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Abstract

Airflow control has become a large part of the tactical toolbox that firefighters use to

combat fires. Control of airflow requires managing the impact of environmental condi-

tions (i.e., wind) and optimally using mechanically generated flows from fans to drive air

and combustion products through predetermined vents. This article discusses the ability

of analytical and computational models to predict flow variables associated with the use

of positive pressure ventilation. To make these predictions, it is shown that various

levels of approximation and a knowledge of (the often neglected) structure leakage

rates are required. This study details experiments and simulations of airflow rates

associated with fan-induced pressure differences between the environment and

a structure.
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Introduction

The application of an adequate water supply is often thought of as the only require-
ment for firefighters to extinguish a fire. While water control plays an important
role in firefighting tactics, understanding and manipulating airflow has also become
more widely recognized as being an important part of helping firefighters gain
control of a fire. Airflows of interest come in two main forms: natural airflow
and mechanically induced airflow. Mechanically induced airflows can be used to
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purge the structure of the hazardous products of combustion that impede the
firefighting search, rescue, and suppression activities. Natural airflow from wind
has been implicated in several firefighter line-of-duty-deaths in which a sudden
change in the wind direction or magnitude pushed the fire onto firefighters
within a structure. There is a long research record of studies evaluating the
impact of natural airflow (wind) on structural integrity and ventilation. In [1]
computational fluid dynamics (CFD) is used to examine the optimal orientation
of a residential high-rise building to maximize the cross-flow ventilation. The use
of wind as a source of natural ventilation/temperature control in residential
structures has been characterized through mathematical resistance models, as
developed in [2].

While a body of literature examines the impact of wind ventilation within struc-
tures during normal building operating conditions, there is much less research to
study the impact of wind on fire growth within structures. The most notable studies
are from National Institute of Standards and Technology (NIST) experiments
conducted by Kerber and Madryzkowski [3,4] on a laboratory scale, followed by
tests in a high-rise building.

The laboratory experiments in [3] found that compared to a baseline (no-wind)
test, the wind-driven fires had a much faster transition to untenable (hazardous)
conditions after ventilation. These tests highlight the importance of the airflow
direction being aligned with the direction of firefighter attack to reduce overall
firefighter exposure to the fire hazard. The experiments in a seven-story building
on Governors Island in New York [4] extended the laboratory tests. From these
tests, it was determined that wind speeds on the order of 10–20m/s are sufficient to
create wind-driven (hazardous) conditions within a structure. Finally, these test
results also stressed the importance of considering wind effects, magnitude, and
direction, as a part of the fire-service’s initial ‘size-up’ of a fire. Size-up is a tactic
used by the fire-service where firefighters encircle the structure of interest in order
to gage fire severity and location.

The impact of wind on fire growth was also studied in [5] which included smoke-
flow variations and temperature changes in a ventilation-controlled fire scenario in
a high-rise compartment. Similar to the NIST study, a critical wind speed was
found where wind was sufficiently strong to overcome the buoyancy of the fire
plume and begin to feed the fire oxygen. Note, however, that the critical wind speed
to feed oxygen to the fire in such a way as to increase the burning rate is less than
the wind speed that adversely affects firefighter progress into the structure.

While wind naturally and uncontrollably drives airflow around and in struc-
tures, a controlled mechanical firefighting tactic called positive pressure ventilation
(PPV) is also used to drive flows within structures. PPV makes use of an industrial
fan to drive hot smoke and combustion products out of a structure to improve
interior firefighting conditions. The intent is to push smoke and heat out through
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open windows and doors nearest the fire location and away from the direction in
which firefighters enter. However, there are concerns about negative impacts asso-
ciated with the use of PPV. Svensson [6] showed that while PPV can lower
temperature in rooms on the windward side of the fire, it can increase temperature
in rooms on the leeward side of the fire. This is important because it may change a
firefighter’s approach to using PPV if there is a possible victim inside the structure.
Kerber and Walton [7] showed that higher temperatures, increased window gas
flows, and higher pressures were recorded in experiments where PPV was used
compared to natural ventilation.

Despite concerns, when employed properly, the use of PPV as a firefighting
tactic has demonstrated benefits. Ezekoye et al., [8] found that for their specific
test house, the impact of lowering the fire room temperature outweighed the
slight increase of temperature in a victim room. Kerber and Walton, [7] in the
same PPV/natural ventilation comparison experiments discussed above, found
that after peak heat release rates were reached for both ventilation tactics, PPV
reduced temperatures faster and more significantly, as compared to natural
ventilation.

In addition to the thermal concerns, another potential hazard is that the pres-
surization associated with PPV can drive fire through holes in the structure’s walls
or ceiling, spreading fire through void spaces between wall studs or ceiling beams.
Research into the application and effectiveness of PPV is an important area of fire
research as results can have a direct impact on firefighting tactics. PPV research is
generally broken into two separate categories: studying the impact of flow rates
through non-reacting flows and studying the impact on the thermal environment
through reacting flows.

