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Abstract. Controlled fire experiments using a gas burner were previously conducted
in a purpose-built, two-story, moderately air-tight residential structure to understand
the effect of a heating, ventilating, and air conditioning (HVAC) system and door
positions on the fire-induced environment. Temperatures, gas concentrations (oxygen,
water vapor, carbon dioxide), and differential pressures were monitored throughout
the structure. HVAC status (off vs. on) and stairwell door position of the fire room
(open vs. closed) were varied for the experiments analyzed in this paper. In this
study, Fire Dynamics Simulator (FDS) v. 6.7.9 was used to simulate these experi-
ments. Experimental data quantifying the air tightness of the building and cold flow-
rates through HVAC vents were determined to be important to optimize leakages
and HVAC loss coefficients for the simulation setup. Pressure development in the
structure was predicted correctly to be higher on the first floor and lower in the base-
ment, but the magnitude of steady-state pressure was underpredicted. The measured
and predicted steady-state temperature distributions were statistically different for the
cases with and without the HVAC on, regardless of the door position. FDS predicted
gas transport through the HVAC duct network, and under-predicted temperature rise
and water vapor content by about 9% and 10%, respectively, and over-predicted vol-
umetric oxygen and carbon dioxide content by about 21% and 6%, respectively.
Temperature rise prediction in the closed room, where the gas transport primarily
occurred via the HVAC duct network, improved after including heat loss from the
HVAC duct to the ambient.

Keywords: Gas burner, FDS, Gas transport, Compartment fires

1. Introduction

From 2017 to 2019, the U.S. Fire Administration found that smoke inhalation
alone was responsible for more fire-related deaths than thermal burns [1]. The
heating, ventilating, and air conditioning (HVAC) system used to maintain local
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climate of the built environment, can impact the transport of smoke and hot com-
bustion products between compartments.

Previous experiments conducted in compartment-fire settings, with a fire size
ranging from 300 kW to 800 kW, investigated the impact of air-tightness of the
building and presence of an HVAC system on fire-induced pressure [2, 3] and
combustion product transport [4]. Hostikka et al. [2] found that increasing air-
tightness of the built environment increases peak overpressure and the visible
amount of soot in neighboring compartments and reduces the visibility inside the
environment, while open HVAC ducts act as leak paths (if no dampers are used)
for mass transport to other parts of the built environment connected to the fire
room. A more detailed analysis was performed by Ghanekar et al. [4] where
effects of HVAC on combustion product transport were studied by analyzing data
obtained from 18 experiments conducted in a purpose-built residential structure.
That study presented quantitative evidence that closed doors provided an effective
ventilation barrier against the transport of combustion products, regardless of the
status of the HVAC system.

Modeling gas transport through an HVAC system is increasingly sought by
building designers and fire safety engineers to support performance based design
solutions [2, 3, 5-8]. Simulating flow through HVAC ducts using a CFD solver
would require finer computational grid in the ducts to resolve flow losses ade-
quately. This can be computationally expensive and therefore, modelers have his-
torically either ignored HVAC systems or modeled them with fixed supply and
exhaust rates at HVAC connections to the compartments which does not allow
for mass transport between the compartments [6, 7].

In 2011, a solution to this complexity was proposed [6] by coupling a network
HVAC model based on MELCOR [9], a thermal hydraulic solver developed to
simulate post-accident conditions in a nuclear power plant containment building,
with Fire Dynamics Simulator (FDS), a CFD-based model to simulate fire-driven
fluid flow which is used for research and fire protection consulting. The model
verification involved the study of flow losses and mass and species conservation.
The model was validated from experiments involving simple duct network as well
as a multi-compartment confined facility with fire. Although this initial coupling
methodology provided reasonable results in predicting flow induced by the HVAC
system, the initial network model lacked mass storage and heat exchange within
the duct network and therefore it could not account for the transport delay of
energy and species in a duct (i.e., the time it takes for gases to transit the length
of a duct).

In 2019, Ralph et al. [8] developed an approach to model unsteady transport of
mass and energy within ducts using the FDS HVAC sub-model. General verifica-
tion cases involved the study of numerical convergence, species transport time,
mass conservation, branching and merging of ducts, energy conservation and pres-
sure. This upgrade to the previous network HVAC model meant that delays in the
transport of energy and species through a duct could be modeled; however, at this
time the HVAC model as implemented in FDS v. 6.7.9 does not directly simulate
heat loss from the ducts, which could lead to overestimation of temperature in
HVAC-connected compartments.
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Some of the experiments, conducted as a part of the OECD PRISME project in
2013, focused on ventilation effects in compartments typical to a nuclear power
plant [10]. These experiments were important for validation of hybrid HVAC
modelling framework in FDS, wherein the mechanical ventilation from a tightly
sealed fire room was simulated to predict fire-induced pressure with reasonable
accuracy [11]. However, further validation of the coupled-hybrid modelling
approach for the HVAC model used in FDS is necessary at a full-scale of a resi-
dential structure. Experiments conducted by Ghanekar et al. [4] in a purpose-built
residential structure are good target experiments to perform this FDS validation
exercise. Quiat [12] developed a preliminary FDS model for these experiments but
did not evaluate the impact of ventilation on the fire-induced environment.

The purpose of this study was to provide further validation of FDS and the
coupled-hybrid modeling approach for simulating the HVAC system. Simulations
of the full-scale experiments conducted in the purpose-built residential structure
were conducted to understand the capability and discuss the challenges of the cur-
rent FDS model to predict fire dynamics in a built environment. It is important to
note that the fire size used in the full-scale experiments are representative of a
developing fire and not a fully developed compartment fire.

2. Experimental Setup

Experiments were conducted in a purpose-built two-story residential structure
located at the Delaware County Emergency Services Training Center in Sharon
Hill, PA. A total of 29 experiments were conducted using a gas burner located in
a bedroom on the first-floor, living-room, or basement with variations in HVAC
status and stairwell door positions. A subset of four basement experiments were
selected for this study. The basement location was selected because these four
experiments were most appropriate to study buoyancy-driven flow to the first-
floor and gas transport through the HVAC duct network. The four experiments,
listed in Table 1, were all permutations of HVAC status of either ‘off’ (passive-
ducts were open for transport) or ‘on’ (Cooling with a set temperature of 65° F)
and stairwell door status of either closed or open. A brief description of the
experimental structure, instrumentation, and the HVAC system relevent to this
study is discussed below and detailed information can be found in Ref. [13].

