to define leakage in the single-story structure.

5.2.3 Experiment 2: Velocity

The velocity data collected throughout the structure are presented in the following figures. Fig-
ure 5.32 displays the velocities measured in the hallway that connected the living room to the
bedrooms, Figure 5.33 displays the velocities at window E in bedroom 1, and Figure 5.34 displays
the velocities at the front door. The velocity profiles for the exterior doors and windows are plotted
such that positive flows correspond to gases flowing out of the structure. The velocity profile for
the hallway is plotted such that positive flows correspond to the positive x-direction in Figure 3.1
(away from the living room).
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Figure 5.32: Velocities measured in the hallway of the single-story structure during Experiment 2
The gases in the hallway exhibited flow away from the living room 0.4 m below the ceiling just after

ignition, all other measurement locations generally indicated quiescent conditions until window E
was vented. Bi-directional flow was evident in the hallway after window E was opened with

50



hot gases at the ceiling flowing away from the living room and cooler air flowing toward the
living room and the neutral plane approximately 1.6 m below the ceiling. Just after window C
was opened, bi-directional flow in the hallway continued with larger velocity magnitudes in each
direction due to the greater total ventilation area. After window C was vented, the neutral plane
shifted upward such that it was between 1.2 m and 1.6 m below the ceiling. Venting of the front
door resulted in lower magnitude flow through the hallway in each direction without changing
the location of the neutral plane, and after the gas flow to the burner was stopped, the flow rates
through the hallway decreased further.
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Figure 5.33: Velocities measured in window E of the single-story structure during Experiment 2

Quiescent conditions existed at window E in bedroom 1 until window E was opened. After the
window was opened, bi-directional flow was immediately evident with relatively low velocity flows
into the structure at the lowest three measurement elevations and higher velocity flow out of the
structure at the top two measurement elevations, indicating the location of the neutral plane in
the range of 0.72 m and 0.96 m above the window sill. As additional vents were opened, the
magnitude of the flow out of window E diminished considerably to the point were flow at the top
two measurement elevations oscillated between being directed into and out of the structure.

Flow conditions at the front door were quiescent after ignition and prior to the front door being
opened. After the front door was opened, bi-directional flow was immediately evident with rela-
tively high velocity flows out of the structure at the highest two measurement elevations and lower
velocity flow into the structure at the lower elevation measurement locations, indicating the loca-
tion of the neutral plane in the range of 1.03 m to 1.37 m above the floor. This trend remained with
little change in magnitude until the gas flow to the burner was stopped.
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Figure 5.34: Velocities measured in the front door of the single-story structure during Experiment
2

The model generally accurately predicted the qualitative features of the data and the effect of
opening the exterior windows and doors on the directions of flow and relative changes in flow
velocity magnitude. The model generally overpredicted the magnitudes of all flow velocities.
A notable exception was an underprediction of the high velocity flow out the front door at the
uppermost measurement elevation after the front door was opened. The model also inaccurately
predicted flow out of window E and oscillations between inward and outward flow 0.72 m above the
window sill just after window C was opened whereas flow was actually directed into the structure
at this elevation.

A similar trend between the experimental data and the model predictions for the flow velocities in
the hallway that was described in section 5.1.3 was also evident in Experiment 2. The predictions
of flow velocities in the hallway between ignition and ventilation of window E indicated rela-
tively strong bi-directional flow immediately following ignition with minor changes in magnitude
throughout the remainder of the experiment. The measured velocities indicate lower velocity uni-
directional flow prior to window E opening. Additionally, the flow magnitudes were overpredicted
for the remainder of the experiment after window E was opened. These predictions are problem-
atic and indicate an unresolved issue with the bi-directional probes used to measure velocities, the
model parameters used in these simulations, or with the model.
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5.3 Single-Story: Experiment 3

Experiment 3 conducted in the single-story structure featured the 250 kW gas burner ignited for
900 s as well as ventilation of the back door (300 s) and window E (600 s).

5.3.1 Experiment 3: Temperature

The temperature data collected by thermocouple arrays throughout the structure are presented in
the following figures. Figure 5.35 displays the temperatures in the living room, where the burner
was located, Figure 5.36 displays the temperatures in the hallway that connected all of the bed-
rooms, Figure 5.37 displays the temperatures in bedroom 1, Figure 5.38 displays the temperatures
in bedroom 2, Figure 5.39 displays the temperatures in bedroom 3, Figure 5.40 displays the temper-
atures in the kitchen, Figure 5.41 displays the temperatures in the breakfast area, and Figure 5.42
displays the temperatures in the dining room. Note that a malfunction occurred which affected the
temperature measured 0.02 m below the ceiling in the kitchen, and these data have been excluded
from Figure 5.23.
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Figure 5.35: Temperatures in the living room of the single-story structure during Experiment 3
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Figure 5.36: Temperatures in the hallway of the single-story structure during Experiment 3
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Figure 5.37: Temperatures in bedroom 1 of the single-story structure during Experiment 3
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Figure 5.39: Temperatures in bedroom 3 of the single-story structure during Experiment 3
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Figure 5.42: Temperatures in the dining room of the single-story structure during Experiment 3
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All temperature measurements steadily increased until the back door was opened. After the back
door was opened, all temperatures throughout the structure at 0.9 m below the ceiling and lower
elevations decreased or remained steady as cool air flowed in through the back door. The tempera-
tures measured at higher elevations increased or remained steady at all measurement locations with
the exception of bedroom 1 and bedroom 2, where these temperatures decreased, and bedroom 3,
where the highest elevation temperature remained steady while all other temperatures decreased.
These trends may be indicative of a reduced rate of flow of hot gases into the hallway and bed-
rooms and an increased rate of flow of gases out of the bedrooms due to the development of a flow
path that connected the gas burner to the back door.

After window E in bedroom 1 was opened, the temperatures throughout the structure generally
remained steady. In bedroom 1, the highest elevation temperature increased, temperatures 0.3 m
and 0.6 m below the ceiling remained steady, and all lower elevation temperatures decreased as a
new flow path was created that brought hot gases into bedroom 1 and cool air in through window
E and into the hallway and living room. Over the course of the experiment, temperatures near the
ceiling in the living room and hallway were in the range of approximately 130°C to 240°C and the
temperatures measured in all other rooms were in the range of ambient to 150°C.

The model generally predicted the qualitative features in the data that resulted from the ventilation
openings. The only notable exception is that the model did not predict the changes in temperature
at the ceiling of bedroom 1 when the back door and window E were opened. The model predictions
also generally agreed quantitatively with the experimental data, particularly at the highest elevation
measurement locations. One notable exception to this trend was the underprediction of the ceiling
temperature in bedroom 3. The model also underpredicted temperatures measured 0.3 m and 0.6 m
below the ceiling at all locations except bedroom 1 and bedroom 2, and slightly overpredicted the
temperature measurements at all other elevations.

5.3.2 Experiment 3: Pressure

The pressure data collected throughout the structure are presented in the following figures. Fig-
ure 5.43 displays the pressures in the living room, where the burner was located, Figure 5.44
displays the pressures in bedroom 1, Figure 5.45 displays the pressures in bedroom 2, Figure 5.46
displays the pressures in bedroom 3, Figure 5.47 displays the pressures in the kitchen, and Fig-
ure 5.48 displays the pressures in the dining room. The pressure measurements 2.1 m below the
ceiling in the living room and at 1.2 m and 2.1 m below the ceiling in bedroom 1 did not function
properly during Experiment 3 and have been excluded from Figure 5.43 and Figure 5.44.
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Figure 5.43: Pressures in the living room of the single-story structure during Experiment 3
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Figure 5.44: Pressures in bedroom 1 of the single-story structure during Experiment 3
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Figure 5.46: Pressures in bedroom 3 of the single-story structure during Experiment 3
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Figure 5.47: Pressures in the kitchen of the single-story structure during Experiment 3

N
o

=
Ul

=
o

w1

A AAAAD AD Ap A, AA
aARAA" AT BAA AAU

A

H— ]
A AA, AAp A AL AAA
AA ATA AAA AAAA
o OomnP=0n- - -gno ﬁnn:A::#AAéAA— )

e ole A . FrrT

B _p0_Np=-0

[ ]
__5 r r r
0 150 300 450 600 750 900 1050 1200
Time (s)
B — 2.1 m Below Ceiling o 1.2 m Below Ceiling A — 0.3 m Below Ceiling

Figure 5.48: Pressures in the dining room of the single-story structure during Experiment 3
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The pressure increased rapidly at ignition to a global maximum of approximately 13 Pa and quickly
decreased to lower positive pressures at all measurement locations. When the back door was
opened, the pressures at all locations decreased such that pressures at the lowest elevations were
below atmospheric pressure and the pressures 1.2 m below the ceiling were approximately atmo-
spheric. After the back door was opened, the pressures at all measurement locations were in the
range of -5 Pa to 5 Pa. At each successive ventilation event the pressure magnitudes throughout
the structure either changed to be closer to atmospheric pressure by some relatively small amount
or remained at the same magnitude.

The model generally agreed qualitatively with the trends in the experimental data caused by venti-
lation events. The magnitudes of the pressures were accurately predicted by the model as well as
the magnitudes of the pressure changes due to ventilation events. The pressures measured 0.3 m
below the ceiling in the living room and the dining room throughout the experiment were overpre-
dicted by the model. This overprediction may be an artifact of the representation of leakage and
the location of the vent that corresponded to leakage in the model.

5.3.3 Experiment 3: Velocity

The velocity data collected throughout the structure are presented in the following figures. Fig-
ure 5.49 displays the velocities measured in the hallway and Figure 5.50 displays the velocities at
window E in bedroom 1. The velocity profiles for the exterior doors and windows are plotted such
that positive flows correspond to gases flowing out of the structure. The velocity profile for the
hallway is plotted such that positive flows correspond to the positive x-direction (away from the
living room) in Figure 3.1.

A relatively low velocity flow away from the living room was measured 0.4 m below the ceiling in
the hallway immediately after ignition without any significant flow at the lower elevations. After
the back door was opened, the magnitude of the flow velocity away from the living room 0.4 m
below the ceiling decreased, and low velocity flow toward the living room was initiated 0.8 m
below the ceiling. Just after window E was opened, weakly bi-directional flow was evident in the
hallway with the neutral plane at an indeterminate elevation. When gas flow to the burner stopped,
the magnitudes of all flow decreased, although the directions of flow remained unchanged.
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Figure 5.50: Velocities measured in window E of the single-story structure during Experiment 3

Conditions were quiescent at window E in bedroom 1 up to the point where window E was opened.
After the window was opened, bi-directional flow was immediately evident with low velocity flows
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into the structure at the lowest three measurement elevations and higher velocity flow out of the
structure at the top two measurement elevations, locating the neutral plane in the range of 0.72 m
to 0.96 m above the window sill. As additional vents were opened and gas flow to the burner was
stopped, the magnitudes of the flows into and out of window E gradually decreased.

The model accurately predicted the qualitative features of the data and the effect of opening the
exterior windows and doors on the directions of flow and relative changes in flow velocity magni-
tude. The model erroneously predicted the elevation of the neutral plane in window E at a lower
elevation than observed. The model generally overpredicted the magnitudes of all flow velocities.

A similar trend between the experimental data and the model predictions for the flow velocities
in the hallway that was described for Experiment 1 and Experiment 2 was also evident in the
results of Experiment 3. The predictions of flow velocities in the hallway throughout Experiment 3
indicated relatively strong bi-directional flow immediately following ignition with minor changes
in magnitude throughout the remainder of the experiment. The measured velocities indicate lower
velocity uni-directional flow prior to the back door opening. The conditions in the hallway between
ventilation of the back door and window E may have been stagnant or characterized by circulation.
The model prediction indicates some circulation with the measurements 0.4 m below the ceiling
and 2.0 m below the ceiling directed toward the living room and measurements between these
elevations stagnant or directed away from the living room. These predictions are problematic and
indicate an unresolved issue with the bi-directional probes used to measure velocities, the model
parameters used in these simulations, or with the model.
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6 Two-Story Results

The following sections present the experimental data collected with each distinct ventilation sce-
nario as well as the results of the FDS models that were constructed to simulate each experiment
in the two-story structure. The sole fuel source for the two-story structure experiments was a
500 kW burner flame. It was expected that neither the structure nor any of the individual rooms
would reach a ventilation-limited state during the experiments, effectively ensuring that the HRR
remained controlled and constant. By opening external vents, flow paths were created that allowed
high temperature gases to flow to different compartments and out of the structure and cool air
to flow into the structure. The effects of these flow paths may be interpreted from temperature,
pressure, and velocity data collected throughout the structure. In all of the figures presented in
the following sections, discrete data points denote experimental data and solid lines denote model
predictions.

6.1 Two-Story: Experiment 4

Experiment 4 conducted on the two-story structure featured the 500 kW gas burner ignited for
1500 s as well as ventilation of the front door (600 s), window K in bedroom 3 (900 s), and
window L in bedroom 4 (1200 s).

6.1.1 Experiment 4: Temperature

The temperature data collected by thermocouple arrays throughout the structure are presented in
the following figures. Figure 6.1 displays the temperatures at the center of the family room, Fig-
ure 6.2 displays the temperatures in the foyer, Figure 6.3 displays the temperatures under the
second story hallway, Figure 6.4 displays the temperatures in the kitchen, Figure 6.5 displays the
temperatures at the middle of the second story hallway, Figure 6.6 displays the temperatures in
the master bedroom, Figure 6.7 displays the temperatures in bedroom 2, Figure 6.8 displays the
temperatures in bedroom 3, and Figure 6.9 displays the temperatures in bedroom 4.
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Figure 6.1: Temperatures in the center of the family room of the two-story structure during Exper-
iment 4
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Figure 6.2: Temperatures in the foyer of the two-story structure during Experiment 4
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Figure 6.3: Temperatures under the hallway of the two-story structure during Experiment 4
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Figure 6.4: Temperatures in the kitchen of the two-story structure during Experiment 4
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Figure 6.5: Temperatures in the middle of the second story hallway in the two-story structure
during Experiment 4
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Figure 6.6: Temperatures in the master bedroom of the two-story structure during Experiment 4
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Figure 6.7: Temperatures in bedroom 2 of the two-story structure during Experiment 4
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Figure 6.8: Temperatures in bedroom 3 of the two-story structure during Experiment 4
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Figure 6.9: Temperatures in bedroom 4 of the two-story structure during Experiment 4
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After ignition, all temperatures steadily increased until the front door was opened. When the
front door was opened, the temperatures measured 0.9 m below the ceiling and at lower elevations
under the second story hallway as well as the temperatures measured 3.9 m below the ceiling
and at lower elevations in the foyer decreased slightly, while all other temperature measurements
remained steady or slightly increased. Ventilation of the front door decreased temperatures at low
elevations on the first story and drove an increase in temperatures on the second story as a flow
path was created that introduced cool air into the first floor and increased the flow of hot gases to
the second story.

When window K in bedroom 3 was opened, all temperatures measured in the center of the fam-
ily room, the foyer, under the second story hallway, the kitchen, master bedroom, and bedroom 2
decreased. At the same time, the temperatures measured 1.5 m below the ceiling and at lower ele-
vations in the middle of the second story hallway increased while all other temperatures measured
in the hallway decreased. The temperatures in bedroom 3 measured 1.2 m below the ceiling and at
higher elevations temporarily increased when window K was opened and immediately decreased
for the rest of the experiment. The temperatures at lower elevations in bedroom 3 were charac-
terized by a sharp decrease when window K was vented. All temperatures measured in bedroom
4 temporarily increased when window K was vented and subsequently decreased to temperatures
that remained steady until window L was opened. These trends are consistent with the formation
of paths where hot gases that had accumulated at high elevation in the second story flowed out of
window K and was displaced by cool air flowing into and cooling the second story via bedroom 3.

Ventilation of window L resulted in a decrease of all temperatures throughout the structure. The
temperatures measured in bedroom 3 and bedroom 4 indicated bi-directional flow after window
L was opened. The elevation of the interface of the two layers in bedroom 3 was between 1.2 m
and 1.5 m below the ceiling and the elevation of the interface in bedroom 4 was approximately
0.9 m below the ceiling. The temperatures measured throughout the first story during Experiment
4 ranged from ambient temperature to 100°C, with the maximum temperatures measured under the
second story hallway closer to approximately 120°C. The temperatures measured in the regions of
the structure that spanned the height of both stories and the temperatures measured in the second
story hallway peaked in the range of 200°C to 250°C, and the temperatures in the bedrooms on the
second story ranged from ambient temperature to approximately 160°C throughout the experiment.