In order to better understand the impact of fans on flows through structures,
non-reacting flow research has been conducted in [9] on a single inlet and outlet
structure, where it is stated that to achieve the best performance from PPV, there is
an optimal ratio for exit to entrance vents. This result is obtained using relatively
simple equations for volume flow rate through an exit vent and the static positive
pressure inside a structure developed by a fixed source. The model assumes that the
fan is placed at the appropriate distance away from the inlet vent so that the air
cone produced by the fan completely seals the vent. The fan is considered to be
centered with respect to the inlet vent (e.g., the door through which firefighters
enter the structure). From [9] the volume flow rate of exhaust gases, QExit, is

QExit ¼
2:44

�
ffiffiffi
�
p

BQFan

DFan

S

S2 þ 1

� �
ð1Þ

where B is the width of the entrance opening, QFan the characteristic airflow from
the fan, � the static pressure loss coefficient, DFan the fan diameter, and S the ratio
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of exit to inlet vent areas (AExit/AInlet). The ‘positive pressure,’ �P, is defined as

�P ¼ 8�
QFan

�DFanH

� �2
1

S 2 þ 1
ð2Þ

where QFan is the flow rate generated at the fan face, � the ambient air density, and
H the height of the opening. The positive pressure is essentially the overall driving
potential across the structure. In a later section, the generalized form of the above
equations is discussed for use in multiple inlet and exit structures.

Holding all other parameters constant, an increase in the exit-to-entrance vent
area ratio, S, will increase the exit flow rate, as defined by Equation (1). However,
the exit flow rate asymptotically approaches a limiting value as S continues to
increase. Additionally, as S increases, the positive pressure, as defined by
Equation (2), drops. In practice, as the pressure, or driving potential, drops, the
flow through the compartment becomes more sensitive to changes in the wind
speed. For the ‘best’ performance, it is suggested in [9] that the ratio of exit-to-
inlet vent areas should be between 1.5 and 2.

Kerber and Walton [10] also conducted non-reacting flow experiments of PPV
focusing on computationally characterizing a PPV fan and subsequently used the
calibrated fan parameters to develop a computational model. The fan model devel-
oped in [10] was accurate in predicting average exit velocities from a vent in a one-
room structure to within 17% of experimental values. For that level of accuracy,
the model appears to have required a considerable amount of geometric complexity
in describing the fan. Since computational expense scales with geometric complex-
ity, it would be useful to develop fan models that are of comparable accuracy but
with significantly less detail.

In general, the combination of experimental and computational results is
useful for understanding and characterizing complex engineering problems,
especially in fire research. Fire dynamics simulator (FDS), developed by NIST, is
the most widely used fire CFD code. Similar to most CFD tools for complex and
large-scale systems, FDS contains models where direct solutions of the governing
equations are not feasible. In FDS, the low Mach number approximation is
invoked, limiting the types of solutions to low-speed flows. A predictor–corrector
scheme is used for the hydrodynamic model, which is second order in both
time and space. Turbulence is modeled using a large eddy simulation
framework in which sub-grid scale flow processes are handled with the
Smagorinsky model.

Since models and sub-models are used in this CFD code for the predictions of
interest, the code user has the responsibility to validate the computational results.
Model validation can sometimes be accomplished using experimentally determined
correlations or, more directly, through experimental data. To make the claim that
the model is validated, the model must be shown to have an acceptable level of
accuracy for that specific situation [11].
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Modeling ventilation of a fire is challenging due to the complex coupling of fluid
mechanics, heat transfer, and combustion. Relevant information for modeling the
fluid mechanics problem includes: the type of structure, impact of the environment
on the structure, location and number of open vents, and the source (natural or
mechanical) of flow. In addition, these physical processes occur over widely dispa-
rate length and time scales. Various levels of approximations and simplified models
can be developed to predict aspects of the problem. It is useful to validate these
simplified models in decoupled but closely related problems. Thus, non-reacting
flow experiments are conducted in a one-room experimental structure. The
mechanical flow source is a 6.5-hp (4.85 kW) motor, commercial PPV fan.
Experimental pressure and velocity measurements are used as the basis for com-
parison to the computational simulations. Three cases are investigated: one with no
exit vent window and two cases with different exit vent window locations. For the
simulations, a fan model is derived based on specifications taken from the manu-
facturer and then scaled appropriately to match the conditions for the most basic
experimental case (i.e., with no exit vent). The resulting fan model and the induced
flows along with an analytical model are compared to the data for the more com-
plex cases to evaluate the model predictions. The results show that if a simple fan
calibration process is used, then simple analytical models are reasonable tools for
predicting global flow properties during the use of PPV.

Flow experiments

Experimental structure geometry

The experimental structure primarily consists of a single room and an entrance
hallway, as shown in Figure 1. To approximate leakage paths from the interior
compartments to the wall spaces, a gypsum failure area is created in the experi-
mental system. The gypsum failure area is a hole in the gypsum board of a wall in
the fire room, and exposes a void space (between the wall studs) to the main room.
Understanding the effects of a gypsum failure area is important to firefighters using
PPV, because there is a concern that pressurizing a compartment can drive hot
flammable gases into void spaces in the compartment walls. The void space is
designed to model structural void spaces in balloon frame construction, which
represents the worst case structural failure system for a pressurized fire compart-
ment. Balloon frame construction utilizes long studs that run from the foundation
sill to the roof eave. Since floors are built off of the studs, if fire stops are not added,
this type of construction provides pathways for fire to spread vertically. The struc-
ture geometry shown in Figure 1 is used for the non-reacting flow experiments and
the simulations.