The burner used in the experiments had surface area of 0.65 mx 0.65 m and
was placed in the basement. The top surface of the burner was approximately
0.50 m above the floor for all experiments. The burner fuel was commercial grade
propane which was assumed to be comprised of 92.5 vol.% propane, 5 vol.%
propylene, and 2.5 vol.% butane. The heat release rate (HRR) of the burner was
nominally 300 kW for the basement fires. The expanded uncertainty in the HRR
for the burner was estimated to be about +10% at 300 kW [4]. The experimental
structure and a snapshot of a burner flame is shown in Fig. 1.

The floor-plan of the basement and the first-floor, overlaid with the HVAC duct
network and instrument locations, is shown in Fig. 2. The first floor of this resi-
dential structure had three bedrooms, a living-room, a dining-room, and a
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Table 1

Matrix of 4 Experiments Discussed in this Study

Label Fire-room HRR (kW)* HVAC status® Stairwell door status Exp. #
Bal Basement 300 Off Open 23
Ba2 Basement 300 On Open 24
Ba3 Basement 300 Off Closed 25
Ba4 Basement 300 On Closed 26

“During the experiments, this was estimated by assuming 100% propane fuel having heat of combustion of 46.4 MJ
kg™!

PHVAC status ‘On’ indicate that the cooling was on with a set temperature of 65° F, and ‘Off” indicate the passive
state of the system

“Experiment numbers indicate experiment numbers used for the entire experimental series of 29 experiments

Figure 1. Left: Picture of the purpose-built residential structure.
Right: Instance of a gas burner flame from one of the basement fire
experiments.

kitchen. The interior dimensions of the first-floor were
13.77 m x 7.68 m x 2.44 m. The basement featured an open-floor plan with inte-
rior dimensions of 13.30 m x 7.28 m x 2.74 m. The basement’s outer wall was
composed of 0.6 m x 0.6 m x 1.2 m interlocking concrete blocks which acted as
insulation to emulate a below ground basement. The interior walls of the base-
ment and the first floor were constructed from dimensional lumber, and were cov-
ered with 0.013 m thick drywall. The exterior walls of the first-floor were
constructed from dimensional lumber and covered with cement board on the out-
side and 0.013 m thick drywall on the inside. Details of wall components are dis-
cussed later in Sect. 3.

2.1. Instrumentation

Measurements acquired during the experiments included temperature, pressure,
and gas concentrations of oxygen (0O,), carbon dioxide (CO,), and water
vapor (H»,O). Thermocouple (TC) arrays were used to measure temperature from
0.3 m above the floor at 0.3 m intervals until 0.0254 m below the ceiling in each
room/section, as shown by the grey triangles in Fig. 2. All thermocouples in the
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TC array were bare-bead, K-type thermocouples with a 1.3 mm bead diameter.
Bare-bead thermocouples having similar bead diameter were found to have an
associated ~ £ 5% error for measurement of temperature below 400°C [14]. Dif-
ferential pressure was monitored using pressure taps, extending about 0.15 m from
the walls, at 0.3 m, 1.22 m, and 2.13 m above the floor at various locations, as
shown by orange pentagons in Fig 2. The expanded uncertainty for pressure taps
was about 20%. Gas concentrations were obtained at 1.22 m above the floor at
locations shown by the blue circles in Fig. 2. For the O, and CO, concentrations
the gas sample was cooled, filtered and passed through a drying agent before
being measured using Siemens OxyMat-6 paramagnetic oxygen sensors and Sie-
mens ULTRAMAT-23 non-dispersive infrared (NDIR) gas analyzers, respectively.
For the sampling range of 0% to 25% for O, and CO, sensors, the measured
data had an estimated uncertainty of + 12%. Measurements of H,O at the same
locations were performed by using an infrared tunable diode laser absorption
spectroscopy (IR-TDLAS) based sensor. The relative error, estimated as the stan-
dard error of the mean, accounting for temperature uncertainty for H,O measure-
ment was less than 3% [4].

All data were collected at a 1 Hz sampling frequency during the experiment. At
least 120 s of baseline data was collected prior to the ignition of the burner. The
fuel supply to the burner was terminated either when the the HVAC filter clogged
due to accumulation of soot or when the oxygen concentration near the burner
reached 11.5% (lower flammability limit of propane) to ensure safe operation. In
all these experiments, bedroom 3 door was always closed and bedroom 2 door
was always open.

2.2. HVAC System

The HVAC system included a 10.55 kW cooling capacity and a blower with a vol-
umetric air flowrate capacity of up to 2040 m® h~!. The installed system did not
have an external supply of fresh air from outside. This system was typical to the
Pennsylvania region where the experiments were conducted. The HVAC duct net-
work, made of galvanized steel, was split into a supply and return network. The
supply network originated from the top of the furnace unit, which was placed in
the mechanical room in the basement. The main basement supply duct measured
0.36 m x 0.20 m. Eight circular ducts, each with 0.18 m diameter, branched off
the main duct until the supply vents. These supply vents are labelled with a prefix
‘S” (from S-01 through S-08) in Fig. 2. Supply vents in the basement had a cross
sectional (C/S) area of 0.238 m x 0.238 m, except for S-06 and S-07 which had a
C/S area of 0.279 m x 0.279 m.

A single rectangular duct, with a C/S area of 0.406 m x 0.406 m, ran from the
basement to the attic. This duct split into ducts having a C/S area of
0.305 m x 0.305 m which fed the two sides (B and D) of the first floor. All supply
vents on the first floor, S-09 through S-16 had a C/S area of 0.305 m x 0.152 m.

The return network originated from the return vents and terminated in the
basement mechanical room. Each return vent fed into a plenum space which was
comprised of either a floor joist space or a wall stud space. There were five return
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vents with C/S area 0.356 m x 0.254 m, that fed into unique joist spaces. Two
vents, called ‘double returns’, with C/S area 0.66 m x 0.254 m, that fed into
unique joist spaces. The return vents R-01/02 in the basement and R-04/05 on the
first floor in the living-dining room hallway were the two double returns. The
floor joist plenum spaces were 0.305 m wide, 0.356 m deep, and 1.83 m long. The
wall stud spaces were 0.368 m wide, 0.076 m deep, and 1.83 m tall. The plenum
spaces then fed into return duct network that had a C/S area 0.356 m x 0.203 m.