The temperatures measured 3.3 m below the ceiling and at lower elevations in the center of the
family room diverged from the general trend that consisted of stratification of the temperatures
with respect to elevation. Particularly notable was the temperature measured 4.2 m below the
ceiling that was comparable to the temperature measured 0.9 m below the ceiling throughout the
experiment. The unique geometry of the two-story structure included an open hallway in the
second story that facilitated flow from the ceiling of the family room down the stairs and into the
low elevation areas of the family room. Visual observations indicated that hot gases circulated
around the second story hallway, which resulted in a deviation from formation of a classic hot gas
layer filling from the ceiling of the family room downward. Additionally, a review of the data
collected with the fully furnished two-story structure indicates a similar trend that was particularly
noticeable when the initiating fuel package was located outside of the family room [39]. This
phenomenon may have attributed to the non-stratification of the temperatures in the family room.
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A similar phenomenon was observed in the kitchen, where the highest temperature measurements
were made 0.6 m below the ceiling throughout the experiment. The kitchen and family room likely
experienced these trends because these rooms were connected in this open-concept design.

In general, the model accurately predicted the qualitative features in the data that resulted from the
ventilation openings. The model typically accurately predicted the temperatures near the ceiling
and overpredicted temperatures measured at elevations near the floor. The model erroneously
predicted stratification of the gas temperatures as a function of elevation in the family room and
in the kitchen. The temperatures measured at elevations ranging from 1.8 m to 3.0 m below the
ceiling in the center of the family room were overpredicted by the model and, due to prediction
of stratification of the temperature profile, the temperatures measured at elevations of 3.3 m below
the ceiling and at lower elevations were underpredicted. The model overpredicted all measured
temperatures in the kitchen.

The temperatures in the foyer were overpredicted at all elevations lower than 0.6 m below the
ceiling, and overpredicted at all elevations after window K was opened. The temperatures under
the second story hallway were accurately predicted 0.02 m and 0.3 m below the ceiling, but over-
predicted at all lower elevations. The model underpredicted temperatures measured at elevations
ranging from 0.3 m to 0.9 m below the ceiling and overpredicted the temperatures 1.5 m below the
ceiling and at lower elevations in the middle of the second story hallway. Temperatures measured
0.3 m to 0.9 m below the ceiling were generally underpredicted and temperatures measured 1.8 m
and 2.1 m below the ceiling in all bedrooms on the second story of the two-story structure were
overpredicted. Some non-stratification of temperatures was predicted but not observed in bedroom
3 between ventilation of window K and window L, with the highest temperatures predicted 0.6 m
and 0.9 m below the ceiling. A similar inaccurate prediction was observed in bedroom 4 after ven-
tilation of window L, where the highest temperatures were predicted at elevations 0.3 m and 0.6 m
below the ceiling, whereas measured temperatures remained stratified with the highest temperature
measured 0.02 m below the ceiling.
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6.1.2 Experiment 4: Pressure

The pressure data collected throughout the structure are presented in the following figures. Fig-
ure 6.10 displays the pressures in the family room, Figure 6.11 displays the pressures next to the
front door, Figure 6.12 displays the pressures in the living room, Figure 6.13 displays the pressures
in the den, Figure 6.14 displays the pressures in the master bedroom, Figure 6.15 displays the pres-
sures in bedroom 2, Figure 6.16 displays the pressures in bedroom 3, and Figure 6.17 displays the
pressures in bedroom 4.
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Figure 6.10: Pressures in the family room of the two-story structure during Experiment 4
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Figure 6.11: Pressures next to the front door of the two-story structure during Experiment 4
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Figure 6.12: Pressures in the living room of the two-story structure during Experiment 4
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Figure 6.13: Pressures in the den of the two-story structure during Experiment 4
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Figure 6.14: Pressures in the master bedroom of the two-story structure during Experiment 4
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Figure 6.15: Pressures in bedroom 2 of the two-story structure during Experiment 4
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Figure 6.16: Pressures in bedroom 3 of the two-story structure during Experiment 4
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Figure 6.17: Pressures in bedroom 4 of the two-story structure during Experiment 4
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The pressures throughout the structure increased immediately after ignition to a global maximum
in the range of 13 Pa to 18 Pa at all measurement locations followed by a gradual decay in pressure
magnitude toward atmospheric pressure. The pressure measured 4.6 m below the ceiling of the
family room reached a peak of approximately 42 Pa for a short duration approximately 15 s into
the experiment. All pressure measurements from the first story and those collected 4.6 m below the
ceiling in the family room achieved pressures below atmospheric pressure prior to ventilation of the
front door. All measurements from the second story and those collected at higher elevations in areas
that were open to the second story were above atmospheric pressure prior to ventilation of the front
door. The negative pressures are indicative of air flow throughout the first story entrained by the hot
plume from the burner. Positive pressures at high elevations and in the second story compartments
indicate higher temperatures and may also indicate a positive net mass flow due to the dominance
of buoyancy throughout the structure. Upon ventilation of the front door, all measured pressures
immediately increased and then gradually decreased until window K was opened.

All measured pressures increased or decreased such that they were closer to atmospheric pressure
with each subsequent ventilation event. The lowest elevation pressure in bedroom 3 decreased
to below atmospheric pressure when window K was opened and the lowest elevation pressure in
bedroom 4 decreased to below atmospheric pressure when window L was opened. These pressure
decreases indicate flow into the structure at low elevation, while pressures above ambient at higher
elevations in these rooms indicate flow out of the structure. Pressures measured on the first story
ranged from -5 Pa to 5 Pa throughout the experiment, while those measured on the second story
ranged from approximately -2 Pa to 15 Pa. Pressures measured at high elevations in the family
room were in the range of 5 Pa to 15 Pa and the pressures near the floor in the family room were
in the range of -5 Pa to atmospheric pressure throughout the experiment.

Pressures were overpredicted at all measurement locations and elevations throughout the structure
between ignition and opening the front door, and pressures were predicted to increase over time
although the measured pressures remained steady after the initial increase and decrease in pressure
caused by ignition of the burner. When the front door was opened, the trend in the measurements
was an increase in all measured pressures, whereas a decrease in all pressures was predicted. After
ventilation of the front door, the model qualitatively and quantitatively captured the trends in the
measured data. The overprediction of pressures between ignition and ventilation of the front door
may be an artifact of the representation of leakage and the location of the vent that corresponded
to leakage in the model.
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6.1.3 Experiment 4: Velocity

The velocity data collected throughout the structure are presented in the following figures. Fig-
ure 6.18 displays the velocities measured at the front door, Figure 6.19 displays the velocities
measured in window K, Figure 6.20 displays the velocities measured in window L. The velocity
profiles for the exterior doors and windows are plotted such that positive flows correspond to gas
flow out of the structure.
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Figure 6.18: Velocities in the front door of the two-story structure during Experiment 4

The gases at the front door remained quiescent until the front door was opened, at which point
bi-directional flow was immediately evident with the neutral plane located in the range of 1.03 m
to 1.37 m above the floor. When window K was opened, the flow through the front door was
directed completely into the structure as flow paths were created that connected the front door to
the burner and from the burner to window K. Ventilation of window L did not significantly change
the direction of flow or the flow velocity magnitude through the front door.

When window K was opened, much of the flow through the window was directed out of the struc-
ture. The neutral plane appeared at an elevation between 0.24 m and 0.48 m above the window sill.
Ventilation of window L resulted in migration of the neutral plane upward such that it was located
in the range of 0.48 m to 0.72 m above the window sill. Concurrently, the velocity of the flow of
gases out of the structure through window K decreased significantly from opening of window K
until the end of the experiment. These trends are consistent with exhaust of accumulated hot gases
and a decrease in the buoyant force driving flow out of the structure as the volume of accumulated
gases decreased and window L was opened, which created an additional high elevation vent in the
structure.
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Figure 6.19: Velocities in window K of the two-story structure during Experiment 4
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Figure 6.20: Velocities in window L of the two-story structure during Experiment 4

The bi-directional probe located 0.48 m above the window sill in window L malfunctioned and
these data have not been included in Figure 6.20. When window L was vented, the neutral plane
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appeared in the range of 0.24 m to 0.72 m above the window sill. Bi-directional flow through
the window was steady through the remainder of the experiment with velocities in and out of the
structure comparable to flow through window K.

The model accurately predicted the qualitative features of the data and the effect of opening the
exterior windows and doors on the directions of flow and relative changes in flow velocity mag-
nitude. The model also generally overpredicted flow velocities out of the structure through venti-
lation openings, but produced accurate predictions of the uni-directional flow velocity magnitude
into the front door after ventilation of window K. One notable exception was an underprediction
of the flow velocity out of the structure at the highest elevation measurement points for all vents
considered in Experiment 4.
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6.2 Two-Story: Experiment 5

Experiment 5 conducted on the two-story structure featured the 500 kW gas burner ignited for
1200 s accompanied by ventilation of the front door (600 s) and window B in the family room

(900 s).

6.2.1 Experiment S: Temperature

The temperature data collected by thermocouple arrays throughout the structure are presented in
the following figures. Figure 6.21 displays the temperatures at the center of the family room,
Figure 6.22 displays the temperatures in the foyer, Figure 6.23 displays the temperatures under the
second story hallway, Figure 6.24 displays the temperatures in the kitchen, Figure 6.25 displays
the temperatures at the middle of the second story hallway, Figure 6.26 displays the temperatures
in the master bedroom, Figure 6.27 displays the temperatures in bedroom 2, Figure 6.28 displays

the temperatures in bedroom 3, and Figure 6.29 displays the temperatures in bedroom 4.
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Figure 6.21: Temperatures in the center of the family room of the two-story structure during Ex-

periment 5
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Figure 6.22: Temperatures in the foyer of the two-story structure during Experiment 5
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Figure 6.23: Temperatures under hallway of the two-story structure during Experiment 5
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Figure 6.24: Temperatures in kitchen of the two-story structure during Experiment 5
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Figure 6.25: Temperatures in middle of second story hallway in the two-story structure during
Experiment 5
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Figure 6.26: Temperatures in the master bedroom of the two-story structure during Experiment 5
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Figure 6.27: Temperatures in the bedroom 2 of the two-story structure during Experiment 5
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Figure 6.28: Temperatures in the bedroom 3 of the two-story structure during Experiment 5
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Figure 6.29: Temperatures in the bedroom 4 of the two-story structure during Experiment 5
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All temperatures measured throughout the structure steadily increased until the front door was
opened. When the front door was opened, the temperatures measured at elevations lower than 0.6 m
below the ceiling under the second story hallway and in the kitchen as well as the temperatures
measured 3.9 m below the ceiling and at lower elevations in the foyer decreased slightly. At the
same time, all other temperatures remained steady or slightly increased. These trends indicated the
flow path from the front door to the burner introduced cool air to low elevation areas throughout
the structure, effectively lowering the temperatures at low elevations throughout the first story.

When window B was opened, all temperatures measured in the center of the family room and the
foyer remained relatively steady, temperatures measured at elevations higher than 0.3 m below the
ceiling increased gradually, while those at lower elevations decreased under the second story hall-
way and in the kitchen, and all temperatures measured on the second story gradually increased. All
temperatures throughout the structure quickly decreased when gas flow to the burner was stopped.

The temperatures measured throughout the first story during Experiment 5 ranged from ambient
temperature to approximately 100°C, with the maximum temperatures measured under the second
story hallway closer to approximately 130°C. Significantly lower temperatures were observed in
the living room, laundry room, and the den. The temperatures measured in the regions of the
structure that spanned the height of both stories and the temperatures measured in the second story
hallway peaked in the range of 200°C to 250°C, and the temperatures in the second story bedrooms
ranged from ambient temperature to approximately 170°C throughout the experiment.

The temperatures measured in the center of the family room at elevations 3.3 m below the ceiling
and lower diverged from the general trend of stratification of the gas temperatures with respect
to elevation. Particularly notable were the temperatures measured 3.3 m and 4.2 m below the
ceiling that were comparable to temperatures 1.8 m below the ceiling throughout the experiment.
A flow path similar to that described for Experiment 4 was evident in Experiment 5 that resulted
in circulation of hot gases and may have contributed to non-stratification of the gas temperatures
in the family room. A similar phenomenon was also observed in the kitchen, where the highest
temperature measurements were observed 0.6 m below the ceiling throughout the experiment.

In general, the model accurately predicted the qualitative features in the data that resulted from the
ventilation openings. The model typically accurately predicted the temperatures near the ceiling
and overpredicted temperatures near the floor. The model erroneously predicted stratification of
gas temperatures as a function of elevation in the family room and in the kitchen. The tempera-
tures measured at elevations 1.8 m below the ceiling and higher in the center of the family room
were underpredicted by the model and temperatures 2.7 m and 3.0 m below the ceiling were over-
predicted. Due to the prediction of stratification of the temperature profile that did not occur in
the experiments, the temperatures measured 3.3 m below the ceiling and at lower elevations were
underpredicted.

The temperatures in the foyer were overpredicted at all elevations lower than 0.9 m below the
ceiling throughout the experiment. The temperatures under the second story hallway were accu-
rately predicted 0.02 m and 0.3 m below the ceiling, but overpredicted at all lower elevations. The
model underpredicted temperatures measured at elevations ranging from 0.3 m to 0.9 m below the
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ceiling and overpredicted the temperatures 1.5 m below the ceiling and at lower elevations in the
middle of the second story hallway. There was a distinction between the high temperature gases
near the ceiling and cooler air near the floor in the second story hallway that the model did not
predict. In general, the model predicted more closely clustered temperature profiles in the bed-
rooms than were measured in the experiments, effectively underpredicting temperatures near the
ceiling and overpredicting temperatures near the floor. The experimental temperatures in the bed-
rooms steadily spanned over a range of approximately 70°C whereas the predictions spanned over
a range of approximately 40°C.
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6.2.2 Experiment S: Pressure

The pressure data collected throughout the structure are presented in the following figures. Fig-
ure 6.30 displays the pressures in the family room, Figure 6.31 displays the pressures next to the
front door, Figure 6.32 displays the pressures in the living room, Figure 6.33 displays the pressures
in the den, Figure 6.34 displays the pressures in the master bedroom, Figure 6.35 displays the pres-
sures in bedroom 2, Figure 6.36 displays the pressures in bedroom 3, and Figure 6.37 displays the

pressures in bedroom 4.
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Figure 6.30: Pressures in the family room of the two-story structure during Experiment 5

89



o

2 Q>

R &
S

&
o & &
o‘\&Q {;\’\‘6 o@""o
—_
(©
o
) - A b oaa A, “ata A A Apa BAA
jul 0 [ e a8 a as |sg**Baigg o Hadg P TN g T
> 4"afalageca.d g g8 aa sge 0p~ T —reReRE
a ag aA"Q .3929982 . ]
O I
a
—_ 10 4
—_ 15 4
-20 | | | | |
0 200 400 600 800 1000 1200 1400 1600
Time (s)
m — 2.1 m Below Ceiling o 1.2 m Below Ceiling A — 0.3 m Below Ceiling

Figure 6.31: Pressures next to the front door of the two-story structure during Experiment 5
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Figure 6.32: Pressures in the living room of the two-story structure during Experiment 5
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Figure 6.33: Pressures in den of the two-story structure during Experiment 5
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Figure 6.34: Pressures in the master bedroom of the two-story structure during Experiment 5
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Figure 6.35: Pressures in bedroom 2 of the two-story structure during Experiment 5
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Figure 6.36: Pressures in bedroom 3 of the two-story structure during Experiment 5
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Figure 6.37: Pressures in bedroom 4 of the two-story structure during Experiment 5
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The pressures throughout the structure increased immediately after ignition to a global maximum
in the range of 12 Pa to 17 Pa at all measurement locations followed by a gradual decay in pressure
magnitude. The pressure measured 4.6 m below the ceiling of the family room reached a peak
of approximately 36 Pa for a short duration approximately 15 s into the experiment. All pressure
measurements from the first story and those collected 4.6 m below the ceiling in the family room
achieved pressures below atmospheric pressure prior to ventilation of the front door. All measure-
ments from the second story and those collected at higher elevations in areas that were open to the
second story were above atmospheric pressure prior to ventilation of the front door. These negative
pressures are indicative of air flow throughout the first story entrained by the burner. Positive pres-
sures at high elevations and in the second story compartments indicate higher temperatures near
the ceiling and may indicate a positive net mass flow due to the dominance of buoyancy throughout
the structure.