The ceiling is 2.44m in height everywhere except within the void space which is
3.05m tall and open at the top. The experimental structure is 5.82m in length,
4.78m wide, and the hallway partition is located 1.42m from the right wall.
The hallway is 2.24m long and 1.42m in width. The hallway partition is located
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0.10m from the doorway. Both windows, vents 1 and 2, are 0.91m wide and 1.22m
tall with a sill height of 0.91m. The door is 0.91m wide, 2.13m tall, and is located
0.4m from the right wall. The test section is constructed with 16-mm thick gypsum
board fastened to 0.10-m wide studs that are 3.05m tall. The gypsum failure area is
placed through the interior gypsum wallboard of the void space to expose the void
space to the main room. The gypsum failure area is 0.023m2 for the experiments
and all simulations. The studs within the void space are separated by 0.41m, which
results in a void space that is 0.10� 0.41� 3.05m. Figure 2 shows a three-dimen-
sional (3D) rendering of the structure showing major features.

Fan properties

The experiments used a 4.85-kW (6.5 hp) motor commercial PPV fan to generate
the airflow. The fan had a diameter of 0.61m and was operated to produce
13.12m3/s at 3500 rpm. The fan was set 2.44m from the door based on recommen-
dations from Ref. [10] that the fan should be placed between 1.82 and 3.0m for best
effectiveness. A distance of 2.44m was chosen as it falls in the middle of the
recommended range. The fan height was adjustable and was set at a centerline

Vent 2 Door

4.78m

1.42m

2.24m

5.82m

1.49m

1.11m

2.75m

1.64m

Vent 1 

Void space 

GFA 

Fan 

Computational boundary

2.44m

General wind direction

Figure 1. University of Texas at Austin burn structure geometry.

Note: This geometry was used for all the experiments and simulations in this study.
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height of 0.71m (the height of the fan with legs extended); so that the jet of air
produced from the fan sealed the doorway in the best manner.

Experimental methods

The PPV flow experiments were performed for three venting configurations:
windows closed (no vent), the north window open (vent 1), and the west window
open (vent 2; Figure 1). Since leakage can significantly affect conditions during the
application of PPV, [12] the experimental structure leakage was determined accord-
ing to the ‘blower-door’ test, [13] as described by ASHRAE 119 [14]. For this test,
an impermeable membrane sealed the doorway and around the outside shroud of a
fan that is located in the doorway, blowing out of the compartment. The flow rate
produced by the fan and the resulting compartment pressure was recorded; and [15]
provides a standard method for using these data to characterize the leakage. The
method in [15] produces an effective leakage area (ELA), which corresponds to the
actual leakage area present in a structure and a normalized leakage (NL) value,
which can be used to compare the leakage of one structure to others. The leakage
test was conducted and the ELA and NL values obtained were 0.029m2, and 1.02,
respectively. Another study, [16] provides an average NL for a residential structure
to be 1.72 with a standard deviation of 0.84. Therefore, the leakage in our exper-
imental structure is within one standard deviation of average residential houses and
the experimental structure can be used as an adequate representation of realistic
PPV scenarios.

Figure 2. 3D rendering of the University of Texas at Austin burn structure.
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Bidirectional probes were used to measure the velocities produced during the
cold flow experiments. These probes, as first described in [17] can be used to deter-
mine the incident flow velocity by measuring the differential pressure established
across the probe. Each probe used in the experiments was connected to a differen-
tial pressure transducer (Setra model 264). The probes and transducers were cali-
brated in a wind tunnel [13].

Flow through the structure was measured by placing three probes in the door-
way, four probes in the windows (when applicable), and three probes near the top
of the void space. The probes in the door were spaced at 0.61, 1.22, and 1.83m
elevation along the doorway centerline. The four probes in the window were spaced
evenly, thereby effectively dividing the window into quadrants. Finally, the probes
in the void space were located at an elevation of 2.75m and evenly spaced across
the 0.41-m test section. All the probes were oriented to measure velocity normal to
each of the associated vents.

Ambient wind velocity was measured at an elevation of 2.75m on the corner of
the experimental structure between vents 1 and 2 (Figure 1). The probe used to
measure the wind speed was aligned with the wind using a tuft. In all the experi-
ments, the wind blew in the general direction, as shown in Figure 1. During these
tests, wind speeds averaged 1.5m/s with gusts less than 5m/s. Using the charac-
teristic fan jet speed (an average speed based upon the speed at the fan face and at
the doorway) divided by the average wind speed, the velocity ratio for the fan jet in
cross-flow is approximately 20. For velocity ratios greater than 15, the cross-flow
has minimal impact on the structure of the jet, though it may cause the jet to
become asymmetric downstream [18]. This means that the effects of the wind on
the fan flow can be neglected in the models.