External ventilation and leakage losses from the structure was characterized by
performing leakage test in accordance to ASTM E779 [15]. During this air-tight-
ness test, the HVAC system was in passive state (air flow through the duct was
still allowed) and all the interior doors were open. Leakage of the entire structure
was determined to be 8.3 air changes per hour at 50 Pa (ACPHS50). This ACPHS50
value correspond to a moderately tight house, which lies in between a typical sin-
gle-story house having 10 ACPHS50 and a tight house having 2 ACPHS50 [16]. An
equivalent leakage area was estimated as 0.137 m~2, defined as the area of a
sharp-edged hole that would create the same leakage flowrate as the building
would if both were subjected to a gauge pressure of 10 Pa. When the HVAC sys-
tem was on (fan was active and no fire), the flowrates at each supply and exhaust
vent were measured using a flow hood measurement system [17] before the first
experiment. The flowrates were verified to remain the same during the experimen-
tal series. These measurements were later utilized for optimizing the flowrates
through the simulated HVAC system.

3. Simulation Setup

The simulations were conducted using FDS v. 6.7.9, an open source software
developed and maintained by National Institute of Standards and Technology
(NIST), that solves Navier—Stokes equations for low-Mach number (Ma < 0.3),
fire-driven flows [18]. The default sub-grid turbulence model (Deardorff model)
and single-step mixing controlled combustion of the fuel was used for all these
simulations. The fuel was defined as a mixture of 92.5 vol.% propane, 5 vol.%
propylene, and 2.5 vol.% butane with carbon monoxide yield of 0.0057 and soot
yield of 0.028, determined by assuming contribution corresponding to the volume
fraction of the constituent gas to the respective yields [19].

3.1. Structure Setup

To model the full-scale experiments in this study, CAD drawings of the structure
were used to create the geometry in FDS. The structure was built in FDS to repli-
cate the experimental setup as closely as possible. The material properties used for
building the structure, namely density (p), thermal conductivity (k), and specific
heat capacity (C,), are provided in Table 2.

The basement floor was made up of 25.4 cm, thick concrete. The basement’s
walls were modeled as 61.0 cm thick concrete (outside), 12.7 cm thick insulation
and 1.27 cm thick gypsum (inside). The basement’s ceiling (and first-floor’s floor)
was modeled as 1.27 cm thick gypsum (exposed), 29.2 cm thick air-gap, 1.91 cm
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Table 2
List of Materials and Thermo-Physical Properties Used in FDS
Simulations

Materials References o (kgm’3) k (Wm™ 'K C, (Jkg’lK’l)
Concrete [20] 2400 1.6 750
Insulation [21, 22] 20 0.04 700
Gypsum [20] 960 0.17 1100
Air-gap [22] 1 0.03 1000
Wood [23] 652 0.13 1200
Cement-board [22, 24] 925 0.18 1000
Glass [22] 2500 1.4 840

thick oriented strand board (OSB), and 1.27 cm thick cement-board (inside)
respectively. The stairs were modeled as 1.27 cm thick cement-board (exposed)
and 3.8 cm thick OSB (inside). The first floor exterior walls were modeled as
0.63 cm thick cement-board (outside), 1.1 cm thick OSB, 9 cm thick air-gap, and
1.27 cm thick gypsum (inside). All interior walls were modeled as 1.27 cm thick
gypsum, 9 cm thick air-gap, and 1.27 cm thick gypsum. All windows were double
pane, and thus simulated as 0.4 cm thick glass, 1 cm thick air-gap, and 0.4 cm
thick glass. The three basement windows and the basement door on the side of
the burner (Side D) were sealed tightly with cement-board during the experiments
and thus, these were simulated to have zero leakage along with an additional layer
of 1.9 cm thick cement-board on the inside. All doors, except for the front door,
were modeled as 0.4 cm thick OSB, 3.8 cm thick air-gap, and 0.4 cm thick OSB.
Front door was simulated as 3.8 cm thick OSB.

For the fire size considered here, Q =300 kW, the characteristic fire diameter
(D*), evaluated using properties of air at 293 K, is estimated to be 67 cm. The
cubic cell dimension (Ax) was defined to be either 5 cm, 10 cm, or 20 cm, which
correspond to D*/Ax ratio of 13.6, 6.7, and 3.4 respectively for the 300 kW fire.
The results of the mesh dependence study are shown in the Appendix A, following
which the cell dimension was defined as 10 cm for all the final simulations.

3.2. HVAC System Setup

The HVAC duct network, reliant on the specification of nodes, duct, and vents in
FDS, was built by closely following the actual HVAC duct network, as shown in
Fig. 2. The supply and return vents in the structure were placed at the as-built
locations, creating nodes in the HVAC duct network. Ducts were placed to con-
nect the supply or return vent node with the node that was located at the next
duct intersection. The simulated network layout for the structure is shown in
Fig. 13. The ducts were made of galvanized steel and the surface roughness was
assumed to be negligible (1 x 107> m). The ducts were assigned areas correspond-
ing to the cross sectional area of the duct. In each duct the loss coefficients for
forward and backward flow were assigned the same values. The loss coefficients
were initialized based on ASHRAE Handbook for Fundamentals [25] and the
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geometry of each duct. The loss coefficients at supply and return vents were sys-
tematically changed until the vent flowrates agreed with the experimental cold-
flow (without any fire) measurements. The optimization process is discussed
briefly in Appendix B, where the final cold-flow vent flowrates through the simu-
lated HVAC duct network are compared with the measured cold-flow vent flow-
rates.The final optimized loss coefficient for each duct is provided in Table 3.

The leaks from the residential structure to the ambient were described using two
approaches—(a) assigning local leakage for each window and door, b) assigning zones
in FDS with leakage area and leakage surfaces. In both approaches, the estimated
equivalent leakage area of 0.137 m? to the ambient (Sect. 2) was distributed across the
structure. In the first approach, localized leakages were assigned along the top and
bottom edge of each exterior door or window. Each door or window was assigned a
total leakage given by the estimated equivalent leakage area multiplied by the ratio of
that door/window perimeter to the total perimeter of all doors and windows. Half of
the leakage was assigned at the top of the door/window, and the other half to the bot-
tom. In the second approach, the perimeter based leakage areas were assigned as pres-
sure zone leakage areas. The equivalent leakage area estimated for all closed rooms
(such as bedroom 3 and bedroom 1 in these four experiments) was 7.3 x 1073 m?,
which was assigned to the external windows in these rooms. For both approaches,
basement windows and the door near the fire (Side D), which were sealed with gyp-
sum board during the experiments, were also modeled as completely sealed and there-
fore these openings were not used for distributing the leakage area throughout the
structure. Open area under the closed doors (about 0.9 m wide) was estimated to be
about of 0.01 m? (about 0.0127 m gap height). Therefore, leaks under the doors (for
local leakage and zone leakage approach) were simulated with a leak area of 0.01 m?.