Upon ventilation of the front door, all measured pressures immediately increased and remained
steady at low elevations and throughout the first story and gradually increased on the second story
until window B was opened. Ventilation of window B resulted in pressures measured on the first
story to decrease, but had no significant effect on the pressure measurements from the second
story. All measured pressures increased or decreased such that they were closer to atmospheric
pressure after gas flow to the burner was stopped. Pressures measured on the first story ranged
from -5 Pa to 5 Pa throughout the experiment, while those measured on the second story ranged
from approximately -1 Pa to 15 Pa.

The model generally made good qualitative predictions of the data resulting from the ventilation
events. The pressure measured 0.3 m below the ceiling in the family room was underpredicted until
gas flow to the burner was stopped. This is consistent with the underprediction in gas temperature
measured 0.3 m below the ceiling at the center of the family room shown in Figure 6.21. Pressures
were overpredicted at all measurement locations and elevations throughout the structure between
ignition and opening the front door, and pressures were predicted to increase over time although
the measured pressures remained steady after the initial increase and decrease in pressure caused
by ignition of the burner. When the front door was opened, the trend in the measurements was
an increase in all measured pressures, whereas a decrease in all pressures was predicted. After
ventilation of the front door, the model qualitatively and quantitatively captured the trends in the
measured data. The overprediction of pressures between ignition and ventilation of the front door
may be an artifact of the representation of leakage and the location of the vent that corresponded
to leakage in the model.
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6.2.3 Experiment S: Velocity
Figure 6.38 displays the velocities measured at the front door.
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Figure 6.38: Velocities in the front door of the two-story structure during Experiment 5

The gases at the front door remained quiescent until the front door was opened, at which point bi-
directional flow was immediately evident with the neutral plane located in the range of 1.03 m to
1.37 m above the floor. A potential instability in the flow through the front door was evident 1.37 m
above the floor because the flow alternated between being directed into and out of the structure.

The model accurately predicted the qualitative features of the data and the effect of opening the
exterior doors and windows on the directions of flow and relative changes in flow velocity mag-
nitude through the front door. The model also generally overpredicted flow velocities out of the
structure and did not predict the apparent instability in flow 1.37 m above the floor throughout the

experiment after the front door was opened.
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6.3 Two-Story: Experiment 6

Experiment 6 conducted on the two-story structure featured the 500 kW gas burner ignited for
1500 s as well as ventilation of window K in bedroom 3 (600 s), window A in the kitchen (900 s),
and the front door (1200 s).

6.3.1 Experiment 6: Temperature

The temperature data collected by thermocouple arrays throughout the structure are presented in
the following figures. Figure 6.39 displays the temperatures at the center of the family room,
Figure 6.40 displays the temperatures in the foyer, Figure 6.41 displays the temperatures under the
second story hallway, Figure 6.42 displays the temperatures in the kitchen, Figure 6.43 displays
the temperatures at the middle of the second story hallway, Figure 6.44 displays the temperatures
in the master bedroom, Figure 6.45 displays the temperatures in bedroom 2, Figure 6.46 displays
the temperatures in bedroom 3, and Figure 6.47 displays the temperatures in bedroom 4.
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Figure 6.39: Temperatures in the center of the family room of the two-story structure during Ex-
periment 6
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Figure 6.40: Temperatures in the foyer of the two-story structure during Experiment 6
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Figure 6.41: Temperatures under hallway of the two-story structure during Experiment 6
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Figure 6.42: Temperatures in the kitchen of the two-story structure during Experiment 6
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Figure 6.43: Temperatures in the middle of second story hallway in the two-story structure during
Experiment 6
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Figure 6.44: Temperatures in the master bedroom of the two-story structure during Experiment 6
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Figure 6.45: Temperatures in bedroom 2 of the two-story structure during Experiment 6
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Figure 6.46: Temperatures in bedroom 3 of the two-story structure during Experiment 6
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Figure 6.47: Temperatures in bedroom 4 of the two-story structure during Experiment 6
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All temperatures steadily increased until window K was vented. When window K was opened,
the temperatures measured 0.9 m below the ceiling and at higher elevations under the second
story hallway and in the kitchen as well as the temperatures measured 1.8 m below the ceiling
and at lower elevations in the foyer and the center of the family room decreased slightly, while
all other temperature measurements on the first story remained steady. At the time window K
was opened, the temperatures 1.8 m below the ceiling and lower in the middle of the second
story hallway decreased significantly while all temperatures in the master bedroom and bedroom
3 decreased, and temperatures measured 0.6 m below the ceiling and lower in bedroom 2 and
bedroom 4 decreased. These trends indicate that window K introduced cool air to the second
story and allowed accumulated hot gases to flow out of the structure, effectively lowering the
temperatures on the second story and in low elevation areas on the first story.

When window A was opened, a flow path from the kitchen to the burner in the family room was
created in addition to the flow path from the burner to window K. These two flow paths facilitated
movement of hot gases to the second story. All temperatures measured on the first story and in the
areas that spanned from the first story to the second story decreased, and temperatures 1.5 m below
the ceiling in the middle of the second story hallway increased while those at higher elevations
decreased, temperatures measured at elevations up to 0.3 m below the ceiling increased in the
master bedroom and bedrooms 2 and 4, and the temperatures 1.2 m and 0.02 m below the ceiling
in bedroom 3 increased, while all other temperatures remained steady.

When the front door was opened, an additional flow path from the front door to the burner was
created which increased the flow rate of cool air into the structure. This resulted in a decrease in
all the temperatures measured on the first story, a decrease in temperatures measured at elevations
of 1.5 m below the ceiling and at higher elevations in the middle of the second story hallway,
no significant change in the temperatures in the master bedroom and bedrooms 2 and 4, and an
increase in temperatures measured up to 0.6 m below the ceiling in bedroom 3. The temperatures
measured in the center of the family room at elevations 3.3 m below the ceiling and lower diverged
from the general trend of stratification of the gas temperatures with respect to elevation. A flow
path similar to that described for Experiment 4 and Experiment 5 was evident in Experiment 6
that resulted in circulation of hot gases and may have contributed to non-stratification of the gas
temperatures in the family room. A similar phenomenon was also observed in the kitchen, where
the highest temperature measurements were 0.6 m below the ceiling throughout the experiment.

The model accurately predicted the qualitative features in the data measured on the first story that
resulted from the ventilation openings, but did not capture the decrease in temperatures in the
master bedroom and bedroom 4 after ventilation of window K. The temperature magnitudes near
the ceiling on the second story, in the foyer, and in the family room were underpredicted. The
temperature magnitudes at low elevations on the second story as well as the temperatures in the
kitchen and under the second story hallway were generally accurately predicted.

The model predicted stratification of gas temperatures as a function of elevation in the family room
and in the kitchen. The temperatures measured at elevations 1.8 m below the ceiling and higher in
the center of the family room were underpredicted by the model and the temperature 3.0 m below
the ceiling was overpredicted. Due to the prediction of stratification of the temperature profile
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that was not observed in the experiments, the temperatures measured 3.3 m below the ceiling and
lower elevations in the family room were underpredicted. All temperature magnitudes from the
kitchen were accurately predicted, although the model erroneously predicted stratification of the
temperatures. The temperatures in the foyer were underpredicted at all elevations higher than 1.5 m
below the ceiling and overpredicted 1.6 m below the ceiling and at lower elevations until ventilation
of window A, and all temperatures measured 0.9 m below the ceiling and at higher elevations were
overpredicted for the remainder of the experiment.

Temperatures measured at elevations from the ceiling to 1.2 m below the ceiling were underpre-
dicted and temperatures 1.5 m below the ceiling and at lower elevations in the middle of the second
story hallway were overpredicted up to the time window A was vented. After ventilation of win-
dow A, the model accurately predicted the temperatures 1.5 m below the ceiling and at higher
elevations that were in the range of 160°C to 210°C, but overpredicted the temperature magnitudes
1.8 m and 2.1 m below the ceiling. All temperatures above 2.1 m below the ceiling in the master
bedroom were underpredicted throughout the experiment. The model underpredicted temperatures
measured 1.5 m below the ceiling and at higher elevations in bedrooms 2, 3, and 4 up to the time
window K was vented. After ventilation of window K, temperatures 1.5 m below the ceiling and at
lower elevations in bedroom 2 and bedroom 4 were overpredicted, and temperatures 1.2 m below
the ceiling and at lower elevations in bedroom 3 were overpredicted. The temperatures measured
in bedroom 2 were in the range of approximately 90°C to 160°C after ventilation of window A,
but the model predicted a temperature range of approximately 100°C to 150°C.

When the front door was vented, the temperatures measured 1.2 m below the ceiling and at lower
elevations were overpredicted whereas the temperatures measured at higher elevations were well
predicted. The temperatures measured in bedroom 4 were in the range of approximately 100°C to
180°C after ventilation of window A, but the model predicted a temperature range of approximately
110°C to 150°C.
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6.3.2 Experiment 6: Pressure

The pressure data collected throughout the structure are presented in the following figures. Fig-
ure 6.48 displays the pressures in the family room, Figure 6.49 displays the pressures next to the
front door, Figure 6.50 displays the pressures in the living room, Figure 6.51 displays the pressures
in the master bedroom, Figure 6.52 displays the pressures in bedroom 2, Figure 6.53 displays the
pressures in bedroom 3, and Figure 6.54 displays the pressures in bedroom 4.
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Figure 6.48: Pressures in the family room of the two-story structure during Experiment 6

The pressures throughout the structure increased immediately after ignition to a global maximum
in the range of 14 Pa to 20 Pa at all measurement locations followed by a gradual decay in pressure
magnitude. The pressure measured 4.6 m below the ceiling of the family room reached a peak of
approximately 37 Pa for a short duration approximately 15 s into the experiment. The pressures
measured 2.1 m below the ceiling and at lower elevations on the first story and those collected
4.6 m below the ceiling in the family room achieved pressures below atmospheric pressure prior
to ventilation of window K. All measurements from the second story and those collected at higher
elevations in areas that were open to the second story were above atmospheric pressure prior to
ventilation of window K. The negative pressures are indicative of air flow throughout the first story
entrained by the burner. Positive pressures at high elevations and in the second story compart-
ments indicate higher temperatures near the ceiling and the dominance of buoyancy throughout the
structure.

Upon ventilation of window K, all measured pressures immediately decreased. All pressures mea-
sured on the first story as well as the pressure measured 2.4 m below the ceiling in the family room
and the lowest elevation measurements on the second story decreased below atmospheric pressure
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Figure 6.49: Pressures next to the front door of the two-story structure during Experiment 6
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Figure 6.50: Pressures in the living room of the two-story structure during Experiment 6

after venting of window K. These pressure decreases were indicative of increased flow velocities
on the first story as cool air was entrained to the burner to displace the accumulated hot gases at
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Figure 6.51: Pressures in the master bedroom of the two-story structure during Experiment 6
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Figure 6.52: Pressures in bedroom 2 of the two-story structure during Experiment 6

the ceiling level and on the second story that were exhausted through window K.
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Figure 6.53: Pressures in bedroom 3 of the two-story structure during Experiment 6
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Figure 6.54: Pressures in bedroom 4 of the two-story structure during Experiment 6

Ventilation of window A resulted in an increase of pressures throughout the structure. The first
story measurement locations and the lowest elevation measurement location in the family room
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experienced a large increase in pressure such that the measurements were closer to atmospheric
pressure, and the measurement locations on the second story experienced a relatively small mag-
nitude increase in pressure at all elevations. This increase in pressure was likely caused by the
increased ventilation area on the first story that resulted in a larger net mass flow rate into the
structure.

When the front door was opened, pressures measured on the first story increased such that they
were closer to atmospheric pressure and pressure measurements on the second story and at high
elevations in the family room increased to higher positive pressures. Pressures measured on the
first story ranged from -10 Pa to 3 Pa throughout the experiment, while those measured on the
second story ranged from approximately -3 Pa to 12 Pa. Pressures near the floor in the family
room were in the range of approximately -20 Pa to approximately 2 Pa throughout the experiment,
with the largest magnitude negative pressure observed immediately after window K was vented.

An effective leakage area between the den and the remainder of the structure was not measured,
which led to definition of a single pressure zone that encompassed the internal volume of the struc-
ture. Due to this definition, the pressures in the den were not properly predicted and a comparison
between the data and the model prediction was not presented in this work. To attempt to predict
the pressures in the den would require definition of a distinct pressure zone in the den as well as
measurement of an effective leakage area between the den and the remainder of the structure and
between the den and the exterior.

Pressures were overpredicted at all measurement locations and elevations throughout the structure
between ignition and opening window K, and pressures were predicted to increase over time al-
though the measured pressures remained steady after the initial increase and decrease in pressure
caused by ignition of the burner. A decrease in pressure at all measurement locations through-
out the structure after ventilation of window K and the increases in pressures with subsequent
ventilation events were accurately predicted. The model accurately predicted the magnitudes of
the pressure measurements throughout the structure after ventilation of window K. An exception
was the pressure measured 4.6 m below the ceiling in the family room, which was overpredicted
between ventilation of window K and ventilation of the front door.
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6.3.3 Experiment 6: Velocity

The velocity data collected throughout the structure are presented in the following figures. Fig-
ure 6.55 displays the velocities measured in window K, Figure 6.56 displays the velocities mea-
sured in window A in the kitchen, Figure 6.57 displays the velocities measured at the front door.
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Figure 6.55: Velocities in window K of the two-story structure during Experiment 6

Bi-directional flow was immediately evident after ventilation of window K with the neutral plane
located approximately 0.72 m above the window sill. Ventilation of window A resulted in the
migration of the neutral plane in window K downward in elevation such that it was in the range of
0.48 m and 0.72 m above the window sill and increased the magnitude of velocity out the window.
When the front door was opened, the neutral plane at window K shifted such that it was in the
range of 0.24 m to 0.48 m above the window sill and the magnitude of the flow velocity out of the

window increased.

When window A was vented, all flow was directed into the structure with a velocity magnitude of
approximately 2 m/s. Ventilation of the front door resulted in a decrease of the velocity magnitude
flowing into the structure through window A.
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Figure 6.56: Velocities in window A of the two-story structure during Experiment 6
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Figure 6.57: Velocities in the front door of the two-story structure during Experiment 6

After the front door was opened, all flow through the front door was directed into the structure with
a constant velocity of approximately 1 m/s.
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The model accurately predicted the qualitative features of the data and the effect of opening the
exterior windows and doors on the directions of flow and relative changes in flow velocity magni-
tude. The model slightly underpredicted flow velocities out of the structure through window K and
the flow velocity magnitudes into the structure through window A, but generally produced accurate
predictions of the uni-directional flow velocity magnitude into the front door after ventilation of
the front door.
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7 Discussion

The discussion of the experimental results is divided into sections that focus on the uncertainty in
each measurement and the agreement between experiments and model predictions. In the section
on uncertainty, replicate experiments conducted in both the single-story and two-story structure
with identical ventilation conditions are examined to identify the mean uncertainty in each mea-
surement. In the section that assesses the accuracy of the model predictions, the ability of the
models to predict the key physical phenomena observed in the experiments is evaluated through a
discussion of the agreement between the predicted data and the experimental data.

7.1 Experimental Uncertainty

Several of the gas burner experiments were repeated to determine the uncertainty in the measure-
ments. As defined in the Guide to Expression of Uncertainty in Measurement, repeatability con-
ditions include the same measurement procedure, conducted by the same observer, using the same
instrumentation under the same conditions at the same location over a short period of time [40].
The expanded uncertainty in each experimental measurand was evaluated as the mean instanta-
neous experimental standard deviation of the replicate experiments. The coverage factor for the
expanded uncertainty is 2, which defines an interval estimated to have a level of confidence of
95%, assuming the instantaneous mean approximates the true value with no systematic bias and
the measurements are normally distributed about the true value. The mean experimental value
of the differential pressure measurements approached O Pa as the experiments proceeded, which
yielded high relative standard deviations but relatively low absolute standard deviations.