Finally, the compartment gage pressure was recorded with a differential pressure
transducer by running one of the transducer leads into the compartment and leav-
ing the other outside the compartment, open to the atmosphere. The lead exposed
to the environment was protected such that wind effects would be negligible. The
interior transducer lead was located near the floor in the northwest corner of the
experimental structure.

The No Vent scenario was conducted by applying PPV with both vents closed
and the gypsum failure area open. The Open Vent experiment was conducted by
applying PPV with vent 1 completely open, vent 2 completely closed, and the
gypsum failure area open. Experiments and simulations were also conducted
using vent 2 as the exit vent. However, the results with vent 2 open will not be
included in this study, because they are similar to the results with vent 1 open.
Previous studies have evaluated the effect of exit vent location on the application of
PPV [13,19].

The error associated with the bidirectional probe velocity measurements is dom-
inated by the alignment of the probes to the incident flow. Since the probes were
aligned normal to all the associated vents, it is reasonable to assume the alignment
between the flow and the probes was within 20�. Based on the results presented in
[20] a 20� flow alignment corresponds to an uncertainty of 15% in the experimental
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velocity results. The pressure transducers used in the experiments were each cali-
brated with an inclined tube manometer [13].

Analytical model of PPV

Analytical models, even simple ones, can provide insight into experimental and
computational results. While a simplified analytical solution can provide trends
only sometimes, this can still be important because the relative impact of the
assumptions can be determined.

The quasi-analytical model used to analyze the flow through the experimental
structure in this study is a standard pressure-driven resistance flow model
(Figure 3). In Figure 3, Pc is the compartment gage pressure. The underlying
methodology is substantially similar to the vast literature on pressure-driven flow
models. The basic idea is that for a flow system identified with nodes i and j at
which a total pressure can be defined, then the volumetric flow rate between node
i and node j is defined by:

Qij ¼
AijCDij

�1=2
Pi � Pj

� �
Pi � Pj

�� ��
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 Pi � Pj

�� ��q
ð3Þ

Here, Cd is the orifice coefficient, typically 0.61 for small openings (leaks) and
0.80 for large openings (windows); [20] Pi and Pj the pressures measured at the
respective i and j orifices. Mass conservation must be satisfied for internal nodes
that might represent compartments within a structure. Typically, the challenge in

Figure 3. Resistance diagram of burn structure.
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the use of such models is in the description of an external nodal pressure when an
external flow (e.g., wind) impacts the structure. The total pressure is specified using
a product of a pressure coefficient and the dynamic pressure.

Pi,Exit ¼
1

2
�U2

CCp þ P0 ð4Þ

Here, � is the ambient density, UC the characteristic flow velocity, Cp the pres-
sure coefficient, and P0 the ambient static pressure. The pressure coefficient is
generally tabulated for various wind-structure configurations [21]. For the case
of a mechanical fan impinging on a open vent/door, it is inappropriate to define
a pressure coefficient and Cp is set equal to 1.0, since the jet is centered on the
opening and is unaffected by the presence of the structure walls. The use of
Cp equal to 1.0 for the fan will be discussed in further detail later in this article.

The resistance model that is developed in this study is somewhat different from
the Ingason and Fallberg [9] (I&F) model since multiple outlet vents are being
analyzed, as compared to a single outlet and because the fan flow-door model is
more complex. The inclusion of multiple vents is particularly relevant to the way
that the door flow is modeled. Both inflow and outflow areas are allowed through
the door. Experiments with fan flows clearly show that backflow often occurs in
doors subjected to a PPV fan flow.

As previously noted, characteristic external velocities are required to define the
pressure driving potential. For the fan-driven flow, a round jet flow model is used
to specify the characteristic velocity and volumetric flow rate. This is the simplest
level description of a PPV fan and it neglects several features of actual PPV fan
flows. First, it neglects the asymmetry in the fan flow associated with the ground.
Interestingly, some fans, including the one that is used in these tests have legs to
limit the ground flow effects. The model also neglects the effects of swirl and the
annular flow generated because of the fan hub. Because annular jets are known to
develop much more rapidly than round jets (x/D� 2) and because they reach the
same self-preserving state, [22] it seems that the assumption of a round jet is
reasonable. It will be shown in the Results section that not explicitly accounting
for the ground flow and swirling-annular flow has negligible effects on predicting
global quantities.

Downstream of the fan/source, the jet entrains air, thus increasing the mass flow
rate. The jet area increases and average velocity decreases. The velocity decrease
and entrainment are modeled using simple jet growth model equations where a
virtual origin displacement is used [21]:

UðxÞ

UFan
¼

0:48

a x
DFan

� 	
þ 0:145

ð5Þ

QðxÞ

QFan
¼ 0:32

x

DFan

� �
ð6Þ
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In Equation (5), U(x) is the centerline velocity of the jet, UFan the supply
velocity, x the downstream distance, D the supply diameter, and a the circular
jet constant which for this fan is 0.24. [21] Two other empirically defined con-
stants 0.48 and 0.145 also appear in the correlation. In Equation (6), QFan is the
supply volume flow rate, x and D the same parameters used in Equation (7),
and Q(x) the volume flow at a position x downstream. The constants in
Equations (5) and (6) arise since both equations were developed empirically.
[21] The volume flow rate, Q, is divided by the downstream velocity, assumed
to be uniform with a magnitude of U(x) to find the area, Ad,in, of the jet at the
downstream position, x. This area is used to determine how much of the struc-
ture doorway is sealed by the jet. For this model, it is assumed that mass is
flowing into the structure over the area, Ad,in, and mass can exit the structure
across the remaining unsealed (door) area. The door is approximately four
diameters downstream of the PPV fan; so, the top-hat profile is not a bad
assumption.