The HVAC fan, for the experiments when it was on, was simulated using a fan
curve. The manufacturer-provided fan curve was fit with a second-order polyno-
mial function such that the flowrate at 0 Pa was 0.60 m® s™!, at 20 Pa was
0.59 m? s~!, at 100 Pa was 0.54 m® s~!, and at 600 Pa was 0 m> s~!. When the
HVAC was off, the volume flowrate induced by the fan was forced to be 0 m? s~
HVAC filter, which was replaced with a new one for each experiment, was added
to the furnace node of the HVAC model with an initial loss coefficient of 11, no
initial soot deposition, and a linear increase in loss coefficient by a value of 1 for
every gram of soot filtration. The filter was simulated to have a fixed efficiency of
85%. The ambient temperature used in the simulations were approximated as the
average temperature determined from the baseline data for each experiments. The
ambient temperatures was between 20°C and 27°C for these four experiments.
Simulations were then conducted to model the experiments shown in Table 1. The
gas burner ramp simulated in all experiments was a 1 s rise to the steady-state
HRR at 5 s into the simulation. The simulations were run until 60 s after the fuel
supply to the burner was shutoff. It is important to note that the objective of this
study was to compare the predicted steady-state environment with the experimen-
tal data and therefore, fire-growth was not the focus of the modeling. To facilitate
quantitative comparison of measurements and FDS predictions, steady-state data
was defined as the state of the system when rate of change of measured differen-
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tial pressure was negligible and all sensors had responded to the fire-induced envi-
ronment. Although temperatures and gas concentrations did not reach a constant
value when the burner fuel was shut-off, all the sensors had responded to the fire-
induced environment by that time. Thus, average values of quantities during the
last 60 s before the fuel shut-off was chosen as a ‘steady-state’ approximation for
comparing FDS predictions with measurements.

4. Resulis

The experiments with the HVAC on (Ba2 and Ba4) had an experimental duration
of approximately 450 s and the experiments with HVAC off (Bal and Ba2) had a
duration of 900 s. The shorter duration for the experiments with HVAC on was
limited by the clogging of the HVAC filter to avoid potential damage to the com-
pressor unit of the HVAC system.

Figure 3 shows a representative predicted temperature contour at 1.8 m above the
floor for the basement and first-floor for experiment Ba2. As expected, the highest
temperatures are in proximity of the burner in the basement. The transport of com-
bustion products is evident by the temperature distribution throughout the struc-
ture. The temperatures decrease away from the fire as the hot combustion products
travel towards the stairwell and to the first floor. While the lowest temperatures are
seen in the closed bedroom 3, the transport of combustion products through the
HVAC duct network can be seen in this room, where the temperature near the sup-
ply vent is slightly higher than anywhere else in this room.

In the subsequent sections, profiles of the measured and the predicted quantities
were compared for one basement location, bedroom 2, and bedroom 3. The base-
ment location provides a reasonable location to compare measured and predicted
fire-induced environment around the burner. The open (bedroom 2) and closed
(bedroom 3) rooms are representative rooms to compare the transport of gases
inside these rooms by either buoyancy-driven or HVAC-driven flow.

Tire: 3850

Figure 3. Predicted temperature distribution at 1.8 m above the
floor for the first floor (left) and the basement (right) for experiment
Ba2 (HVAC on, door open). The annotations refer to approximate
locations of the thermocouple trees.
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4.1. Fire-Induced Pressure

The fire-induced pressure development in the residential structure is compared with
FDS predictions at 1.22 m above the floor for A/B basement quadrant, bedroom 2,
and bedroom 3 in Fig. 4. These plots show experimental and FDS data processed by
taking a 5 s moving average. The error bars shown for the experimental data repre-
sent the expanded uncertainty of 20% and additional 1 Pa calibration uncertainty as a
result of the device noise. In these plots, comparison is also done for the predictions of
pressure by using zone leakage vs. local leakage approach in FDS. The steady-state
pressure predicted by both leakage approaches is similar, but the peak pressure is con-
sistently higher for the simulations using localized leakages. FDS predicted the general
pressure development—the pressure on the first floor being slightly positive while the
pressure in the basement being slightly negative. Such behavior is reasonable from the
stand-point of a buoyancy-driven flow—the hot combustion gases rise up to the first
floor and leak out to the ambient, and a slightly negative pressure in the basement
allows makeup air to enter the basement and sustain the fire.

FDS predicted local steady pressure change with height qualitatively well com-
pared with the experiments—a higher pressure closer to the ceiling than that clo-
ser to the floor, as shown in Fig. 15 in Appendix C. Steady-state pressure in A/B
quadrant at 0.3 m and 2.13 m above the floor was measured to be ~ —2 Pa and
~2 Pa respectively. FDS predicted the steady-state pressure of ~ —7 Pa and
~ —2 Pa at these locations, respectively. Similar trend in steady-state and peak
pressure predictions was observed for simulations of tests with the HVAC on, Ba2
(door open) and Ba4 (door closed). The approach of prescribing local leakages
provided better peak pressure magnitude prediction away from the fire-room
while zone leakage approach provides better peak pressure magnitude prediction
for the fire-room. The measured peak pressure for the basement could be lower
due to the much larger volume of the basement (about 210 m?) compared to the
volume of a single bedroom (between 20 m® and 35 m?). Thus, further compar-
ison of gas species and temperature development was done only for simulations
that utilized local leakage approach. It is also important to note that the equiva-

A/B Basement, 1.22 m above floor 40 Bedroom-2, 1.22 m above floor 40 Bedroom-3, 1.22 m above floor

40 x  Bal Ba3
————— Bat [FDS(LL)] Ba3 [FDS(LL)]

Bat [FDS(ZL)] Ba3 [FDS(ZL)]

)
<]

30

Pressure (Pa
Pressure (Pa)

400 600 800
Time (s)

Figure 4. Measured differential pressure compared with FDS
predictions, made using local leakage (LL) and zone leakage (ZL)
approaches, for experiments Bal (HVAC off, door open) and Ba3
(HVAC off, door closed).
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Figure 5. Profiles of measured volumetric oxygen content compared
with FDS predictions.

lent leakage area, estimated experimentally using ASTM E779, have uncertainties
associated with it. The sensitivity of FDS predictions to the assumed interior door
leakage and the total exterior leakage and its distribution was not examined in
this study and should be investigated in the future.