Three replicates of Single-Story Experiment 1 were conducted in this work and these data were
analyzed to determine the expanded uncertainty of each measurement for the experiments in the
single-story structure. These experiments featured conditions identical to Experiment 1 with the
same timing and sequence of events between ignition and extinguishment of the burner. The ex-
panded uncertainty of the temperature measurements over all thermocouples in the single-story
structure in the replicates of Experiment 1 was calculated as + 10% (4 4.3°C) (calculated with
Celsius temperatures). The expanded uncertainty of the velocity measurements in the single-story
structure over the replicates of Experiment 1 was approximately & 28% (4 0.1 m/s). The expanded
uncertainty of the differential pressure measurements for Single-Story Experiment 1 replicates was
calculated as + 232% (+ 0.9 Pa).

Four replicates of Two-Story Experiment 4 were conducted and the data collected in these exper-
iments were analyzed to determine the expanded uncertainty of each measurement for the exper-
iment in the two-story structure. The expanded uncertainty of the temperature measurements in
Two-Story Experiment 4 was calculated as + 24% (£ 17°C) (calculated with Celsius tempera-
tures). The expanded uncertainty of the velocity magnitude measurements through vents open to
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the exterior in Two-Story Experiment 4 was calculated as approximately + 44% (+0.38m/s). The
expanded uncertainty of the static pressure measurements was calculated as + 330% (4 2.8 Pa).

The temperature data was a repeatable measurement with a relatively low estimated uncertainty,
particularly at high elevation. Although circulation of hot gases from high elevation areas in the
family room and foyer was evident (which may have resulted in non-stratification of temperatures),
the temperature data between replicate experiments was highly repeatable. The phenomena that
led to this apparent circulation may be important in the context of fire investigations and the fire-
induced fluid flows in residential occupancies and further research must be conducted to better
understand the physics that drove these gas flows.

7.2 Accuracy of Predictions

The accuracy of the model predictions serves to gauge the suitability of the model, defined with the
aforementioned parameters, to represent all of the important physical phenomena that govern the
dynamics of fire-driven flow phenomena and the movement of hot gases as a function of ventilation
conditions in the two structures. The following descriptions of the model refer to FDS version
6.7.1 as defined with the parameters presented in Section 4. Model predictions may be evaluated
against expected values for measured quantities by plotting these quantities against each other [14].
Several of these plots have been replicated in this section to facilitate discussion of the accuracy of
the model predictions relative to the measured data. The peak value above ambient conditions for
each measured and predicted quantity are plotted in the following figures. To produce these plots, it
is assumed that the measured data are normally distributed about the true value, and the expectation
is that the model predictions are identical to the experimental data, within experimental uncertainty.
In the following figures, the solid black line that runs from the bottom left to the upper right corner
of the plot indicates the expected perfect agreement between the experimentally measured data
and the model prediction. The dashed black lines offset from the solid black line represent the
total estimated expanded experimental uncertainty and correspond to two standard deviations of
the mean of the specific measurand.

It is assumed that deviations from perfect agreement between the predictions and the experimental
data are the result of simplifying assumptions, model implementation, and uncertainty in defined
parameters which manifests as a systematic bias in the predictions. In the analysis presented in the
following figures, this systematic bias is assumed to scale the expectation line by a bias factor. The
solid red line in the following figures passes through the mean of the distribution and indicates the
expectation line multiplied by the bias factor for the distribution. The dashed red lines offset from
the solid red line indicate the scatter in the agreement between the model predictions and exper-
imental data (which incorporates model uncertainty as well as uncertainty in defined parameters)
and corresponds to two standard deviations of the distribution. For construction of these plots, the
stipulation is enforced that the prediction uncertainty may not be smaller than the experimental
uncertainty.

Figure 7.1 shows the comparison between the predicted and measured peak temperature rise at all
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thermocouples for all thermocouple arrays in the six experiments. The estimated expanded relative
uncertainty in the temperature measurements was 0.24, the expanded relative uncertainty for the
predicted data was 0.52, and the bias factor for the model was 1.18.
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Figure 7.1: Comparison between Temperature Measurements and Predictions. Solid black line
indicates perfect agreement between predictions and measurements, dashed black lines indicate
experimental expanded uncertainty. Solid red line indicates bias-adjusted perfect agreement line
and passes through the mean of the distribution, dashed red lines indicate scatter in agreement
between model predictions and experimental data.

A trend in the comparison data presented in Figure 7.1 indicates that the model predictions of
temperature rises above approximately 100°C were generally within the experimental experimen-
tal uncertainty of perfect agreement for all experiments. The trend for measured temperature rise
data below 100°C indicates an overprediction of the measured data that increased in relative mag-
nitude as the measured temperature rise decreased. A similar trend has been noted in prediction
of ceiling jet temperatures in other FDS validation studies [14]. These trends are consistent with
the model accurately predicting temperatures at high elevations and overpredicting temperatures
at low elevations. The data points that appear as potential outliers at the bottom center of the plot
correspond to the peak temperatures measured at low elevation in the center of the family room.
These data points illustrate the dramatic effect of non-stratification of the temperature that may
be attributed to the apparent circulation of hot gases around the second story hallway. These data
also indicate the apparent inability of the model to capture the physical phenomena that drove this
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apparent circulation. The ultimate cause of the high disparity between the temperature predictions
and measurements at low elevation in the family room is unknown and requires further research.

The bias factor and the standard deviation of the comparison between the model and the exper-
imental data on ceiling jet temperature have been compiled for a wide range of FDS validation
studies [14]. The model bias factor for prediction of the ceiling jet temperature is 1.04 and the
model relative standard deviation (k = 1) is 0.13. Although these metrics indicate better accuracy
and less scatter when considering the entire corpus of validation studies, it must be noted that the
metrics for the current study are calculated based on the prediction of temperature at all elevations
and the accuracy of the ceiling jet temperatures in the current study is high.

Figure 7.2 presents the comparison between the predicted and measured pressure rises within each
compartment in each of the experiments. The estimated expanded uncertainty of the pressure
measurement determined from the literature was 0.23, the expanded relative uncertainty for the
predicted data was 0.44, and the bias factor for the model was 0.91. The model predicted consistent
peak pressure rise magnitudes regardless of the peak measured pressure rise. The time-averaged
model prediction data was not sensitive to the size of the source fire or the geometry of the structure
and the resulting peak predicted pressure rises were repeatably in the range of approximately 13 Pa
to 18 Pa although the peak measured values ranged from 10 Pa to 42 Pa.

The majority of the data points from Single-Story Experiment 1 and Two-Story Experiments 4
and 6 plotted in Figure 7.2 were clustered within two experimental standard deviations of perfect
agreement. A small cluster of data points from the two-story experiments that corresponded to
the lowest elevation pressure measurement in the family room were significantly underpredicted.
These measurements were made in close proximity to the gas burner, which resulted in higher than
expected predicted pressure peaks. The FDS validation guide provides a collection of validation
studies in which pressures have been predicted [14]. The model bias factor for prediction of pres-
sure for the collected studies is 0.89, the model relative standard deviation (k = 1) is 0.21, and
the experimental relative standard deviation (k = 1) is 0.21. The bias factor and the experimen-
tal standard deviation for this work indicate more accurate agreement and less experimental scatter
than for the corpus of validation studies. The model relative standard deviation for the collection of
studies that appear in the validation guide is 0.21, which indicates the pressure predictions from the
previous validation studies and the pressure predictions from this work are equally scattered about
the the bias-adjusted expectation line. The larger relative standard deviation of the agreement be-
tween the predictions and experiments in this work is likely because of the outliers that correspond
to the lowest elevation pressure measurements in the family room of the two-story structure.
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Figure 7.2: Comparison between Pressure Measurements and Predictions. Solid black line indi-
cates perfect agreement between predictions and measurements, dashed black lines indicate ex-
perimental expanded uncertainty. Solid red line indicates bias-adjusted perfect agreement line and
passes through the mean of the distribution, dashed red lines indicate scatter in agreement between
model predictions and experimental data.

Figure 7.3 presents the comparison between the predicted and measured velocity magnitudes at the
ventilation openings in each of the experiments as well as through the hallway in the single-story
structure. The expanded uncertainty for the velocity measurements was 0.44, the expanded relative
uncertainty for the predicted data was 1.24, and the bias factor for the model was 1.61. The model
typically underpredicted the velocities measured for the two-story experiments and overpredicted
the velocities measured in the single-story structure.

The data points plotted in Figure 7.3 show significant scatter. A trend is evident in the data in
which the maximum velocity magnitudes were generally overpredicted at low measured velocity
magnitude (below approximately 0.75 m/s) and underpredicted at higher magnitudes. Particularly
evident is the underprediction of the maximum velocities in Two-Story Experiment 4 and Exper-
iment 6. These specific experiment configurations featured vent openings on both the first and
second story of the structure prior to extinguishment of the burner, which facilitated high venti-
lation velocities driven by stack effect. The studies that appear in the FDS validation guide that
include predictions of gas velocity exhibit a model bias factor of 1.01, which indicates significantly
better prediction accuracy than the models compiled in this work [14]. relative standard deviation
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passes through the mean of the distribution, dashed red lines indicate scatter in agreement between
model predictions and experimental data.

of the agreement between the predictions and experiments for velocity predictions in past valida-
tion studies is 0.10, while it is significantly higher in the current study. The causes of the disparity
between the experimental data and the model predictions in this work is undetermined and addi-
tional research and validation exercises to measure velocities in multi-story structures subjected to
well-defined ventilation events on multiple stories is recommended.

The figures presented in this section provide point comparisons between measured data and model
predictions. These comparisons provide an assessment of the ability of the models to represent the
extremes in a given scenario, which is a valid use of fire modeling in the context of fire protection
design, fire scene reconstruction, and hypothesis testing in investigations and fire research. These
comparisons are better suited for steady-state conditions and, in the form presented here, do not
provide an assessment of the ability of the model to predict the evolution of the fire-induced flow
dynamics as ventilation conditions change over time. Metrics that are calculated using functional
analysis that provide a quantitative assessment of the ability of a fire model to predict experimental
data have been described in the literature [41]. These metrics include the norm of the relative
difference between the experimental data and model prediction vectors and the cosine similarity
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between these vectors. These metrics have been calculated for all data presented in this work and
are provided in Appendix A.

The agreement between the model predictions and experimental data for temperatures throughout
both structures for all of the experiments described in this work was adequate to provide additional
validation for and confidence in the use of the model defined with the aforementioned parame-
ters by fire investigators and fire protection engineers to predict temperatures given a well-defined
fire source and ventilation conditions. Practitioners of FDS often seek the peak temperature or
conservative estimates of the evolution of temperature in a compartment and it was evident in anal-
yses of the presented data that the models predicted peak temperature rises above approximately
100°C and generally also predicted temperatures at almost all elevations to within experimental
uncertainty.

Notable were relative differences higher than experimental uncertainty in areas of each structure
that were expected to experience low velocity flows due to lack of proximity of measurement
locations to vents and flow paths. These areas were typically at low elevations in rooms remote
from the fire and vents. Also notable were the high relative differences at elevations lower than
3.0 m below the ceiling in the family room and foyer of the two-story structure which may have
been affected by the apparent circulation of hot gases from the ceiling of the family room. The
defined thermocouple bead diameters, the orientation, and the exact position of the thermocouples
were potential sources of discrepancy between the data and model predictions. Although the model
bias factor for the data presented here was slightly higher than the bias factor calculated for the
ceiling jet temperature in past validation studies, the data here can contribute to the corpus of FDS
validation data.

The temperature profile measured in the center of the family room in all of the two-story experi-
ments exhibited non-stratification of temperatures 3.3 m below the ceiling and at lower elevations.
Temperature profiles in experiments conducted in the same structure with furniture-fueled fires
initiated in approximately the same location as the gas burner showed a similar trend of non-
stratification of temperatures in the center of the family room, but only after the temperatures and
the HRR had reached a peak and were decreasing in magnitude [39]. In contrast, non-stratification
of temperatures was immediately evident upon ignition in the gas burner experiments. It is possible
that radiant heat flux from the flame incident to the low elevation thermocouple beads in the center
of the family room resulted in artificially high temperature readings throughout the experiments.

The HRR of the gas burner increased almost immediately to the full steady state value whereas
the furniture-fueled fires required approximately 200 s to 300 s to reach peak HRR. Because of
this, radiant heat transfer from the gas burner flame would have a more pronounced effect on
the temperature measurements at early times than the furniture-fueled fire. The furniture produced
much more soot than the natural gas burner, which resulted in a higher radiative fraction, and would
indicate the temperature measurements in the experiments with the furniture-fueled fires would be
more affected by radiant heat transfer than the thermocouples in the gas burner experiments. Due
to the fact that the temperatures measured in the foyer and beneath the second story hallway in the
two-structure were as much as 100°C lower than those measured in the center of the family room
at comparable elevations, and because of the immediate effect on the temperatures at low elevation
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in the line of sight of the burner flame after ignition, it is likely that radiative heat transfer from the
burner flame partially contributed to the non-stratification of measured temperatures in the center
of the family room, although gas circulation also appears to have also influenced non-stratification.

The ambient temperature in the laboratory ranged from 9°C to 16°C for the gas burner experi-
ments. The ambient temperature was assumed to be 20°C for all of the simulations. Because
the experiments conducted in this work involved an investigation of the influence of ventilation
conditions on th fire-induced flow dynamics and temperatures throughout the structures, it is pos-
sible that the discrepancy between the actual and assumed ambient temperatures influenced the
agreement between the simulation results and experimental measurements. The error introduced
by this discrepancy would be most evident at low elevation in areas within close proximity to vents
through which cool air flowed into the structure and would manifest as predicted temperatures that
were higher than the measured temperatures. The magnitude of the potential error is expected to
be a few degrees, which is within the expanded uncertainty of the measurement.

Agreement between the measured and predicted pressures throughout both structures for all ex-
periments described in this work was adequate to serve as a validation case and to increase the
confidence of model practitioners in pressure predictions for comparable scenarios in single-story
and two-story modern residential structures. With the models and model parameters used in this
work, peak pressure increase predictions were generally found to be insensitive to the geome-
try of the structure and the size of the fire source. The absolute difference between the pressure
measurements and predictions were generally within the experimental uncertainty of the measure-
ment. The pressure predictions had notable differences at low elevations throughout the two-story
structure and at all elevations in the family room of the two-story structure. The model with the
parameters defined as presented in this work predicted pressures with less bias than the corpus of
validation studies that have been compiled for FDS version 6.7.1. The cosine similarity between
the measured and predicted data curves were below the acceptance criteria at several locations in
each structure, which indicates that the predictions did not agree qualitatively with the experimen-
tal data trends, although the relative differences were within the acceptance criteria. A potential
source of discrepancy was the method used to define leakage in each of the models.

The agreement between the measured and predicted velocities throughout both structures was in-
adequate to validate the ability of the model defined with the aforementioned parameters to predict
velocity magnitudes for the considered scenarios. The model predictions presented in this work
were much less accurate than the collection of FDS validation studies indicates. A trend was evi-
dent in which measurement magnitudes were overpredicted by more than the expanded uncertainty
below approximately 0.75 m/s and above approximately 2.0 m/s, and overall relative differences
were significantly higher than the experimental uncertainty in the measurement. An indication
of predictions of the elevation of the neutral plane that are generally accurate is a positive cosine
similarity value for all elevations at all velocity measurement locations. With the exception of
window E in the experiments conducted in the single-story structure, all cosine similarity values
were positive.

The model generally captured the qualitative changes in data due to ventilation events as well
as the elevation of the neutral plane. The model accurately predicted velocity magnitude and
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direction when flow into the structure was uni-directional, particularly on the first story of the
two-story structure. Potential sources of discrepancy in the experimental data are the relatively
low flow velocities and potential misalignment of the probe relative to the flow direction. The bi-
directional probe measurements have been researched, calibrated, and validated extensively against
flows with Reynolds numbers greater than 1000, which corresponds to a velocity measurement of
1.2 m/s for the probes used in the experiments described here. Lower velocity flow measurements,
which comprise many of the velocities measured in this work, have error that may be higher than
35% [32,33]. Preliminary simulations showed no significant change in velocity predictions with
higher resolution or higher computational cost simulation modes, but more detailed analyses may
find these or other model parameters can improve agreement between measured and predicted
velocities. Additional research is required before the experimental velocity data presented here
may be used to validate deterministic fire models.
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8 Conclusions

The gas burner experiments conducted in a single-story structure and a two-story structure resulted
in several new sets of validation data for the fire modeling community. The temperatures measured
in the experiments were repeatable across replicate experiments with an expanded uncertainty of
+ 24%. The expanded uncertainty of velocity magnitudes was approximately + 44% and the
expanded uncertainty of compartment pressure rises was approximately + 2.8 Pa.