The ‘true’ fan face flow rate is unknown. An initial solution set is found
by solving the system of volumetric flow rate equations (Equation 3) at each
orifice using the manufacturer’s volumetric flow rate specifications (13.1m3/s)
at the face of the fan. The flow rate was then iteratively scaled until the
analytically calculated structure pressure was within 10% of the experimentally
measured pressure for the No Vent case. The best analytical fan flow rate
that predicts the structure pressure with no windows open is 12.5m3/s.
Holding the fan parameters constant, the venting conditions were changed
to reflect the Open Vent experiment to examine the model predictions for
that case.

While both the I&F model [9] and resistance model shown above were developed
from flow conservation equations, several differences exist between them. The first
difference is the fan model. For the I&F model, an assumption is made that the fan
is placed at a distance away from the structure so that the cone of air from the jet
completely seals the door. The resistance model is similar to real applications of
PPV where the fan is set at some distance (e.g., 2.44m) from the door and the
amount of sealing area at the doorway is based on the fan parameters. The choice
of fan placement would impact the mass flow rate through the doorway due to
the differences in air entrainment. As previously noted, the second difference is that
the I&F model only accounts for one exit path through the structure compared
to the resistance model, which does not limit the number of exits. This factor is
important because as discussed earlier, in addition to major flow paths such as
vents, structures are not completely sealed. So, leakage needs to be taken into
account.

For a case in which the compartment has only two vents and a fan is placed to
exactly seal one of the vents, Equations (5) and (6) can be used to determine the
non-dimensional distance at which the fan needs to be placed to seal the door. The
flow rate at a position downstream, QðxÞ, is equal to the velocity times the area,
UðxÞA. Equations (5) and (6) are plugged into the flow rate equation, which is
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then solved for x
DFan

. The non-dimensional distance is found from the quadratic
equation:

x

DFan

� �2

þ0:077
x

DFan

� �
� 6:23

H

DFan

� �2

¼ 0 ð7Þ

Solution of Equation (7) results in a sealed fan-to-door distance of 5.1m for the
0.61-m diameter fan. This result is not believable and is limited by the various
assumptions made in simplifying the jet flow model. Here, it is possible that the
ground and the subsequent modification to jet entrainment would have a consid-
erable effect. However, it is useful to compare the predictions of this simplified
case with Equation (2) derived in [9]. Interestingly, since the linear term in
Equation (7) does not contribute significantly, a simplified relationship is that
x¼ 2.5H for a fully sealed door.

From Equation (7), the positive pressure in the structure reduces to a form
similar to Equation (2).

�P ¼ 8�
QFan

�DFanH

� �2
1

S2 þ 1

0:32x

H

� �2

ð8Þ

The resistance model has an additional multiplicative term compared to the I&F
expression (Equation 2) that is approximately equal to 0.6. It is possible that the
primary difference between the two models for a single inlet and single outlet is the
description of jet entrainment, although this is not discussed explicitly in [9].

Computational simulation of PPV

The experiments described in the preceding sections were used for model valida-
tion. Combining experimental and computational results has proven to be an effec-
tive way to understand the phenomena associated with PPV [10,12,23–25]. The
geometry, vent sizes, and vent locations used in all simulations were specified to
be the same as the actual structure (Figure 1). Examination of the experimental
results reveals several issues that must be accurately considered to adequately
model PPV. These issues include appropriately resolving the structure on the com-
putational grid, modeling the PPV fan, and characterizing the leakage properties of
the structure.

Grid resolution and parallelization

The governing fluid mechanics equations for the CFD model were solved using the
parallel processing methodology within FDS. The computational simulations were
completed using 24meshes of equal volume (7.26m3) and equal resolution (194,400
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cubic 40-mm mesh cells). The simulations were completed using FDS 5.4.0 SVN
4629 Parallel running on the Lonestar Cluster, which is a part of the Texas
Advanced Computing Center (TACC). To ensure load balancing and optimal
efficiency, the number of processors was chosen to be a multiple of 4, since the
hardware in this cluster has four cores per compute node.

The resources of Lonestar allow the number of processors to be set equal to the
number of meshes, up to 256 processors. Increasing the number of processors in a
parallel simulation is advantageous because if resolution is held constant, the
number of cells for which each processor performs calculations is reduced.
As the computational demand of a processor decreases, performance increases.
However, there is a limit to the number of processors a parallel code can utilize
before the benefits are negated by the communication costs between the processors.