4.2. Gas Species

Temporal profiles of oxygen concentration measured at 1.22 m above the floor in
terms of vol.% for the four experiments are shown in Fig. 5. The error bars
shown for the experimental data represent the expanded uncertainty of 12% and a
0.05 vol.% calibration uncertainty as a result of the device noise. For the mea-
sured locations, total vol.% decrease in oxygen was highest in the basement (fire-
room), followed by the open bedroom (bedroom 2) and then the closed bedroom
(bedroom 3). Qualitatively, the predicted trend of reduction in volumetric oxygen
content is similar to that observed in the experiments. The steady-state volumetric
oxygen content in the basement reaches around 18 vol.% (at about 850 s) for the
experiment with open stairwell door and HVAC off (Bal) and around 15.8 vol.%
for the experiment with closed stairwell door and HVAC off (Ba3). At the same
locations and time, FDS predicted the concentrations to be about 17 vol.% and
15 vol.% respectively, which correspond to about 6% and 5% respective over-pre-
diction in reduction of volumetric oxygen content from the initial conditions. FDS
predicted the steady-state concentration in the basement when the HVAC is on
similar to that observed in the experiments (around 19 vol.% for Ba2 and
18 vol.% for Ba4). FDS prediction of the steady-state oxygen content reduction in
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the open bedroom (bedroom 2) is similar to that of the experimental measure-
ments in this room for all four scenarios. FDS slightly over-predicted the reduc-
tion in oxygen content at steady-state condition in the closed bedroom (bedroom
3) for all four scenarios, possibly a consequence of over-prediction in gas trans-
port which might be partially due to leakage assumptions.

Temporal profiles of carbon dioxide and water vapor concentration measured at
1.22 m above the floor in terms of vol.% for the four experiments are shown in
Figs. 6 and 7. The error bars shown for the experimental data for carbon dioxide
represent the expanded uncertainty of 12% and a 0.3 vol.% calibration uncer-
tainty as a result of the device noise. The error bars shown for the experimental
data for water vapor represent the expanded uncertainty of 10% and a 0.2 vol.%
calibration uncertainty as a result of the device noise. The production of these two
species in the basement follows approximately a linear growth to steady-state val-
ues that are higher for CO, production and lower for H,O production than the
measured values. CO, concentration in the open bedroom (bedroom 2) is higher
when the HVAC is off (Bal and Ba3) than when HVAC is on (Ba2 and Ba4).
This trend is predicted by FDS. This is a result of adding fresh (or fresher air) to
the bedroom through the supply vent. Steady-state H,O and CO, concentration in
the closed bedroom (bedroom 3) is predicted within 1% of the measured value.

4 4
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Figure 6. Profiles of measured carbon dioxide and water vapor
concentrations compared with FDS predictions for experiments Bal
(HVAC off, door closed) and Ba3 (HVAC off, door closed).
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Figure 7. Profiles of measured carbon dioxide and water vapor
concentrations compared with FDS predictions for experiments Ba2
(HVAC on, door open) and Ba4 (HVAC on, door closed).

4.3. Temperature

Temporal profiles of temperature at 2.13 m above the floor in the basement (fire-
room), bedroom 2 (open door) and bedroom 3 (closed door) are shown in Fig. 8
for the four experiments. Error bars shown for all the experimental temperature
data represent expanded uncertainty of 5%, as discussed in Sect. 2.1. The temper-
ature predictions shown here are from the FDS thermocouple devices and the
uncorrected thermocouple data from the experiments. In all of these plots, time

= 0s corresponds to the ignition of the burner fuel. The data are shown
approximately until the burner fuel supply was cutoff. The measured steady-state
temperature as a function of height for these three locations across all four experi-
ments are compared with the predicted data in Fig. 16 in Appendix C.

The temperature in the lower left location in Fig. 2 also labeled as Ba-A in
Fig. 3 at 2.13 m above the floor reaches around 170°C and 140°C in experiments
Bal and Ba3, respectively, and around 150°C and 125°C in experiments Ba2 and
Ba4, respectively. FDS under-predicted this steady-state temperature value by
about 30°C for the case where the stairwell door is closed (Ba3 and Ba4) and by
about 10°C when HVAC is off (Bal and Ba2). Under-prediction of steady-state
temperature could be attributed to uncertainties in leakage flows and heat losses
to the walls (which include predictive errors in heat transfer and uncertainty in
wall thermophysical properties). Future experiments should consider measuring
heat fluxes to the walls, ceilings, and floors and wall surface temperatures which
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Figure 8. Profiles of measured temperature change compared with
FDS predictions.

could provide valuable information to validate heat losses through the walls and
potentially improve temperature predictions.

The difference between the temperature rise in the open bedroom and the tem-
perature rise in the closed bedroom was consistently larger when the stairwell
door was open (Bal and Ba3) than when the stairwell door was closed (Ba2 and
Ba4). This indicates that the dominant mechanism for hot gas transport to the
open bedroom (bedroom 2) when the stairwell door is open is via convective
transport due to buoyancy-induced transport of hot gases to the first floor. On the
other hand, the transport of hot gases to the closed bedroom (bedroom 3) and to
the open bedroom when the stairwell door is closed (Ba3 and Ba4) is predomi-
nantly via the HVAC duct network. The dominance of these mechanisms for
transport to bedrooms 2 and 3 was confirmed by comparing the predicted volu-
metric flowrate into each of these rooms from all possible pathways.

Despite the prediction of dominant gas transport pathways to individual rooms,
the temperature increase when the transport is dominated via the HVAC duct net-
work is over-predicted by FDS by about 10°C to 15°C. This could be the conse-
quence of not considering heat losses from the HVAC duct to the ambient, which
could be important especially considering the fact that the HVAC duct network
supplying to the first floor was designed to traverse through the roof and other
parts of the structure without being directly affected by hot combustion products.