Preliminary simulations were conducted to investigate the sensitivity of model predictions to sev-
eral model parameters. All final simulations presented in this work were conducted with a uniform
grid with a cubic cell size of of 0.1 m. The Simplified Very Large Eddy Simulation mode was
utilized based on its low computational cost relative to the other simulation modes without a no-
ticeable difference in model agreement. The "Localized Leakage" approach to defining leaks was
used in all models to avoid pressures below atmospheric prior to the first ventilation event. A
single pressure zone was defined that encompassed the internal volume of each structure to differ-
entiate between the structure and the exterior prior to the first ventilation event. Defining additional
pressure zones did not have a significant effect on pressure or temperature predictions.

The model predicted temperatures well at all measurement locations with particularly good agree-
ment for high elevation measurements with temperature rises larger than 100°C above ambient
temperature. The model was generally capable of representing the flow paths created by venting
exterior doors and windows in both structures. The model represented the pressure magnitudes to
a degree of accuracy that was slightly outside the expanded uncertainty throughout the structures.
The model was capable of predicting the directions of gas flow as well as the elevation of the neu-
tral plane through exterior vents in each structure, but the flow velocity magnitudes were generally
overpredicted at low velocities and underpredicted at high velocities.

The model was unable to predict the peak magnitude of pressure transients that occurred shortly af-
ter ignition, specifically in close proximity to the burner. An apparent circulation of hot gases from
the ceiling of the family room of the two-story structure over the second story hallway, and down
the stairs to low elevation areas of the family room repeatably occurred and may have contributed
to a non-stratified temperature profile in the family room and kitchen. The non-stratification of
temperatures in the family room may also have been affected by radiant heat transfer from the
burner to the low elevation thermocouples. All simulations of the two-story structure were un-
able to predict this non-stratification. The apparent circulation of hot gases was attributed to the
open-concept design of the structure.

The model represented measured temperatures and pressures adequately to validate the ability of
the model defined with the aforementioned parameters to predict the peak measured quantities
as well as the evolution of each of these measurements over time. Aspects of gas flow through
ventilation openings and key areas of the structures, including gas flow direction and elevation
of the neutral plane, were adequate to validate the ability of the model defined with the afore-
mentioned parameters to predict these qualitative features. The errors between the predicted and
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measured flow velocity magnitudes were significant and did not validate the ability of the model
defined with the aforementioned parameters to predict flow velocities for the scenarios studied in
this work. Changes in the simulation mode and resolution of the model did not significantly affect
the model predictions, although model practitioners should always conduct resolution convergence
studies and sensitivity analyses to ensure that predictions are consistent.

Additional research that more rigorously characterizes the flow field throughout the structures is
required to fully understand the cause of the apparent circulation identified in the family room
of the two-story structure as well as the cause of the large disparity between the predicted and
measured velocity magnitudes shown in this work. An opportunity to expand on this research
and aid in the validation and/or the improvement of fire modeling involves gas burner experiments
with well-defined growing HRRs as well as HRRs that are expected to produce ventilation-limited
conditions. Future research may also investigate the effect of wind, ambient temperature, and
weather conditions on the data collected as well as the model predictions presented in this work.
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9 Summary

UL Firefighter Safety Research Institute (UL FSRI) conducted a study to examine how ventilation
impacts fire damage patterns in single family homes. The structures included a traditional 111 m?
single-story ranch style structure and a 297 m? two-story colonial style structure. The two-story
colonial had a contemporary open floor plan design with a two-story family room and open foyer.
The experiments were planned with the assistance of a technical panel that included members of
ATF, IAAI, NAFI, NASFM, NIST, NIST OSAC, and NFPA 921.

The scenarios consisted of gas burner fires in the structures with exterior ventilation that created
flow paths which connected the source fires with remote intake and exhaust vents. In the single-
story structure, the gas burner was located against an interior wall in the living room for all exper-
iments. In the two-story structure, the gas burner was located against a wall in the family room
for all experiments. In each of the single-story and two-story structures, three distinct ventilation
scenarios were tested.

Instrumentation was installed to measure gas temperature, gas pressure, and gas velocity within
the structures. The single-story structure had 140 instruments installed, and the two-story structure
had 195 instruments installed. During the experiments, each channel was scanned every second
and recorded on a computerized data acquisition system. In total, 5 experiments were conducted
in the single-story structure and 8 experiments were conducted in the two-story structure. All of
the experiments were conducted at UL’s Large Fire Laboratory in Northbrook, IL.

Computational models were constructed using the Fire Dynamics Simulator (Version 6.7.1) to
simulate the experiments conducted in this work. The model predicted temperatures well at all
measurement locations with particularly good agreement for temperature rises larger than 100°C.
The model represented the pressure magnitudes to a degree of accuracy that was slightly outside the
expanded uncertainty throughout the structures. The agreement between predicted and measured
temperatures and pressures was adequate to validate the ability of the model to predict the peak
measured quantities as well as the temporal evolution of each of these measurements for similar
scenarios. The model was capable of predicting the elevation of the neutral plane through exterior
vents in each structure, but the flow velocity magnitudes were generally overpredicted at low ve-
locities and underpredicted at high velocities. The errors between the predicted and measured flow
velocity magnitudes were significant and did not validate the ability of the model to predict flow
velocities for the scenarios studied in this work. Sensitivity analyses showed that changes in the
model parameters did not significantly affect the model predictions.
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Appendix A Metrics to Assess Agreement
Between Measured Data and
Predictions

Functional analysis using vector mathematics on the predicted and measured data provide quanti-
tative measures of the agreement between the data. The norm is a vector operation that yields the
length of a vector, and the inner product between two vectors is an operation that yields the product
of the length of the two vectors and the cosine of the angle between the vectors [41]. By treating
the experimental data and model predictions as many-dimensional vectors and using these oper-
ations, the relative difference between the two curves as well as the relative shapes of the curves
may be calculated. In this work, the Euclidian norm of the difference between the experimental
and prediction vectors was used to calculate the relative difference, and a weighted average of the
Euclidian inner product and the Secant inner product was used to calculate the cosine similarity
between the vectors, as described in ASTM and ISO standards on assessment of the predictive
capabilities of deterministic fire models [6,42].

The relative difference and the cosine similarity between the experimental and predicted data sets
have been calculated and are presented in the following tables. These metrics provide an evaluation
of the ability of the model with the defined model parameters to represent the key flow dynamics
and physical phenomena in the two structures in response to the ventilation events. These tabulated
metrics also serve as a benchmark against which to compare as newer versions of FDS are released.

Lower relative difference is correlated with better agreement, such that a relative difference of zero
indicates the predicted and experimental data curves are identical. The cosine similarity between
the predicted and experimental curves is in the range of -1 and 1. A cosine similarity of 1 indicates
the curves have the same functional form, a cosine similarity of -1 indicates the curves have the
same functional form but are directed opposite each other, and a cosine of 0 indicates that there is
no correlation between the two data curves.

The relative difference is the best measure of agreement between the model predictions and the
experimental data curves, but because the metric is calculated over the entire length of the two
vectors, the relative shapes of the curves must also be considered to assess the predictive capa-
bilities of the model. ASTM E 1355 Standard Guide for Evaluating the Predictive Capability of
Deterministic Fire Models provides the guidance that curves are in agreement when the hybrid
norm is less than 0.3 and the cosine similarity calculated as a hybrid of the Euclidian inner product
and the Secant inner product is greater than 0.9. No basis is provided for this guidance, and it
was not followed strictly in the assessment provided in this work. A major conclusion that may
be drawn from the ASTM standard is that both metrics must be considered together to assess the
capabilities of the model.

Acceptable agreement between the prediction and the experimental data depends on the measur-
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and, the scenario, and the application for which the model was used. In this work, predictions
were considered to agree with the experimental data if the calculated relative difference was within
the expanded uncertainty of the mean of each measurement. For temperature measurements, the
model agreed with the experimental data when the relative difference was 0.24 or less. Velocity
predictions agreed with the experimental measurements when the relative difference was 0.47 or
lower. Pressure measurements converged on atmospheric pressure which resulted in increasingly
large magnitudes of relative difference as the experiments progressed. The relative difference met-
ric was excessively high for the pressure predictions. To provide a metric for the pressure that was
insensitive to the small magnitude values, the norm of the absolute differences of pressure are pre-
sented in the following tables. The pressure prediction is considered to agree with the experimental
data if the absolute difference is below 0.9 Pa for the single-story experiments and below 2.8 Pa
for the two-story experiments.

Analysis of these data indicate that when the relative or absolute difference was within acceptable
agreement as defined in the previous paragraph, experimental data curves were qualitatively well
represented when the cosine similarity between the prediction and experimental data was above
0.5.
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Appendix B FDS Input Files

The input file for the simulation of Single-Story Experiment 1 is provided below.
&HEAD CHID='Single_Story_Gas_1" /

&TIME T_END=1800. /

&MISC SIMULATION_MODE='SVLES" /

&MESH 1JK=36,32,30, XB=-0.2,3.4,-0.6,2.6,0.0,3.0, MULT_ID="mesh"' /
&MULT ID='mesh', DX=3.6, DY=3.2, I_UPPER=3, J_UPPER=2 /

&REAC FUEL='METHANE', SOOT_YIELD=0.001 /

&SURF ID='BURNER', HRRPUA=694., COLOR='ORANGE', RAMP Q='burner' /
&RAMP ID="'burner ', T= 0.,
&RAMP ID="'burner ', T= 5.,
&RAMP ID="'burner ', T= 900.,
&RAMP ID='burner', T= 905.,
&OBST XB= 8.7, 9.3,1.6,2.2,0.4,0.

D~~~ ~

, SURF_IDS="BURNER', '"WALL' , "WALL' /

&MATL ID='GYPSUM BOARD'
FYI='Sheetrock UltraLight Panels ',
SPECIFIC_HEAT=1.0
CONDUCTIVITY=0.16
DENSITY=480.0 /

&SURF ID='WALL',
RGB=200,200,200
DEFAULT=.TRUE.
MATL_ID="'GYPSUM BOARD'
BACKING="VOID'
THICKNESS=0.025 /

&SURF ID='DOOR',
COLOR="'GRAY"
MATL_ID="GYPSUM BOARD'
THICKNESS=0.05 /

&SURF 1D ="WINDOW' ,
MATL_ID="GYPSUM BOARD' ,
THICKNESS=0.05
COLOR='BLUE'
TRANSPARENCY=0.1/

&OBST XB= 0.0,14.0,0.0,0.1,0.0,2.4 / Front Facade
&OBST XB= 0.0,14.0,7.8,7.9,0.0,2.4 / Rear Facade
&OBST XB= 0.0, 0.1,0.1,7.8,0.0,2.4 / Left Facade
&OBST XB=13.9,14.0,0.1,7.8,0.0,2.4 / Right Facade

&OBST XB=0.0,14.0,0.0,7.9,2.4,2.5, COLOR="INVISIBLE' / Ceiling

&DEVC 1D ='FRONT DOOR TIMER', QUANTITY='TIME', XYZ=-0.1,—0.4,0.1, SETPOINT= 300.0, INITIAL_STATE=.TRUE. /
&DEVC ID='KITCH DOOR TIMER', QUANTITY='TIME', XYZ=—0.1,—0.4,0.1, SETPOINT=1320.0, INITIAL_STATE=.TRUE. /
&DEVC ID='BRl WINDOW TIMER', QUANTITY='TIME', XYZ=—0.1,—0.4,0.1, SETPOINT= 600.0, INITIAL_STATE=.TRUE. /
&DEVC ID='BRl WIND 2 TIMER', QUANTITY='TIME', XYZ=-0.1,—0.4,0.1, SETPOINT=1220.0, INITIAL_STATE=.TRUE. /
&DEVC ID='BR2 WINDOW TIMER', QUANTITY='TIME', XYZ=—0.1,—0.4,0.1, SETPOINT=1230.0, INITIAL_STATE=.TRUE. /
&DEVC ID='BR3 WINDOW TIMER', QUANTITY='TIME', XYZ=-0.1,—0.4,0.1, SETPOINT=1250.0, INITIAL_STATE=.TRUE. /
&DEVC ID='KIT WINDOW TIMER', QUANTITY='TIME', XYZ=-0.1,—0.4,0.1, SETPOINT=1260.0, INITIAL_STATE=.TRUE. /
&DEVC ID='DR WINDOW TIMER', QUANTITY='TIME', XYZ=-0.1,—0.4,0.1, SETPOINT=1275.0, INITIAL_STATE=.TRUE. /
&DEVC ID='LR WINDOW TIMER', QUANTITY='TIME', XYZ=-0.1,—0.4,0.1, SETPOINT=1200.0, INITIAL_STATE=.TRUE. /
&OBST XB= 3.8, 4.7,0.0,0.1,0.0,2.0, SURF_ID='"DOOR',  PERMIT_HOLE=.FALSE., DEVC_ID='FRONT DOOR TIMER' /
&OBST XB= 0.5, 2.3,7.8,7.9,0.0,2.0, SURF_ID='"DOOR',  PERMIT_HOLE=.FALSE., DEVC_ID='KITCH DOOR TIMER' /
&OBST XB= 4.5, 5.4.,7.8,7.9,1.0,2.0, SURF_ID="WINDOW', PERMIT_HOLE=.FALSE. , 3 TIMER' /
&OBST XB= 0.6, 2.4,0.0,0.1,0.6,2.0, SURF_ID='WINDOW', PERMIT_HOLE=.FALSE., DEVC_ID='DR WINDOW TIMER' /
&OBST XB= 5.8, 8.5,0.0,0.1,0.6,2.0, SURF_ID='WINDOW', PERMIT_HOLE=.FALSE., DEVC_ID='LR WINDOW TIMER' /
&OBST XB=11.6,12.5,0.0,0.1,0.6,2.0, SURF_ID="WINDOW', PERMIT_HOLE=.FALSE., DEVC_ID='BRI WINDOW TIMER' /
&OBST XB=13.9,14.0,1.5,2.4,0.6,2.0, SURF_ID="WINDOW', PERMIT_HOLE=.FALSE., DEVC_ID='BRI WIND 2 TIMER' /
&OBST XB=12.1,13.0,7.8,7.9,0.6,2.0, SURF_ID="WINDOW', PERMIT_HOLE=.FALSE., DEVC_ID='BR2 WINDOW TIMER' /
&OBST XB= 7.6, 8.5,7.8,7.9,0.6,2.0, SURF_ID='WINDOW', PERMIT_HOLE=.FALSE., DEVC_ID='BR3 WINDOW TIMER' /
&HOLE XB= 3.8, 4.7,0.0,0.1,0.0,2.0 / FRONT DOOR

&HOLE XB= 0.5, 2.3,7.8,7.9,0.0,2.0 / KITCHEN DOOR

&HOLE XB= 4.5, 5.4,7.8,7.9,1.0,2.0 / KITCHEN WINDOW

&HOLE XB= 0.6, 2.4,0.0,0.1,0.6,2.0 / DINING ROOM WINDOW

&HOLE XB= 5.8, 8.5,0.0,0.1,0.6,2.0 / LIVING ROOM WINDOW

&HOLE XB=11.6,12.5,0.0,0.1,0.6,2.0 / BEDROOM | FRONT WINDOW

&HOLE XB=13.9,14.0,1.5,2.4,0.6,2.0 / BEDROOM | SIDE WINDOW

SHOLE XB=12.1,13.0,7.8,7.9,0.6,2.0 / BEDROOM 2 BACK WINDOW

&HOLE XB= 7.6, 8.5,7.8,7.9,0.6,2.0 / BEDROOM 3 BACK WINDOW

&OBST XB= 2.8, 2.9,0.1,3.0,0.0,2.4, SURF_ID="WALL' / Instruments, Front

&OBST XB= 3.6, 3.7,0.1,3.0,0.0,2.4, SURF_ID='"WALL' / Instruments, Front
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&OBST

&OBST
&OBST

&OBST
&OBST

&OBST
&OBST
&OBST

&OBST
&OBST
&OBST
&OBST
&HOLE
&OBST
&OBST

&OBST
&OBST
&HOLE
&HOLE

&VENT
&HVAC
&VENT
&VENT
&VENT
&VENT
&VENT

&ZONE

&DUMP DT_HRR=15.,

&DEVC
&DEVC
&DEVC
&DEVC
&DEVC
&DEVC
&DEVC

VENT2_ID="AMBIENT' , AREA=0.08 /

XB= 2.9, 3.6,2.9,3.0,0.0,2.4, SURF_ID="WALL' / Instruments , Front

XB= 9.3, 9.4,0.1,3.9,0.0,2.4, SURF_ID="WALL' / Instruments , Front
XB=10.0,10.1,0.1,3.8,0.0,2.4, SURF_ID="WALL' / Instruments , Front