Uniform meshes were chosen to maximize parallel efficiency by ensuring each
processor was active during the entire simulation. Additionally, two abutting
meshes should meet such that the number of cells in adjoining meshes are in integer
ratios. Otherwise, numerical inaccuracies and instabilities can develop if cell
boundaries do not match. Figure 4 illustrates this issue. Therefore, based on the
domain for the non-reacting simulation, resolution requirements of the rotational
fan model, and the goal to have small uniform meshes, 24 cubic meshes of 40mm
resolution were used. A 40mm resolution was chosen based on the overall domain
size, location of the fan, and structural elements within the domain, location of
experimental measurement devices, and resolution of both the leakage area and
gypsum failure area.

Figure 4. Abutment of meshes in FDS.

Note: The left image shows non-integer abutment while the right shows the proper integer

abutment.

Weinschenk et al. 97



Fan characterization model

The fan model used for the simulations is a rotational flow model developed by
Weinschenk [23]. The rotational flow fan model features four ‘blades’ arranged in a
cross-like configuration (Figure 5) with normal and tangential velocities (indicated
with X’s and arrows, respectively). The fan flow rate and rotation were modeled
based on the manufacturer’s volume flow rate specification and rpm specifications
provided by Kerber and Walton [10]. This rotational model was validated using
a mesh element size of 50-mm cubes [23] (chosen to be an integer multiple of the
25-mm grid used in [10]) and then comparing calculations with experimental data
from [10] and also results from a NIST model [10]. The experiments [10] examined
velocities downstream of the fan at 1.83, 2.44, and 3.05m. Table 1 shows this
comparison. The rotational model compares well to the experimental data set,
especially at the 2.44m distance between the fan and the door used in this study,
though not as well as the NIST [10] model. The main benefit of the rotational
model is a lower computational cost, since the model in [10] requires eight times
the number of grid points as the rotational model. Overall, the computational
savings balance the maximum 30% error in average velocity for near-field
conditions.

In addition to comparing near-field velocities downstream of the fan, validation
of the fan model also examined far-field properties. Since annular jets (e.g., a PPV
fan flow) in the far field are similar to a round jet, the velocity profile far down-
stream of the fan should be self-similar (i.e., the scaled velocity is independent of
downstream position, x). This means that if scaled plots are created for different
distances, the plots should collapse onto a single curve (Figure 6). For the fan

Figure 5. Schematic of rotational flow PPV fan model.

Note: The Xs represent normal velocities while the arrows represent tangential velocities.
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simulations, the average axial velocity, hUji, normalized by the centerline velocity,
U0, shows self-similar scaling when plotted against the radial position, r, normal-
ized by the half maximum distance, r1/2 (Figure 6).

Figure 6 shows that at 20, 30, and 50 diameters downstream of the fan,
the scaled profiles collapse into a single curve. The results show a core region
(r/r1/2< 0.2), where the velocity is essentially the centerline value. As r/r1/2
increases, there is a transition into a linear region with a constant slope. The
scaled velocities reach zero around an r/r1/2 value of about 2. The plot showing
the self-similarity of the rotational flow model in FDS compares well to round jet
profiles found in the literature [21,23]. Based on these data, the rotational flow fan

Figure 6. Self-similarity plot for 20D, 30D, and 50D downstream of the fan.

Table 1. Comparison of experimental and FDS model average velocities at three different

distances downstream of the fan.

Average velocities (m/s)

1.83 m

Percentage

difference 2.44 m

Percentage

difference 3.05 m

Percentage

difference

Experimental data [10] 2.42 – 2.72 – 3.35 –

Kerber/Walton model [10] 2.65 8.68 3.19 14.73 3.25 3.08

Rotational flow model 2.95 17.97 2.81 3.20 2.54 31.89

Weinschenk et al. 99



model was determined to be a reasonable representation of the actual fan flows,
and was used for all simulations in this study.

The computational model of the PPV fan is the most significant source of error
in the simulations. While this model was shown to compare reasonably well to the
data in [10] it was done so using a specific fan for which the actual flows rates were
well characterized. The same characterization was not available for the fan in the
current experiments. In an attempt to directly characterize this fan, the procedure
outlined in [26] was followed, i.e., measuring velocity at several critical locations on
the fan face. These velocity measurements were averaged and converted to a flow
rate based on the area of the fan face. The experimentally measured fan flow rate
using this method was found to be 6.2m3/s. Recall that the manufacturer specifies
the fan flow rate to be 13.1m3/s. This procedure was thus considered to be inap-
propriate for the fans in question.

Ideally, experimental determination of the fan flow rate is the best way to deter-
mine model parameters for any given fan, since each fan is slightly different and the
testing conditions under which the manufacturer’s parameters were determined are
unknown. Since the experimentally determined flow rate was approximately half of
the manufacturer’s specifications and initial simulations under predicted pressure,
simulations were instead based on the manufacturer’s specifications. The volumet-
ric flow rate of the model fan was then modified so that the gage pressure inside the
structure during the No Vent simulation was within 10% of the experimental
results. This was accomplished by iteratively reducing the model fan flow rate
from the manufacturer’s specifications until the No Vent simulation gage pressure
converged to the experimentally measured pressure to within 10%. The fan flow
rate setting needed to match the experimental pressure is 11.7m3/s, or 89% of the
manufacturer’s specifications for the experimental fan. The second parameter chan-
ged was fan height to make sure the model fan sealed the door similar to the actual
fan. Using experimental data from the bidirectional probes, the centerline height of
the model fan was lowered to be 0.45m; so that the computational flow sealed the
door in a manner similar to what was observed in the experiments.