To confirm whether the removal of heat from an HVAC duct compensates for
the over-prediction of the temperature in the closed bedroom-3, additional simula-
tion was conducted for experiments Ba2 and Ba4 with a feature to remove heat
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Figure 9. Effect of including HVAC duct heat loss to the duct feeding
into bedroom 3 on temperature predictions.

from the duct supplying air to bedroom 3 (Duct S-13). The air flow predicted into
bedroom 3 from the supply vent S-13 was at a rate of 0.03 m®s~! and tempera-
ture of 80°C. An FDS Aircoil device was added to this duct to remove heat at a
fixed rate, simulated as a linear rise from 0 kW to the heat loss value in 5 s. After
performing simulations with different heat loss rates, the fixed heat loss rate of
1.5 kW provided temperature predictions in the room that agreed with experimen-
tal data. The prediction of temperature in bedroom 3 for experiments Ba2 and
Ba4 for simulations with 1.5 kW steady heat loss is compared with the original
simulation in Fig. 9. After consideration of heat loss from the duct, the steady-
state temperature rise in the closed bedroom is similar to the experimental steady-
state values for both the experiments. The predictions of steady-state temperatures
in the open bedroom (bedroom 2) and the basement A location are unaffected by
the addition of the heat loss only to the duct that feeds to the vent S-13 in bed-
room 3, as expected. From this figure, including heat loss from the duct that feeds
into bedroom 3 improved the predictions of temperature rise in this room, indicat-
ing the need to include heat loss to the ambient from a non-insulated HVAC duct
network.

Assuming the duct loses heat with the ambient air and considering the duct as a
cylindrical heat exchanger, the internal heat transfer coefficient is estimated to be
9.8 Wm 2K ™! for the predicted FDS flowrate using Dittus—Boelter equation for
cooling [22]. Assuming the ambient air is steady at 20°C and that the external
heat transfer coefficient is somewhere between 5 Wm 2K~ and 10 Wm 2K™!
(estimated from correlations of natural flow for a cylinder in cross-flow and paral-
lel-flow [22]), the temperature drop observed in the air entering bedroom 3 corre-
sponding to 1.5 kW heat loss rate is estimated to occur in 3.8 m to 4.8 m of the
duct (perimeter ~1 m) length. This length corresponds approximately to the non-
insulated section of the duct network that passes from the HVAC room through
bedroom 3 closet to the attic space. Although the duct network in the attic-space
was insulated, some heat loss from the duct to the ambient may be occurring in
attic too. Since calculation of steady-state rate of heat loss requires knowledge of
temperature drop, the heat loss estimated here is a reasonable adjustment to the
FDS predictions rather than a prediction itself. A general approach can be intro-
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duced in the FDS to account for heat losses from the HVAC duct by estimating
convective heat loss to the ambient from a non-insulated duct section.

4.4. Steady-State Temperature

The steady-state data predicted by the FDS model (original simulations without
the HVAC duct heat loss) for different regions of the residential structure are
compared with the experimental data in Fig. 10. As discussed in Sect. 2.2, the
steady-state data was approximated by averaging 60 s of data prior to the burner
fuel shutoff. The data in this figure illustrate two basement fires (experiments Bal
and Ba2). This figure shows the steady-state average temperature of the thermo-
couple array, peak temperature of the thermocouple array, linear rise rate to the
peak temperature, and average time to observe a 10% change in temperature in
the different regions of the structure (refer to TC annotations in Fig. 3). From this

—— Bal [Exp. average] = —— Ba2 [Exp. average] # Bal ¥ Ba2
---- Bal [FDS average] ---- Ba2 [FDS average] #$ Bal[FDS] 41 Ba2 [FDS]

w
U
o

175
BR

._.
I
)
C
w
S
S

-

N

w
N
vl
o

=
~ o
w o
N
o
o

w
o
Peak temperature (°C)
I
o

Average temperature (° C)

N
w
T

o

Thermocouple array locations Thermocouple array locations

14

— =
r= £
= 12
£12 g
[}
eU o 10
— 10 %
g <
® s o8
R
Q BR o 6
2 6 —
5 2
g4 v *
£ £
- 2{ & |: 24+
0. 41
A ZEAZ T S I I SR - B G ] NNV Y Y O OQ
. Q .& ~ % Q % 7 ’ ‘ . Q % ~ % Q % R
§ & & F F & g & & F F & F
Thermocouple array locations Thermocouple array locations

Figure 10. Comparison of predicted and measured steady-state
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quadrant as shown in Figs. 2b and 3.
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figure, it can be seen that the average and peak experimental temperature values
(filled symbols) for the experiment with HVAC off (Bal) are higher than those for
the experiment with HVAC on (Ba2). FDS predictions of the peak and average
temperature (open symbols) also show similar behavior for these two experiments.
The average steady-state temperatures at all locations throughout the structure
were found to be statistically different (Wilcoxon signed-rank test, p-value < 0.01)
for experiments with and without the HVAC on, regardless of the door position,
for both experimental and FDS predicted data.

The total rise in temperature is smaller when HVAC is on, possibly due to the
extraction and re-circulation of hot combustion products and replenishment with
cooler air from the supply vents. The rate of linear increase of temperature is fas-
ter and the time at which 10% change in temperature is observed is sooner (espe-
cially away from the basement fire-room) when HVAC is on than when HVAC is
off. Similar trends were also observed when the stairwell door was closed (experi-
ments Ba3 and Ba4).

4.5. Statistical Comparison

To facilitate quantitative comparison of FDS predictions and measured values of
steady-state conditions (temperature and gas species), a scatter plot of FDS pre-
dictions and experimental data is shown in Fig. 11 for the basement fire experi-
ments compared here (Table 1). The data in these plots are the steady-state
values, obtained by averaging the last 60 s of the data (for both experiment and
FDS) before the burner fuel was shutoff. The temperature and oxygen scatter
charts are plotted by considering the change in the respective quantity from the
initial condition. Data where the temperature change was less than 0.4°C, oxygen
concentration reduction was less than 0.2%, volumetric water vapor concentration
was below 0.2%, and volumetric carbon dioxide concentration was below 0.5%
were neglected in these plots and accumulating statistics. These threshold values
approximately correspond to maximum uncertainty of the collected data for the
respective measurement.

The statistics of model prediction and experimental data, shown in these plots,
were calculated by following the guides to quantify the model uncertainty [26, 27].
In these scatter plots, a model bias factor of 1 indicates predictions which match
with the experimental data (ideal). A value lower than 1 indicates an under-pre-
diction and a value above 1 indicates an over-prediction. The solid black line indi-
cates the expected perfect agreement between the predicted values and the
experimental data. The solid red line passes through the distribution mean and
indicates the expectation line multiplied by the bias factor. The solid dashed line
indicates the expanded experimental uncertainty, and the red dashed lines indicate
the model uncertainty, calculated as two standard deviations of the scatter in the
bias factor.