XB= 0.1, 1.4,4.0,4.1,0.0,2.4, SURF_ID="WALL' / Breakfast Wall

XB= 1.3, 1.4,4.1,4.8,0.0,2.4, SURF_ID="WALL' / Breakfast Wall

XB= 2.6, 4.9,4.0,4.1,0.0,2.4, SURF_ID="WALL' / Kitchen Wall

XB= 4.9, 5.7,4.0,4.1,2.0,2.4, SURF_ID="WALL' / Kitchen Door Soffit

XB= 2.6, 2.7,4.1,4.8,0.0,2.4, SURF_ID="WALL' / Kitchen Wall

XB= 5.7, 8.0,4.0,4.1,0.0,2.4, SURF_ID="WALL' / Bedroom 3 Wall

XB= 7.9, 8.0,4.1,4.8,0.0,2.4, SURF_ID="WALL' / Bedroom 3 Wall

XB= 6.5, 6.6,4.1,7.8,0.0,2.4, SURF_ID="WALL' / Bedroom 3 — Kitchen Wall
XB= 7.9,11.1,4.8,4.9,0.0,2.4, SURF_ID="WALL' / Bedroom 3 Wall

XB= 8.5, 9.2,4.8,4.9,0.0,2.1 / Bedroom 3 Door

XB= 9.3, 9.4,4.9,7.8.,0.0,2.4, SURF_ID="WALL' / Bedroom 3 — Instruments Wall
XB=11.1,11.2,3.9,7.8,0.0,2.4, SURF_ID="WALL' / Bedroom 2 — Instruments Wall
XB= 9.4,13.9,3.8,3.9,0.0,2.4, SURF_ID="WALL' / Bedroom 2 — Bedroom 1 Wall
XB=12.3,12.4,3.9,4.6,0.0,2.4, SURF_ID="WALL' / Bedroom 2 Closet
XB=11.1,11.2,4.0,4.7,0.0,2.1 / Bedroom 2 Door
XB=10.2,11.0,3.8,3.9,0.0,2.1 / Bedroom 1 Door

XB = 3.8,8.8,0.4,3.4,0.0,0.0, ='FLOOR LEAK', SURF_ID='WALL' /

ID = FLOOR LEAK' TYPE_ID= LEAK VENT_ID= FLDOR LEAK',

SURF_]D:'OPEN' , MB='"ZMAX'/

SURF_ID="OPEN', MB='XMIN'/

SURF_ID="OPEN' , MB='XMAX'/

SURF_ID="OPEN', MB='YMIN'/

SURF_ID="OPEN', MB='YMAX'/

XB=0.1,13.9,0.1,7.8,0.1,2.4 /

DT_DEVC=15.,

SIG_FIGS=4, SIG_FIGS_EXP=2 /

XB=12.05,12.05,0.05,0.05,0.74,1.86 ID='1BDPT', QUANTITY="THERMOCOUPLE'
XB=12.05,12.05,0.05,0.05,0.74,1.86 ID="1BDPV', QUANTITY='V-VELOCITY",
XB=10.25,10.25,0.4,0.4,0.3,2.1 ='IPT',  QUANTITY='PRESSURE',
XB=10.9,10.9,1.9,1.9,2.39,0.255 ='ITC',  QUANTITY="THERMOCOUPLE' ,
XB=13.95,13.95,1.95,1.95,0.74,1.86 D:‘ZBDPT‘, QUANTITY = '"THERMOCOUPLE' ,
XB=13.95,13.95,1.95,1.95,0.74,1.86 ID="2BDPV', QUANTITY='U-VELOCITY",
XB=11.35,11.35,7.5,7.5,0.3,2.1 ='2PT',  QUANTITY='PRESSURE',
XB=12.4,12.4,5.2,5.2,2.39,0.255 ID="2TC',  QUANTITY="THERMOCOUPLE' ,
XB=8.05,8.05,7.85,7.85,0.74,1.86  ID='3BDPT', QUANTITY='THERMOCOUPLE'
XB=8.05,8.05,7.85,7.85,0.74,1.86  ID="3BDPV', QUANTITY='V-VELOCITY",
XB=9.15,9.15,7.5,7.5,0.3,2.1 ID='3PT',  QUANTITY='PRESSURE',
XB=7.8,7.8,5.3,5.3,2.39,0.255 ID="'3TC',  QUANTITY="THERMOCOUPLE'
XB=9.75,9.75,4.35,4.35,0.4,2.0 ID="4BDPT', QUANTITY="THERMOCOUPLE'
XB=9.75,9.75,4.35,4.35,0.4,2.0 ID="'4BDPV', QUANTITY="'U-VELOCITY',
XB=9.15,9.15,0.4,0.4,0.3,2.1 ID="4PT',  QUANTITY='PRESSURE',
XB=9.5,9.5,4.3,4.3,2.39,0.255 ID="'4TC',  QUANTITY="THERMOCOUPLE'
XB=7.15,7.15,0.05,0.05,0.74,1.86  ID='5BDPT', QUANTITY='"THERMOCOUPLE',
XB=7.15,7.15,0.05,0.05,0.74,1.86  ID="SBDPV', QUANTITY='V-VELOCITY",
XB=0.25,0.25,4.85,4.85,0.3,2.1 ID='5PT',  QUANTITY='PRESSURE',
XB=6.5,6.5,2.0,2.0,2.39,0.255 ID='5TC',  QUANTITY="THERMOCOUPLE'
XB=4.25,4.25,0.05,0.05,0.20,1.80 D='6BDPT', QUANTITY="THERMOCOUPLE' ,
XB=4.25,4.25,0.05,0.05,0.20,1.80 ='6BDPV', QUANTITY='V-VELOCITY",
XB=0.4,0.4,3.85,3.85,0.3,2.1 ='6PT',  QUANTITY='PRESSURE',
XB=1.4,1.4,2.0,2.0,2.39,0.255 D='6TC',  QUANTITY="THERMOCOUPLE'
XB=4.95,4.95,7.85,7.85,1.10,1.90  ID='7BDPT', QUANTITY="THERMOCOUPLE' ,
XB=4.95,4.95,7.85,7.85,1.10,1.90  ID='7BDPV', QUANTITY='V-VELOCITY",
XB=4.4,4.4,6.0,6.0,2.39,0.255 ID='7TC',  QUANTITY="THERMOCOUPLE'
XB=2.2,2.2,6.0,6.0,2.39,0.255 ID="'8TC',  QUANTITY="THERMOCOUPLE'
PBZ=2.2, QUANTITY='TEMPERATURE' , CELL_CENTERED=.TRUE. /

PBZ=2.2, QUANTITY='PRESSURE ZONE', CELL_CENTERED=.TRUE. /

PBZ=2.2, QUANTITY='PRESSURE', CELL_CENTERED=.TRUE. /

/

POINTS=5, TIME_HISTORY =
POINTS=5, TIME_HISTORY =
POINTS=3, TIME_HISTORY =
POINTS=8, TIME_HISTORY =
POINTS=5, TIME_HISTORY =
POINTS=5, TIME_HISTORY =
POINTS=3, TIME_HISTORY =
POINTS=8, TIME_HISTORY =
POINTS=5, TIME_HISTORY =
POINTS=5, TIME_HISTORY =
POINTS=3, TIME_HISTORY =
POINTS=8, TIME_HISTORY =
POINTS=5, TIME_HISTORY =
POINTS=5, TIME_HISTORY =
POINTS=3, TIME_HISTORY =
POINTS=8, TIME_HISTORY =
POINTS=5, TIME_HISTORY =
POINTS=5, TIME_HISTORY =
POINTS=3, TIME_HISTORY =
POINTS=8, TIME_HISTORY =
POINTS=5, TIME_HISTORY =
POINTS=5, TIME_HISTORY =
POINTS=3, TIME_HISTORY =
POINTS=8, TIME_HISTORY =
POINTS=5, TIME_HISTORY =
POINTS=5, TIME_HISTORY =
POINTS=8, TIME_HISTORY =
POINTS=8, TIME_HISTORY =

.TRUE.
.TRUE.
.TRUE.
.TRUE.
.TRUE.
.TRUE.
.TRUE.
.TRUE.
.TRUE.
.TRUE.
.TRUE.
.TRUE.
.TRUE.
.TRUE.
.TRUE.
.TRUE.
.TRUE.
.TRUE.
.TRUE.
.TRUE.
.TRUE.
.TRUE. ,
.TRUE.
.TRUE.
.TRUE.
.TRUE.
.TRUE.
.TRUE.

input file for the simulation of Two-Story Experiment 4 is provided below.

MULT_ID="mesh "' /

UPPER=3, K_UPPER=1 /

,1.0,0.5, SETPOINT= 600.0,
,1.0,0.5, SETPOINT= 900.0,
1.0,0.5, SETPOINT=1200.0,

CHID="'Two_Story_Gas_4 '/

T_END=1800.0/

SIMULATION_MODE="SVLES', SHARED_FILE_SYSTEM=.FALSE. /
1JK=27,31,30, XB=-0.5,2.2,-1.0,2.1,0.1,3.1,
ID="mesh', DX=2.7, DY=3.1, DZ=3.0, I_UPPER=S5, J_
ID="FRONT DOOR TIMER', QUANTITY='TIME', XYZ=0.5
ID="'BR3 WINDOW TIMER', QUANTITY='TIME', XYZ=0.5
ID="'BR4 WINDOW TIMER', QUANTITY='TIME', XYZ=0.5
FUEL='METHANE' , SOOT_YIELD=0.001 /

ID="'BURNER', HRRPUA=1388., COLOR='ORANGE'

, RAMP_Q='burner ' /
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INITIAL_STATE=.TRUE./
INITIAL_STATE=.TRUE./
INITIAL_STATE=.TRUE./

/
/

/
CONVERSION_FACTOR=—-1.0 /

B N S N I UL

CONVERSION_FACTOR=—1.0 /

/
CONVERSION_FACTOR=—1.0 /

~~ =



&OBST

&MATL

&SURF

&SURF

&SURF

&SURF

ID="burner ', T= 0., F=0. /
ID="burner ', T= 5., F=1. /
ID="'burner ', T= 1500., F=1. /
ID="'burner ', T= 1505., F=0. /

XB=11.4,12.0,8.4,9.0,0.4,0.6,

ID="GYPSUM BOARD'
FYI="'Sheetrock UltraLight
SPECIFIC_HEAT=1.0
CONDUCTIVITY=0.16
DENSITY=480.0 /

Panels '

ID="WALL',

COLOR="'GRAY 80"
DEFAULT=.TRUE.
MATL_ID="GYPSUM BOARD'
BACKING="VOID'
THICKNESS=0.013 /

ID = "WINDOW'

COLOR = 'LIGHT BLUE'
MATL_ID = 'GYPSUM BOARD'
THICKNESS = 0.05/

ID = 'DOOR'

COLOR = 'BLUE'

MATL_ID = 'GYPSUM BOARD'
THICKNESS = 0.05/

ID = 'CARPET'

COLOR = 'BROWN'

MATL_ID = 'GYPSUM BOARD'
THICKNESS = 0.004/

XB=3.3,8.7,1.5,3.4,0.1,0.1, ID="FLOOR LEAK",

ID = 'FLOOR LEAK', TYPE_ID='LEAK', VENT_ID='FLOOR LEAK',
SURF_ID="OPEN', MB='"ZMAX' /
SURF_ID="OPEN', MB='XMIN' /
SURF_ID ', MB="'XMAX' /

'] , MB="YMIN' /
SURF_ID="OPEN', MB='YMAX' /
XB=7.4,8.3, 0.0,0.1, 0.1,2.2, TRANSPARENCY=0.4,
XB=13.2,14.1, 10.3,10.4, 0.7,2.2, TRANSPARENCY=0.4,
XB=9.6,11.4, 10.3,10.4, 0.7,2.2, TRANSPARENCY=0.4,
XB=6.9,8.7, 10.3,10.4, 0.7,2.2, TRANSPARENCY=0.4,
XB=4.3,6.1, 10.3,10.4, 0.1,2.2, TRANSPARENCY=0.4,
XB=0.3,1.2, 10.3,10.4, 1.3,2.1, TRANSPARENCY=0.4,
XB=1.1,2.0, 0.0,0.1, 0.7,2.2, TRANSPARENCY=0.4,
XB=3.7,5.6, 0.0,0.1, 0.7,2.2, TRANSPARENCY=0.4,
XB=15.2,15.3, 1.8,3.6, 0.7,2.2, TRANSPARENCY=0.4,
XB=0.0,0.1, 9.1,10.1, 1.3,2.2, TRANSPARENCY=0.4,
XB=12.1,14.0, 0.0,0.1, 0.7,2.2, TRANSPARENCY=0.4,
XB=13.2,14.1, 10.3,10.4, 3.8,5.4, TRANSPARENCY=0.4,
XB=3.3,5.1, 10.3,10.4, 3.8,5.4, TRANSPARENCY=0.4,
XB=1.1,2.0, 0.0,0.1, 3.8,5.3, TRANSPARENCY=0.4,
XB=12.2,14.0, 0.0,0.1, 3.8,5.3, TRANSPARENCY=0.4,
XB=3.7,5.6 0.0,0.1, 3.8,5.3, TRANSPARENCY=0.4,
XB=10.1,11.2, 3.5,3.5, 0.1,2.1 / 0l-Stairs Door
XB=1.0,1.1, 3.7,4.4, 0.1,2.1 / 01-Kitchen Pantry
XB=9.0,10.1, 3.2,3.4, 0.1,0.3, / Ol-Lower Stairs
XB=9.0,10.1, 3.1,3.2, 0.1,0.5, / Ol-Lower Stairs
XB=9.0,10.1, 3.0,3.1, 0.1,0.5, / Ol-Lower Stairs
XB=9.0,10.1, 2.9,3.0, 0.1,0.5, / Ol-Lower Stairs
XB=9.0,10.1, 2.8,2.9, 0.1,0.7, / Ol-Lower Stairs
XB=9.0,10.1, 2.7,2.8, 0.1,0.7, / Ol-Lower Stairs
XB=9.0,10.1, 2.6,2.7, 0.1,0.8, / Ol-Lower Stairs
XB=9.0,10.1, 2.9,3.0, 0.1,0.7, / Ol—Lower Stairs
XB=9.0,10.1, 2.4,2.6, 0.1,0.8, / Ol-Lower Stairs
XB=9.0,10.1, 2.3,2.4, 0.1,1.0, / Ol—Lower Stairs
XB=9.0,10.1, 2.2,2.3, 0.1,1.0, / Ol-Lower Stairs
XB=9.0,10.1 2.1,2.2, 0.1,1.2, / 0Ol—-Lower Stairs
XB=9.0,10.1 2.0,2.1, 0.1,1.2, / Ol—Lower Stairs
XB=9.0,10.1, 1.9,2.0, 0.1,1.2, / Ol—-Lower Stairs
XB=9.0,10.1, 1.7,1.9, 0.1,1.4, / Ol—-Lower Stairs
XB=9.0,10.1, 1.6,1.7, 0.1,1.4, / Ol-Lower Stairs
XB=9.0,10.1, 3.4,3.5, 0.1,0.3, / 0l—-Lower Stairs
XB=9.0,10.1, 2.4,2.5, 0.1,1.0, / Ol-Lower Stairs
XB=10.1,11.2, 1.7,1.9, 0.1,1.8, / 02—Upper Stairs
XB=10.1,11.2, 1.9,2.0, 0.1,2.0, / 02—Upper Stairs
XB=10.1,11.2, 2.0,2.2, 0.1,2.0, / 02—Upper Stairs
XB=10.1,11.2, 2.2,2.3, 0.1,2.1, / 02—Upper Stairs
XB=10.1,11.2, 2.3,2.4, 0.1,2.1, / 02—Upper Stairs
XB=10.1,11.2, 2.4,2.5, 0.1,2.1, / 02—Upper Stairs
XB=10.1,11.2, 2.5,2.6, 0.1,2.3, / 02—Upper Stairs
XB=10.1,11.2, 2.6,2.7, 0.1,2.3, / 02—Upper Stairs
XB=10.1,11.2, 2.7,2.9, 0.1,2.5, / 02—Upper Stairs
XB=10.1,11.2, 2.9,3.0, 0.1,2.5, / 02—Upper Stairs