To achieve the best agreement at some calibrated condition for either the
analytical model or the CFD model, there were differences in the nominal fan
flow rate. The CFD simulation and analytical model both use fan flow rates
approximately 11% different from the manufacturer’s stated flow rate. While it
would be ideal if one fan flow rate could be used for both the analytical and CFD
models, it is not unusual in fire modeling for the use of calibrated properties that
are model-dependent.

Structure flow models

Accurately modeling the ELA and the gypsum failure area is a concern because of
the uncertainty about the required grid resolution. For the simulations, a leakage
hole of area 0.029m2, resolved by 18 grid cells, was included in the structure. The
leakage is located along the north wall, 1.2m from the west wall and 0.6m above
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the floor. To determine the impact of resolution on flow through small orifices, test
simulations were created to calculate the mass flow and pressure drop associated
with low-speed flows moving normal to, and through a small opening. The opening
area studied in these simulations was 0.026m2 (0.16� 0.16m). This area was
chosen because it represents the effective leakage. The goal of these simulations
was to see how the orifice discharge coefficient varied as a function of resolution
and computation time.

The discharge coefficient equation was developed by applying conservation of
energy to points on a streamline in addition to continuity. The equation for
discharge coefficient is a function of mass flow rate, pressure drop, and geometric
parameters:

Cd ¼
_m

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� D2=D1ð Þ

4
q

A2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� P1 � P2ð Þ

p ð9Þ

where D1 is the inlet diameter, D2 the exit diameter, and A2 the exit area. Pressure
drop and mass flow rate were recorded during the simulations. Figure 7 shows a
plane view of the simulation geometry which was used. Table 2 gives the results
from the simulations.

Figure 7. Plane view of geometry used to test grid cell impact on discharge coefficient.

Table 2. Comparison of orifice coefficient and computation time for varying grid resolutions.

Resolution

(mm)

Pressure

drop (Pa)

Mass flow

(kg/s)

Orifice

coefficient

Computational

time (min)

20 33.3 0.181 0.536 345.6

40 32.8 0.181 0.541 33.05

80 34.2 0.184 0.539 2.18

100 13.2 0.17 0.521 0.4
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Table 2 shows that for the 20, 40, and 80mm resolutions, the orifice coefficients,
pressure drop, and mass flow rates are similar. Despite the fast computation time,
100mm resolution gives poor results. Due to the way, FDS models obstructions/
holes – if the boundary of an obstruction does not align with a mesh boundary,
FDS moves the obstruction to align with the nearest mesh element. Therefore, with
100mm resolution, a 0.16� 0.16m opening becomes a 0.2� 0.2m opening. As a
result, when modeling small openings in FDS, it important to use a mesh size that
allows the opening to be accurately resolved. The differences between the results for
the 20, 40, and 80mm simulations are insignificant relative to the overall error in an
FDS simulation.

The shape and location of the leakage opening were also examined as a part of
this study. It is shown in [12] that leakage location affects results for reacting flows,
as temperature is a function of height. For a non-reacting flow, where temperature
is assumed to be spatially uniform, location should not play a significant role.
Analysis shows that the discharge coefficient changes due to the geometric changes
in the opening, since Cd is a function of exit diameter and exit area. Overall, for
non-reacting flows, the proper pressure drop and mass flow rates can be determined
if the grid resolution used can accurately resolve the dimensions of the opening.
Using a resolution at least as fine as recommended by use of the rotational fan
model, the ability to simulate flow through the leakage area should be a minimal
cause of error.

In addition to modeling structure leakage and flow through the gypsum failure
area, a secondary area of concern is accurately characterizing the flow through the
void space. The test section is designed to replicate balloon-frame construction, but
can be thought of as a channel with a footprint of 0.16� 0.28m and a length of
3.05m. Due to the small area within the channel, it is necessary to compare the
FDS model for wall flows to an analytical model. If the channel flow is modeled
incorrectly, the simulation results can be adversely impacted.

Using standard equations for flow through a non-circular duct, a model for the
pressure drop through the test section can be developed. Based on the experimental
results, the flow is found to be turbulent with a Reynolds number of approximately
26,000 [12]. Approximating the test section as parallel plates, the friction factor can
be determined by

1

f
1
2

� 2:0 log ReDh
f

1
2

� 	
� 1:19 ð10Þ

where f is the friction factor and ReD
h
the Reynolds number based on hydraulic

diameter. Head loss can be calculated using the friction factor by

hf � f
L

Dh

U2

2g
ð11Þ

where f is the friction factor calculated in Equation (12), L the length of the test
section, U the velocity of the flow, g the acceleration due to gravity, and Dh the
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hydraulic diameter. Finally, the pressure loss can be determined using head loss:

P ¼ �ghf ð12Þ

Using this pressure loss calculation, the flow through the test section is modeled
analytically to compare to FDS. The results from the analytical calculations show
that the pressure drop along the test section channel from the gypsum failure area
to the top of the channel is 2.07 Pa. The computational result for pressure losses
over the same length of channel is 2.23 Pa. This good comparison between the two
predictions provides confidence in the FDS wall model. Additionally, since the
pressure loss due to channel flow is less than 4% of the pressure loss through
the gypsum failure area, it can be neglected in the analytical flow model.