The change in temperature is predicted reasonably well when the change is less
than about 100°C and is under-predicted for higher temperature change. Overall,
the FDS under-predicted temperature, indicated by the model bias factor of 0.91.
FDS temperature predictions also have a larger scatter-model uncertainty (total
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Figure 11. Comparison of measured and predicted temperature rise,
volumetric oxygen change, water vapor, and carbon dioxide content
(in clockwise direction from top-left) for experiments Bal through
Ba4.

expanded uncertainty with coverage factor of 2) of 0.34 vs. experimental uncer-
tainty of 0.07. This means that the temperature change was under-predicted by
9% =+ 34% on average. A similar plot obtained for the hot gas layer (HGL),
assumed as temperature measurement at 2.4 m above the floor, indicated a bias
factor of 0.98 and a model relative uncertainty of 0.44. The bias factor of HGL
prediction in the previous FDS validation exercise for forced ventilation was 1.12
with a relative uncertainty of 0.15 [26]. The bias factor calculated for the current
work is lower compared to previous validation efforts, and a larger scatter in pre-
dicted data is observed in the current work.

The change in volumetric oxygen content was over-predicted (model bias factor
of 1.21) and has higher scatter (relative uncertainty of 0.41) than that of the
experimental data (relative uncertainty of 0.08). Volumetric carbon dioxide con-
tent was generally over-predicted (model bias factor of 1.06) and also has a larger
scatter (relative uncertainty of 0.16) than the experimental data (relative uncer-
tainty of 0.08). The volumetric water vapor content was predicted well until
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4 vol.% but under-predicted at higher volumetric content. The overall bias factor
of the FDS model for water vapor prediction was 0.9 and the predictions have a
larger scatter (relative uncertainty of 0.23) than that of the experimental data (rel-
ative uncertainty of 0.08). It is noted that the number of gas measurement loca-
tions was much less than the number of temperature measurement locations. As a
result, the certainty in the gas prediction statistical quantities is lower than for the
temperatures.

This study conducted validation of FDS 6.7.9 for controlled fire in a full-scale res-
idential structure with an HVAC system. In this study, data from experiments
performed in a purpose-built two-story, moderately air-tight residential house was
utilized to understand the capability of the FDS to predict the effect of natural
and forced ventilation on fire-induced environment. The HVAC system, with a
10.55 kW cooling capacity and a volumetric flowrate capacity of up to 2040 m’
h™', was typical to the Pennsylvania region where the experiments were con-
ducted. The ventilation parameters studied here were the HVAC status (on vs. off)
and door position (open vs. closed) for a gas burner fueled fire in a basement
location. Differential pressure, temperature, and volumetric content of oxygen,
carbon dioxide and water vapor were measured in the experiments to facilitate
comparison with the simulation results.

The experimental data of equivalent leakage area, obtained from air-tightness
test, was utilized to distribute leakage across the structure in proportion to the
perimeter fraction of windows and doors. The measured cold-flow HVAC vent
flowrates (without fire) were used to optimize the loss coefficients of the HVAC
duct network. The steady-state prediction of differential pressure in the fire-in-
duced environment was found to be comparable when the leakages were described
either by pressure zones or by local leak paths. Both approaches, however, under-
predicted the steady-state pressures, but peak pressure was better captured when
describing leakages via local leak paths. Generally, FDS predicted the pressure
distribution throughout the structure similar to that observed in the experiments,
with a slightly higher pressure on the first-floor and a slightly negative pressure in
the basement. A higher pressure was also predicted at higher elevation as com-
pared to the lower elevation at any location in the structure.

The transport of gas species to the open bedroom was predicted correctly to be
dominated by convective transport driven by buoyancy-induced flow to the first-
floor while the transport to the closed bedroom was predicted correctly to be
dominated by transport through the HVAC duct network. Steady-state oxygen
and carbon dioxide content was over-predicted (higher consumption of oxygen)
and water vapor content was under-predicted, especially in the fire-room.

For all experimental scenarios considered here, it was concluded that the
steady-state temperature distribution (both measured and predicted) throughout
the structure was statistically different when HVAC was on versus when HVAC
was off, regardless of the stairwell door position. Temperature rise in the rooms
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away from the fire-room when the HVAC was on was measured and predicted to
occur sooner, at a faster linear-rise rate than when the HVAC was off. However,
the measured total rise in temperature inside and outside the fire-room was lower
when the HVAC was on versus when the HVAC was off. Closed doors were most
effective in terms of inhibiting the transport of gases.

FDS over-predicted the total temperature rise to the closed room where the gas
transport primarily occurred via the HVAC duct network. Including heat loss
from the duct feeding into this room, estimated as sensible enthalpy responsible
for the over-predicted temperature rise, was shown to improve the total tempera-
ture rise prediction in this room. A more comprehensive methodology can be
employed in FDS to include the heat loss in the HVAC duct network, via calcula-
tion of average heat transfer coefficient and estimating the effective temperature
drop for the length of a duct, to improve the temperature predictions of the air
supplied through the HVAC duct network. On average, FDS under-predicted
temperatures and water vapor content by about 9% and 10% respectively and
over-predicted carbon dioxide and oxygen content by about 6% and 21% respec-
tively. FDS simulations could be improved by higher accuracy of parameters such
as HRR, properties of the wall components, and initial conditions of the experi-
ments. Additionally, measurements such as heat fluxes to the wall and surface
temperature of walls, ceilings, floors would help quantify and validate heat losses
through the walls. The sensitivity of the predictions to leakage area and distribu-
tions should also be investigated in future. It is important to note that although
FDS development is a continuous process, present models in FDS provide predic-
tions with reasonable accuracy of the fire-induced environment in a residential
structure with an HVAC system.
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Appendix A: Mesh Dependence Study

Simulation of the experiment Ba2 was performed with a uniform mesh having
cubic cell dimension of either 5 cm, 10 cm or 20 cm. The comparison of the tem-
perature prediction with the experimental data is shown in Fig. 12. In the simula-
tion which used the 5 cm cell size, the 5 cm cell size was prescribed only in the
basement around the region of the fire—from the HVAC-room wall to the inte-
rior wall of the basement. The cubic cells of dimension (Ax) 5 cm, 10 cm and
20 cm correspond to the D*/Ax ratio of 13.6, 6.7, and 3.4 respectively. The
steady-state temperatures obtained for the mesh size of 5 cm and 10 cm are simi-
lar and the volumetric oxygen content is predicted closer to the experimental data,
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especially for the fire-room (basement). Therefore, simulations presented earlier
were conducted using 10 cm cubic cells.