SURF_IDS="BURNER' , '"WALL' , "WALL' /

SURF_ID="WALL' , COLOR='FOREST GREEN' /

VENT2_ID="'AMBIENT', AREA=0.18 /

SURF_ID='DOOR' , DEVC_ID="'FRONT DOOR TIMER'/ 01-Front Door—S
SURF_ID="WINDOW'/ 01—Den Window

SURF_ID="WINDOW'/ 0l—Family Room Window—E

SURF_I 'WINDOW'/ 0l1—Family Room Window-W

SURF_ID="DOOR'/ 01-Kitchen Door

SURF_ID="WINDOW'/ 01—-Kitchen Window—N

SURF_ID="WINDOW'/ 0l—Laundry Window—S

SURF_ID="WINDOW'/ 01-DR Window—S

SURF_ID="WINDOW'/ 01-LR Window—E

SURF_ID="WINDOW'/ 01—Kitchen Window-W

SURF_ID="WINDOW'/ 01-LR Window—S

SURF_ID="WINDOW'/ 02—B2 Window—N

SURF_ID="WINDOW'/ 02—Master BR Window—N

02—Master Bath Window—S

DEVC_ID="'BR3 WINDOW TIMER'/ 02—B3 Window—S
DEVC_ID="'BR4 WINDOW TIMER'/ 02—B4 Window—S

SURF_ID = "WINDOW' ,
SURF_ID = "WINDOW'

Door
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&OBST XB=10.1,11.2, 3.0,3.1, 0.1,2.7, / 02—Upper Stairs

&OBST XB=10.1,11.2, 3.1,3.2, 0.1,2.7, / 02—Upper Stairs

&OBST XB=10.1,11.2, 3.2,3.5, 0.1,2.8, / 02—Upper Stairs

&OBST XB=10.1,11.2, 1.6,1.7, 0.1,1.8, / 02—Upper Stairs

&OBST XB=10.1,11.2, 2.4,2.5, 0.1,2.3, / 02—Upper Stairs

&OBST XB=10.1,11.2, 2.9,3.0, 0.1,2.7, / 02—Upper Stairs

&OBST XB=10.1,11.2, 3.2,3.5, 0.1,2.9, / 02—Upper Stairs

&OBST XB=9.0,11.2, 0.1,1.7, 0.1,1.6, / Stairs Sub Landing
&OBST XB=10.1,10.1, 3.4,3.5, 0.1,2.6 / 0l-Int—Wall-Between Stairs
&OBST XB=10.1,10.1, 1.6,3.4, 0.1,2.9 / 0l-Int—Wall-Between Stairs
&OBST XB=6.2,6.3, 0.1,1.3, 0.1,2.6 / 0l-Int—Wall Downstairs
&OBST XB=6.2,7.0, 1.3,1.4, 0.1,2.6 / 01-Int—Wall Downstairs
&OBST XB=6.9,7.0, 0.1,0.5, 0.1,2.6 / 0l-Int—Wall Downstairs
&OBST XB=6.9,7.0, 1.0,1.3, 0.1,2.6 / 01-Int—Wall Downstairs
&OBST XB=8.9,9.0, 3.4,3.6, 0.1,2.6 / 01-Int—Wall Downstairs
&OBST XB=8.9,9.0, 0.1,3.4, 0.1,2.8 / 0l-Int—Wall Downstairs
&OBST XB=11.2,11.3, 0.1,3.5, 0.1,2.6 / 01-Int—Wall Downstairs
&OBST XB=13.8,15.2, 5.3,5.3, 0.1,2.6 / 01-Int—Wall Downstairs
&OBST XB=1.0,1.1, 2.6,3.7, 0.1,2.6 / 01-Int—Wall Downstairs
&OBST XB=1.0,1.1, 4.4,5.3, 0.1,2.6 / 01-Int—Wall Downstairs
&OBST XB=1.0,1.1, 3.7,4.4, 2.1,2.6 / 01-Int—Wall Downstairs
&OBST XB=2.3,2.4, 2.6,3.1, 0.1,2.6 / 01-Int—Wall Downstairs
&OBST XB=2.3,2.4, 4.2,5.4, 0.1,2.6 / 01-Int—Wall Downstairs
&OBST XB=3.0,3.1, 0.1,4.5, 0.1,2.6 / 0l-Int—Wall Downstairs
&OBST XB=5.0,5.1, 4.6,5.4, 0.1,2.6 / 0l-Int—Wall Downstairs
&OBST XB=0.1,1.3, 2.5,2.6, 0.1,2.6 / 0l-Int—Wall Downstairs
&OBST XB=0.1,1.0, 5.3,5.3, 0.1,2.6 / 0l-Int—Wall Downstairs
&OBST XB=1.3,2.1, 2.5,2.6, 2.1,2.6 / 01-Int—Wall Downstairs
&OBST XB=2.0,3.0, 0.1,0.1, 0.1,2.6 / 01-Int—Wall Downstairs
&OBST XB=2.1,3.0, 2.5,2.6, 0.1,2.6 / 01-Int—Wall Downstairs
&OBST XB=2.4,5.1, 4.5,4.6, 0.1,2.6 / 01-Int—Wall Downstairs
&OBST XB=6.2,6.2, 0.1,1.4, 0.1,2.6 / 01-Int—Wall Downstairs
&OBST XB=12.0,12.1, 7.1,10.3, 0.1,2.6 / 0l-Int—Wall Downstairs
&OBST XB=12.0,12.2, 6.9,7.0, 0.1,2.6 / 01-Int—Wall Downstairs
&OBST XB=12.1,12.3, 6.8.,6.9, 0.1,2.6 / 0l-Int—Wall Downstairs
&OBST XB=12.2,12.4, 6.7.,6.8, 2.1,2.6 / 01-Int—Wall Downstairs
&OBST XB=12.3,12.5, 6.6.,6.7, 2.1,2.6 / 0l-Int—Wall Downstairs
&OBST XB=12.4,12.6, 6.5,6.6, 2.1,2.6 / 01-Int—Wall

&OBST XB=12.5,12.7, 6.4,6.5, 2.1,2.6 / 0l1-Int—Wall

&OBST XB=12.6,12.8, 6.3,6.4, 2.1,2.6 / 01-Int—Wall

&OBST XB=12.7,12.9, 6.2,6.3, 2.1,2.6 / 01-Int—Wall

&OBST XB=12.8,12.9, 6.1,6.2, 2.1,2.6 / 0l-Int—Wall Downstairs
&OBST XB=12.9,13.0, 6.1,6.2, 0.1,2.6 / 0l-Int—Wall Downstairs
&OBST XB=12.9,13.1, 6.0,6.1, 0.1,2.6 / 0l-Int—Wall Downstairs
&OBST XB=13.0,13.2, 5.9,6.0, 0.1,2.6 / 0l1-Int—Wall Downstairs
&OBST XB=13.1,13.3, 5.8,5.9, 0.1,2.6 / 0l-Int—Wall Downstairs
&OBST XB=13.2,13.4, 5.7,5.8, 0.1,2.6 / 01-Int—Wall Downstairs
&OBST XB=13.3,13.5, 5.6,5.7, 0.1,2.6 / 0l-Int—Wall Downstairs
&OBST XB=13.4,13.5, 5.8,5.9, 0.1,2.6 / 01-Int—Wall Downstairs
&OBST XB=13.4,13.6, 5.5,5.6, 0.1,2.6 / 0l-Int—Wall Downstairs
&OBST XB=13.5,13.6, 5.9,6.0, 0.1,2.6 / 0l-Int—Wall Downstairs
&OBST XB=13.5,13.7, 5.4,5.5, 0.1,2.6 / 0l-Int—Wall Downstairs
&OBST XB=13.6,13.7, 5.3,5.4, 0.1,2.6 / 01-Int—Wall Downstairs
&OBST XB=13.6,14.0, 6.0,6.1, 0.1,2.6 / 0l-Int—Wall Downstairs
&OBST XB=13.8,15.2, 5.3,5.4, 0.1,2.6 / 01-Int—Wall Downstairs
&OBST XB=14.8,15.2, 6.0,6.1, 0.1,2.6 / 01-Int—Wall Downstairs
&OBST XB=8.9,9.0, 0.1,3.4, 2.8,2.9 / 0l-Int—Wall Downstairs
&OBST XB=0.1,1.1, 5.3,5.4, 0.1,2.6 / 0l1-Int—Wall Downstairs
&OBST XB=6.1,6.7, 7.8,10.3, 1.0,1.1, RGB=245,206,158, SURF_ID='WALL'/ K—Counter Top
&OBST XB=6.2,6.7, 7.8,10.3, 0.1,1.0, RGB=245,206,158, SURF_ID='WALL'/ K-Counter
&OBST XB=15.2,15.3, 1.8,3.6, 0.1,0.7 / 01-E-Ext—Wall

&OBST XB=15.2,15.3, 0.0,1.8, 0.1,2.6 / 01-E-Ext—Wall

&OBST XB=15.2,15.3, 3.6,5.3, 0.1,2.6 / 01-E-Ext—Wall

&OBST XB=15.2,15.3, 1.8,3.6, 2.2,2.6 / 01-E-Ext—Wall

&OBST XB=15.2,15.3, 5.3,10.4, 0.1,2.6 / Ol-E-Ext—Wall

&OBST XB=6.1,6.9, 10.3,10.4, 0.1,2.6 / 01-N-Ext—Wall

&OBST XB=6.9,8.7, 10.3,10.4, 2.2,2.6 / 01-N-Ext—Wall

&OBST XB=6.9,8.7, 10.3,10.4, 0.1,0.7 / 01-N-Ext—Wall

&OBST XB=8.7.,9.6, 10.3,10.4, 0.1,2.6 / 01-N-Ext—Wall

&OBST XB=9.6,11.4, 10.3,10.4, 0.1,0.7 / 01-N-Ext—Wall

&OBST XB=9.6,11.4, 10.3,10.4, 2.2,2.6 / 01-N-Ext—Wall

&OBST XB=11.4,13.2, 10.3,10.4, 0.1,2.6 / 0l-N-Ext—Wall

&OBST XB=13.2,14.1, 10.3,10.4, 0.1,0.7 / 01-N-Ext—Wall

&OBST XB=13.2,14.1, 10.3,10.4, 2.2,2.6 / 01-N-Ext—Wall

&OBST XB=14.1,15.2, 10.3,10.4, 0.1,2.6 / 01-N-Ext—Wall

&OBST XB=0.0,0.3, 10.3,10.4, 0.1,2.6 / 01-N-Ext—Wall

&OBST XB=0.3,1.2, 10.3,10.4, 0.1,1.3 / 01-N-Ext—Wall

&OBST XB=0.3,1.2, 10.3,10.4, 2.1,2.6 / 01-N-Ext—Wall

&OBST XB=1.2,4.3, 10.3,10.4, 0.1,2.6 / 01-N-Ext—Wall

&OBST XB=4.3,6.1, 10.3,10.4, 2.2,2.6 / 01-N-Ext—Wall

&OBST XB=0.0,0.1, 0.1,5.3, 0.1,2.6 / 01-W-Ext—Wall

&OBST XB=0.0,0.1, 9.1,10.1, 0.1,1.3 / 01-W-Ext—Wall

&OBST XB=0.0,0.1, 5.3,9.1, 0.1,2.6 / 01-W-Ext—Wall

&OBST XB=0.0,0.1, 10.1,10.3, 0.1,2.6 / 01-W-Ext—Wall

&OBST XB=0.0,0.1, 9.1,10.1, 2.2,2.6 / 01-W-Ext—Wall

&OBST XB=6.2,7.0, 4.5,5.4, 0.1,2.6 / 01-Int—Wall Center Col. Picture
&OBST XB=10.1,10.2, 3.5,3.6, 0.1,2.6 / 01-Int—Wall of Stairs Door
&OBST XB=10.2,11.2, 3.5,3.6, 2.1,2.6 / 01-Int—Wall of Stairs Door
&OBST XB=11.2,11.2, 3.5,3.6, 0.1,2.1 / 01-Int—Wall of Stairs Door
&OBST XB=11.2,11.3, 3.5,3.6, 0.1,2.6 / 0l—col

&OBST XB=12.0,12.1, 7.0,7.1, 0.1,2.6 / 0l—col
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cococoocoocoo
—obxuawe:

02—Int—Wall Upstairs
02—Int—Wall Upstairs
02—Int—Wall Upstairs
02—Int—Wall Upstairs
02—1Int—Wall Upstairs
02—Int—Wall Upstairs
02—Int—Wall Upstairs
02—Int—Wall Upstairs
02—Int—Wall Upstairs
02—Int—Wall Upstairs
02—Int—Wall Upstairs
02—Int—Wall Upstairs
02—Int—Wall Upstairs
02—Int—Wall Upstairs
02—Int—Wall Upstairs
02—Int—Wall Upstairs
02—Int—Wall Upstairs
02—Int—Wall Upstairs

02—E-Ext—Wall

02—E-Ext—Wall

02—E-Ext—Wall

02—E—-Ext—Wall

02—Int—Wall-B2
02—Int—Wall-B2
02—Int—Wall-B2
02—Int—Wall-B2
02—Int—-Wall-B2
02—Int—Wall-B2
02—Int—Wall-B2
02—Int—Wall-B2
02—Int—Wall-B2
02—Int—Wall-B2
02—Int—Wall-B2
02—Int—Wall-B2
02—Int—Wall-B2
02—Int—Wall-B2
02—Int—Wall-B2
02—Int—Wall-B2
02—Int—Wall-B2
02—Int—Wall-B2
02—Int—Wall-B2
02—Int—Wall-B2
02—Int—Wall-B2
02—Int—Wall-B2
02—Int—Wall-B2
02—Int—-Wall-B2
02—Int—Wall-B2
02—Int—Wall-B2
02—Int—Wall-B2
02—Int—Wall-B2

02—Int—Wall-Between
02—1Int—Wall-Between
02—Int—Wall-Between
02—Int —Wall-Between
02—Int —Wall-Between
02—Int —Wall-Between
02—Int—Wall-Between
02—Int—Wall-Between

SURF_ID

SURF_ID

SURF_ID="CARPET "'/
SURF_ID="CARPET '/
SURF_ID="CARPET '/
SURF_ID="CARPET '/
SURF_ID="CARPET '/
SURF_ID="CARPET '/
SURF_ID="CARPET '/
SURF_ID="CARPET '/
SURF_ID="CARPET '/
SURF_ID="CARPET '/
SURF_ID="CARPET '/

SURF_ID="CARPET '/
SURF_ID="CARPET '/
, SURF_ID="CARPET'/
, SURF_ID="CARPET"/
, SURF_ID="CARPET"/
SURF_ID="CARPET '/
SURF_ID="CARPET '/

SURF_ID="CARPET '/

SURF_ID="CARPET '/

SURF_ID="CARPET'/ 02—Floor
SURF_ID="CARPET '/

SURF_ID="CARPET '/

SURF_ID="CARPET '/
SURF_ID="CARPET '/
SURF_ID="CARPET '/
SURF_ID="CARPET '/
SURF_ID="CARPET '/
SURF_ID="CARPET '/
'CARPET '/
, SURF_ID="CARPET'/
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West Half
West Half
West Half
West Half
West Half
West Half
West Half
West Half
West Half
West Half
West Half
West Half
West Half
West Half
West Half
West Half
West Half
West Half
S—Bath 2-B3
S—Bath 2—-B3
S—Bath 2—-B3
S—Bath 2-B3
S—Bath 2-B3
S—Bath 2-B3
S—Bath 2-B3
S—Bath 2-B3
S—Bath 2-B3
S—Bath 2-B3
S—Bath 2-B3
S—Bath 2-B3
S—Bath 2-B3
S—Bath 2-B3
S—Bath 2-B3
S—Bath 2-B3
S—Bath 2-B3
S—Bath 2-B3
S—Bath 2—-B3
S—Bath 2—-B3
S—Bath 2-B3
S—Bath 2-B3
S—Bath 2-B3
S—Bath 2-B3
S—Bath 2-B3
S—Bath 2-B3
S—Bath 2-B3
S—Bath 2-B3
Stairs
Stairs
Stairs
Stairs
Stairs
Stairs
Stairs
Stairs
="'CARPET'/ 02—Floor
'CARPET'/ 02—Floor
02—Floor
02—Floor
02—Floor
02—Floor
02—Floor
02—Floor
02—Floor
02—Floor
02—Floor
02—Floor
02—Floor
'CARPET'/ 02—Floor
02—Floor
02—Floor
02—Floor
02—Floor
02—Floor
02—Floor