Appendix B: Cold Flow HVAC Vent Flowrates

The FDS HVAC solver models HVAC systems as a network of nodes (where the
system connects to computational domain or an internal connection between two
or more ducts) and ducts (where a duct connects two nodes and may contain mul-
tiple HVAC components such as multiple straight lengths and elbows). Figure 13
shows the HVAC network as modeled in FDS, and Table 3 provides the duct
length, duct cross-sectional area, and connected nodes (positive flow is ‘from
node’ towards ‘to node’). Measurements of the flowrate from all the supply and
return vents were made multiple times during the experimental series. An air flow
cone [17] was placed over each vent with the HVAC system running and all inte-
rior doors open. The average values of these measurements were then targeted in
the cold flow simulation for optimizing minor loss coefficients of the duct net-
work. ASHRAE 2017 Fundamentals’ handbook [25] was utilized to obtain prelim-
inary loss coefficients. A 90° elbow with long radius, short radius, or a mitered
corner were assigned loss coefficient of 0.6, 0.9, or 1.3 respectively. Airflow
through a duct or a tee was assessed to have loss coefficient of 0.5 if the flow
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Figure 12. Profiles of measured temperature and volumetric oxygen
content compared with experiment Ba2 FDS simulation performed by
using uniform mesh having cubic cells of dimension of either 5 cm,

10 cm, or 20 cm.
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Figure 13. Schematic of network layout of the modeled HVAC
system.
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Figure 14. Comparison of measured and predicted HVAC vent
flowrate for cold flow (without fire) case, before and after

Table 3

500

Flow rate (cfm)
w
=}
o

v  FDS (After loss optimization)
m  FDS (Before loss optimization)
¢ Experiment

floguuyge M
YE sunveniy Vv

Details of Nodes, Lengths of the Duct Connecting the Nodes, Cross-

Sectional Area, and Final Optimized Loss Coefficients

1513

From node To node Length (m) Area (m?) Loss coefficient
R-Furnace S-Furnace 1.0 0.2000 1.3
S-Furnace ST-01 0.2 0.2000 0.0
ST-01 ST-10 3.0 0.0720 23
ST-01 ST-06 5.6 0.0720 2.2
ST-06 S-04 5.6 0.0248 5.1
ST-06 ST-07 0.4 0.0720 0.5
ST-07 S-03 1.2 0.0248 3.6
ST-07 ST-08 2.4 0.0720 0.5
ST-08 S-02 1.2 0.0248 3.1
ST-08 S-01 6.4 0.0248 3.1
ST-01 ST-02 1.4 0.0720 3.9
ST-02 S-05 2.2 0.0248 8.0
ST-02 ST-03 0.4 0.0720 0.5
ST-03 S-06 3.0 0.0248 8.0
ST-03 ST-04 0.8 0.0720 1.1
ST-04 S-07 3.4 0.0248 4.1
ST-04 S-08 1.8 0.0248 4.1
ST-10 ST-11 0.8 0.0600 1.8
ST-11 S-13 2.8 0.0180 4.1
ST-11 ST-12 0.6 0.0600 0.5
ST-12 S-14 3.8 0.0180 3.6
ST-12 ST-13 3.4 0.0600 0.5
ST-13 S-16 3.0 0.0180 4.1
ST-13 S-15 3.8 0.0180 2.6
ST-10 ST-15 2.6 0.0600 1.8
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Table 3

continved

From node To node Length (m) Area (m?) Loss coefficient
ST-15 S-12 2.8 0.0180 3.6
ST-15 ST-16 0.4 0.0600 0.5
ST-16 S-11 3.8 0.0180 3.6
ST-16 ST-17 0.4 0.0600 0.5
ST-17 S-09 3.8 0.0180 4.1
ST-17 S-10 2.8 0.0180 3.6
R-03 RT-02 4.6 0.0620 5.4
R-04 RT-02 2.2 0.0620 6.4
RT-02 RT-03 0.4 0.0720 0.5
R-05 RT-03 2.2 0.0620 6.4
RT-03 RT-04 3.4 0.0720 2.8
RT-05 RT-04 0.4 0.0720 2.8
R-06 RT-05 2.4 0.0620 4.9
RT-06 RT-05 0.8 0.0720 1.0
R-07 RT-06 3.0 0.0620 4.9
RT-07 RT-06 4.2 0.0720 3.0
R-08 RT-07 2.2 0.0620 4.9
R-09 RT-07 2.2 0.0620 5.4
RT-04 RT-10 1.6 0.1290 1.4
R-02 RT-09 0.2 0.0620 34
R-01 RT-09 0.2 0.0620 2.4
RT-09 RT-10 0.4 0.1000 0.8
RT-10 R-Furnace 0.6 0.1290 0.9

direction did not change, and 1.8 if the direction changed through the duct sec-
tion. The initial guess for the loss coefficient at each vent grille was assumed to be
4, regardless of whether the vent was a supply or a return vent. As mentioned in
Sect. 2.2, loss due to duct surface reference was assumed to be negligible com-
pared to losses due to elbows and other duct fittings. Forward and reverse losses
were assumed to be equal. The loss coefficients for supply and exhaust vents were
adjusted in an iterative process such that the differences between the FDS vent

[«
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Figure 15. Steady-state pressure predictions for simulations using
local leakage approach compared with measurements.
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Figure 16. Steady-state temperature predictions compared with
measurements.

flowrates and the experimental vent flowrates reached an acceptable value. The
final loss coefficients are also tabulated in Table 3. The final flowrates predicted
by FDS are shown in Fig. 14. The errors shown here are the reported error of the
device, which was 3% of measured volume and a additional 7 f#* min~"' (cfm) sys-
tematic uncertainty [17]. The reason why higher discrepancy is observed between
the predicted and measured return flowrates could not be identified and requires
further investigation.

Appendix C: Steady-State Quantities as a Function
of Height

The steady-state data was calculated as a 60 s average of the data before the bur-
ner fuel was shutoff in the experiments. For experiments Bal (HVAC off, door
open) and Ba3 (HVAC off, door closed), this time duration was approximately
800 s to 860 s. For experiments Ba2 (HVAC on, door open) and Ba4 (HVAC on,
door closed), this time duration was approximately 400 s to 460 s (Figs. 15, 16).
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