02—Floor
02—Floor
02—Floor

02—Floor
02—Floor
02—Floor
02—Floor
02—Floor
02—Floor
02—Floor
02—Floor
02—Floor
02—Floor



&OBST XB=11.0,15.2, 6.1,6.2, 2.6,2.8, SURF_ID='CARPET'/ 02—Floor

&OBST XB=11.1,15.2, 6.2.,6.3, 2.6,2.8, SURF_ID='CARPET'/ 02—Floor

&OBST XB=11.2,15.2, 6.3.6.4, 2.6.,2.8, 'CARPET'/ 02—Floor

&OBST XB=11.3,15.2, 6.4.6.5, 2.6,2.8, 'CARPET'/ 02—Floor

&OBST XB=11.4,15.2, 6.5,6.6, 2.6,2.8, 'CARPET'/ 02—Floor

&OBST XB=11.5,15.2, 6.6,6.7, 2.6,2.8, 'CARPET'/ 02—Floor

&OBST XB=11.6,15.2, 6.7,6.8, 2.6,2.8, 'CARPET'/ 02—Floor

&OBST XB=11.7,15.2, 6.8.,6.9, 2.6,2.8, ="'CARPET'/ 02—Floor

&OBST XB=11.8,15.2, 6.9,7.0, 2.6,2.8, 'CARPET'/ 02—Floor

&OBST XB=11.9,15.2, 7.0,7.1, 2.6,2.8, 'CARPET'/ 02—Floor

&OBST XB=12.0,15.2, 7.1,10.3, 2.6,2.8, _ID="CARPET'/ 02—Floor

&OBST XB=6.2,7.0, 0.1,3.4, 2.8,2.9, SURF_ID='CARPET'/ 02—Floor

&OBST XB=6.2,10.1, 3.4,3.5, 2.8,2.9, SURF_ID='CARPET'/ 02—Floor

&OBST XB=6.2,15.2, 3.5,5.3, 2.8,2.9, SURF_ID='CARPET'/ 02—Floor

&OBST XB=11.2,15.2, 0.1,3.5, 2.8,2.9, SURF_ID='CARPET'/ 02—Floor

&OBST XB=0.1,6.2, 0.1,5.3, 2.8,2.9, SURF_ID='CARPET'/ 02—Floor

&OBST XB=0.1,6.2, 5.3,10.3, 2.6,2.8, SURF_ID='CARPET'/ 02—Floor

&OBST XB=0.1,6.2, 5.3,10.3, 2.8,2.9, SURF_ID='CARPET'/ 02—Floor

&OBST XB=7.0,10.1, 3.4.3.4, 2.9.,3.7 / 02—Railing Above Stairs

&OBST XB=0.0,15.3, 0.0,10.4, 5.7.,5.8, COLOR="INVISIBLE' / Roof

&OBST XB=2.3.,2.4, 4.3,4.3, 2.9,4.9, COLOR='GRAY 40' / 02— Master Bath Door
&OBST XB=2.4,2.5, 4.2,4.2, 2.9,4.9, COLOR='GRAY 40' / 02— Master Bath Door
&OBST XB=2.5,2.6, 4.1,4.1, 2.9,4.9, COLOR='GRAY 40' / 02— Master Bath Door
&OBST XB=2.6,2.7, 4.0,4.0, 2.9,4.9, COLOR='GRAY 40' / 02— Master Bath Door
&OBST XB=2.7,2.8, 3.9,3.9, 2.9,4.9, COLOR='GRAY 40' / 02— Master Bath Door
&OBST XB=2.8,2.9, 3.7,3.7, 2.9,4.9, COLOR='GRAY 40' / 02— Master Bath Door
&OBST XB=2.3,2.3, 4.3.,4.4, 2.9,4.9, COLOR='GRAY 40' / 02— Master Bath Door
&OBST XB=2.4,2.4, 4.2.,4.3, 2.9,4.9, COLOR='GRAY 40' / 02— Master Bath Door
&OBST XB=2.5,2.5, 4.1,4.2, 2.9,4.9, COLOR='GRAY 40' / 02— Master Bath Door
&OBST XB=2.6,2.6, 4.0,4.1, 2.9,4.9, COLOR='GRAY 40' / 02— Master Bath Door
&OBST XB=2.7,2.7, 3.9.4.0, 2.9,4.9, COLOR='GRAY 40' / 02— Master Bath Door
&OBST XB=2.8,2.8, 3.7.,3.9, 2.9,4.9, COLOR='GRAY 40' / 02— Master Bath Door
&OBST XB=12.3,12.3, 4.1,4.8, 2.9,4.9, COLOR='GRAY 40' / 02—Bath 2 Door

OBST XB=11.6,11.7, 6.4.6.4, 2.9,4.9, COLOR='GRAY 40' / 02—B2 Door

OBST XB=11.7,11.8, 6.3.6.3, 2.9,4.9, COLOR='GRAY 40' / 02—B2 Door

OBST XB=11.8,11.9, 6.2.,6.2, 2.9.,4.9, COLOR='GRAY 40' / 02—B2 Door

OBST XB=11.9,12.0, 6.1,6.1, 2.9.4.9, COLOR='GRAY 40' / 02—B2 Door

OBST XB=12.0,12.1, 6.0,6.0, 2.9.,4.9, COLOR='GRAY 40' / 02—B2 Door

OBST XB=12.1,12.2, 5.9.5.9, 2.9.,4.9, COLOR='GRAY 40' / 02—B2 Door

OBST XB=11.7,11.7, 6.3.,6.4 2.9,4.9, COLOR='GRAY 40' / 02—-B2 Door

OBST XB=11.8,11.8, 6.2,6.3 2.9,4.9, COLOR='GRAY 40' / 02-B2 Door

OBST XB=11.9,11.9, 6.1,6.2 2.9,4.9, COLOR='GRAY 40' / 02-B2 Door

OBST XB=12.0,12.0, 6.0,6.1, 2.9,4.9, COLOR='GRAY 40' / 02-B2 Door

OBST XB=12.1,12.1, 5.9,6.0, 2.9,4.9, COLOR='GRAY 40' / 02-B2 Door

OBST XB=12.2,12.2, 5.8,5.9, 2.9,4.9, COLOR='GRAY 40' / 02-B2 Door

OBST XB=1.3,2.0, 5.1,5.1, 2.9,4.9, COLOR='GRAY 40' / 02—Master Bath Toilet Door
&OBST XB=2.1,2.1, 6.3,7.1, 2.9,4.9, COLOR='GRAY 40' / 02-MB WIC Door
&OBST XB=0.0,15.3, 0.0,10.4, 0.0,0.1, COLOR='FOREST GREEN' / Floor Slab

&ONE XB = 0.1,15.2,0.1,10.3,0.1,5.7 /
&DUMP DT_HRR=15., DT_DEVC=1., SIG_FIGS=4, SIG_FIGS_EXP=2 /
&PROP ID='THCP', BEAD_DIAMETER=1.3E—3, BEAD_EMISSIVITY=0.9/

&DEVC XB=0.75,0.75,5.55,5.55,0.405,2.195, ID="10PT', QUANTITY='PRESSURE', POINTS=3, TIME_HISTORY=.TRUE. / Kitchen

&DEVC XB=13.15,13.15,1.85,1.85,0.46,2.59, ID="10TC', PROP_ID="THCP', QUANTITY='THERMOCOUPLE', POINTS=8, TIME_HISTORY=.TRUE. / LR

&DEVC XB= 8.65, 8.65.,4.15,4.15,0.46,2.59, ID="11TC', PROP_ID="THCP', QUANTITY='THERMOCOUPLE', POINTS=8, TIME_HISTORY=.TRUE. / Under Hall
&DEVC XB= 8.45, 8.45,1.95,1.95,5.69,1.12, ID="12TC', PROP_ID='THCP', QUANTITY="THERMOCOUPLE', POINTS=16, TIME_HISTORY=.TRUE. / FOYER
&DEVC XB= 4.75, 4.75,2.25,2.25,0.46,2.59, ID="13TC', PROP_ID='THCP', QUANTITY="THERMOCOUPLE', POINTS=8, TIME_HISTORY=.TRUE. / DR
0 2
0 2
1
1

8
4
&DEVC XB= 1.55, 1.55,1.35,1.35,0.46,2.59, ID="14TC', PROP_ID='THCP', QUANTITY='THERMOCOUPLE', POINTS=8, TIME_HISTORY=.TRUE. / Laundry Room
&DEVC XB= 2.55, 2.55,7.90,7.90,0.46,2.59, ID="15TC', PROP_ID='THCP', QUANTITY='THERMOCOUPLE', POINTS=8, TIME_HISTORY=.TRUE. / Kitchen

&DEVC XB= 7.85, 7.85,0.05,0.05,0.45,1.85, ID="IBDPT', QUANTITY="THERMOCOUPLE', POINTS=5, TIME_HISTORY=.TRUE. / Front Door

&DEVC XB =7.85, 7.85,0.05,0.05,0.45,1.85, ID="IBDPV', QUANTITY='V-VELOCITY', CONVERSION_FACTOR=-1.0, POINTS=5, TIME_HISTORY=.TRUE. / Front Door
&DEVC XB= 2.35, 2.35,4.85,4.85,3.56,5.39, ID="IPT', QUANTITY='PRESSURE', POINTS=3, TIME_HISTORY=.TRUE. / MBR

&DEVC XB= 3.91, 3.91,5.97,5.97,5.69,3.53, ID="ITC', PROP_ID="THCP', QUANTITY='THERMOCOUPLE', POINTS=8, TIME_HISTORY=.TRUE. / MBR

&DEVC XB=13.65,13.65,10.35,10.35,4.07,5.13 ID="2BDPT', QUANTITY='THERMOCOUPLE', POINTS=5, TIME_HISTORY=.TRUE. / BR2

&DEVC XB=13.65,13.65,10.35,10.35,4.07,5.13 ID="2BDPV', QUANTITY='V-VELOCITY', POINTS=5, TIME_HISTORY=.TRUE. / BR2

&DEVC XB=13.35,13.35,5.75,5.75,3.565,5.395 ID="2PT', QUANTITY='PRESSURE', POINTS=3, TIME_HISTORY=.TRUE. / BR2

&DEVC XB=13.45,13.45,7.25,7.25,5.69,3.53 ID="2TC', PROP_ID='THCP', QUANTITY='THERMOCOUPLE', POINTS=8, TIME HISTORY=.TRUE. / BR2

&DEVC XB=13.15,13.15,0.05,0.05.,4.05,5.05 ID="3BDPT', QUANTITY='THERMOCOUPLE', POINTS=5, TIME_HISTORY=.TRUE. / BR3

&DEVC XB=13.15,13.15,0.05,0.05.,4.05,5.05 ID="3BDPV', QUANTITY='V-VELOCITY', CONVERSION_FACTOR=-1.0, POINTS=5, TIME HISTORY=.TRUE. / BR3

1.65,11.65,10.15,10.15,1.125,5.395 ID="9PT', QUANTITY='PRESSURE', POINTS=3, TIME_HISTORY=.TRUE. / FR
3.65,13.65,7.95,7.95,0.46,2.59 ID="9TC', PROP_ID='THCP', QUANTITY='"THERMOCOUPLE', POINTS=8, TIME_HISTORY=.TRUE. / Den

&DEVC XB=12.65,12.65,3.05,3.05,3.565,5.395 ID="3PT', QUANTITY='PRESSURE', POINTS=3, TIME_HISTORY=.TRUE. / BR3

&DEVC XB=12.45,12.45,1.45,1.45,5.69,3.53 ID="3TC', PROP_ID='THCP', QUANTITY='THERMOCOUPLE', POINTS=8, TIME_HISTORY=.TRUE. / BR3

&DEVC XB=4.65,4.65,0.05,0.05,4.05,5.05 ID="4BDPT', QUANTITY='THERMOCOUPLE', POINTS=5, TIME_HISTORY=.TRUE. / BR4

&DEVC XB=4.65,4.65,0.05,0.05,4.05,5.05 ID="4BDPV', QUANTITY='V-VELOCITY', CONVERSION_FACTOR=-1.0, POINTS=5, TIME_HISTORY=.TRUE. / BR4

&DEVC XB=3.25,3.25,3.15,3.15,3.565,5.395 ID="4PT', QUANTITY='PRESSURE', POINTS=3, TIME_HISTORY=.TRUE. / BR4

&DEVC XB=5.55,5.55,1.75,1.75,5.69,3.53 ID="4TC', PROP_ID='THCP', QUANTITY='THERMOCOUPLE', POINTS=8, TIME_HISTORY=.TRUE. / BR4

&DEVC XB=13.05,13.05,0.05,0.05,0.95,1.95 ID='5BDPT', QUANTITY='THERMOCOUPLE', POINTS=5, TIME_HISTORY=.TRUE. / LR

&DEVC XB=13.05,13.05,0.05,0.05,0.95,1.95 ID='5BDPV', QUANTITY='V-VELOCITY', POINTS=5, TIME_HISTORY=.TRUE. / LR

&DEVC XB=8.55,8.55,0.25,0.25,0.405,2.195 ID='5PT', QUANTITY='"PRESSURE', POINTS=3, TIME_HISTORY=.TRUE. / FRONT CORRIDOR

&DEVC XB=11.55,11.55,4.35,4.35,5.69,3.53 ID="'5TC', PROP_ID="THCP', QUANTITY="THERMOCOUPLE', POINTS=8, TIME_HISTORY=.TRUE. / EH

&DEVC XB=0.75,0.75,10.35,10.35,1.5,1.9 ID="6BDPT', QUANTITY='THERMOCOUPLE', POINTS=3, TIME_HISTORY=.TRUE. / Kitchen

&DEVC XB=0.75,0.75,10.35,10.35,1.5,1.9 ID="6BDPV', QUANTITY='V-VELOCITY', POINTS=3, TIME_HISTORY=.TRUE. / Kitchen

&DEVC XB=11.65,11.65,0.25,0.25,0.405,2.195 ID="6PT', QUANTITY='PRESSURE', POINTS=3, TIME_HISTORY=.TRUE. / LR

&DEVC XB=8.65,8.65,4.15,4.15,5.69,3.53 ID="6TC', PROP_ID='THCP', QUANTITY='THERMOCOUPLE', POINTS=8, TIME_HISTORY=.TRUE. / MH

&DEVC XB=6.75,6.75,9.75,9.75,5.69,1.12 ID="7TC', PROP_ID='THCP', QUANTITY="THERMOCOUPLE', POINTS=16, TIME_HISTORY=.TRUE. / FAMILY ROOM CORNER

&DEVC XB=12.45,12.45,10.15,10.15,0.405,2.195 ID="8PT"', QUANTITY='PRESSURE', POINTS=3, TIME_HISTORY=.TRUE. / Den

&DEVC XB=8.95,8.95,8.25,8.25,5.69,1.12 ID="8TC', PROP_ID='THCP', QUANTITY="THERMOCOUPLE', POINTS=16, TIME_HISTORY=.TRUE. / FAMILY ROOM CENTER
XB=1
XB=1
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&SLCF
&SLCF
&SLCF
&SLCF
&SLCF
&SLCF
&SLCF
&SLCF

&TAIL

PBZ=2.
PBZ=5.
PBZ=2.

PBZ=5
PBY=3

PBY=7.

PBZ=2

PBZ=5.

QUANTITY ="TEMPERATURE' , CELL_CENTERED=.TRUE.
QUANTITY ='"TEMPERATURE' , CELL_CENTERED=.TRUE.

QUANTITY ="PRESSURE ZONE',
QUANTITY ="PRESSURE ZONE',
, QUANTITY="PRESSURE ZONE',
, QUANTITY="PRESSURE ZONE',
, QUANTITY="'PRESSURE', CELL_CENTERED=.TRUE. /
, QUANTITY="'PRESSURE', CELL_CENTERED=.TRUE. /

CELL_CENTERED=.TRUE.
CELL_CENTERED=.TRUE.
CELL_CENTERED=.TRUE.
CELL_CENTERED=.TRUE.
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