Validating structure flow models

No vent

Validation for the PPV simulations began with the No Vent test case. As previously
noted, the fan model volumetric flow rate for the CFD model was set at 11.7m3/s
(or 89% of the manufacturer specifications) so that the simulated structure pressure
matched that of the experiments for the No Vent case. Pressure was chosen as the
parameter to match since it is the driving potential for flow exiting the structure.
Once the pressures were matched between the data sets, flow rates through the test
section and doorway were analyzed.

The experimental pressure was recorded using a differential pressure transducer
located in the northwest corner of the structure, as described in the ‘Experimental
Methods’ section. The computational pressure was calculated as an average of
13 simulated pressure transducers inside the structure. The first transducer was
located at the approximate position of the experimental tap, while the remaining
12 were evenly spaced in 3 rows of 4 at a height of 1.22m. While the pressure was
expected to be uniform, a large number of pressure transducers was used in the
simulation to ensure that the structure pressure did not abruptly change between
meshes.

The experimental and simulation data obtained in this study have minimal time
variation. Therefore, the data sets will be time averaged and presented in a table
format. The experimental data included the uncertainty associated with the use of
bidirectional probes. Mass flow rates through vent openings were compared, in
addition to structure pressure. The measured velocities were used to calculate aver-
age mass flow rates through the vents. From the experiments, the test section flows
were assumed to be plug flow [13]. Based on entrance length calculations, this flow
is still developing so the use of a single-point measurement in the test section to
characterize the entire flow is insufficient. Assuming the test section is well sealed,
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mass flow is a better characterizing parameter, because it is constant throughout
the length of the test section compared to changing velocities. The results for the
No Vent test case are included in Table 3. Two FDS simulations are listed: one with
leakage and the other without.

The simulation with leakage matched the structure pressure to within 5% of the
experimental value. This pressure resulted in a simulated mass flow through the test
section (0.24 kg/s) with a 26% error, as compared to the mean experimental mass
flow rate (0.19 kg/s). While the mass flow rate through the void space that is
simulated by FDS has a significant percentage error relative to mean experimental
value, it is at the upper bound of the experimental value when incorporating
measurement uncertainty. Note that the void space mass flow rates are typically
a small percentage of the flow rates through the structure when a window is open.
Additionally, even for the no vent (sealed case), the uncertainty in the void space
flow rate (0.05 kg/s) is less than 10% of the predicted mass flow entering the struc-
ture (0.52 kg/s). Recognize that in both Tables 3 and 4, the mass flow rate through
the door generally does not equal the mass flow rate through the void or through
the void and window. This is because a model for an additional leakage path was
incorporated into both the CFD simulation and the analytical model. To under-
stand the impact of leakage on results, the FDS simulation was run without leak-
age. For the no-leakage simulation, the structure pressure increased by 12.5%
while the void space mass flow rate increased by 11.6%. In addition, without
leakage, the mass flow rate into the structure decreased to 0.27 from 0.52 kg/s
when there is a leakage; this is expected as the total exit area is approximately
halved when leakage is omitted. This shows that despite the small leakage area, its
presence impacts conditions within the structure.

A second comparison of the leakage and no leakage cases was to examine veloc-
ity flow fields and pressure contours between the two tests. Figures 8 and 9 show
vector plots of the velocity at a height of 0.72m for the leakage and no leakage

Table 3. Average mass flow rates entering the structure and passing through the void space

and the structure pressure for No Vent case. Comparison of experiment, computational simula-

tion, and analytical model.

Net flow rate

at door (kg/s)

Average void space

flow rate (kg/s)

Gage structure

pressure (Pa)

No Vent experiment –a 0.19� 0.052 51.6� 0.25

No Vent simulation 0.52 0.24 54.2

No Vent simulation (no leakage) 0.27 0.27 60.5

Resistance analytical model 0.35 0.16 53.4

Ingason analytical model [9] 0.26 N/A 54.7

Note: aDue to lack of bidirectional probe resolution at the doorway, an accurate measurement as to the total

mass flow rate entering the structure could not be determined.
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Figure 8. Velocity vector plot at an elevation of 0.72 m for No Vent case with leakage.

Table 4. Comparison of average mass flow rates (entering the structure and through the

void space) and structure pressure for the Open Vent experiment, computational simulation,

and analytical model.

Average flow rate (kg/s)

Net flow rate

at door (kg/s) Window Void space

Average gage structure

pressure (Pa)

Open Vent experiment –a 6.45� 1.46 0.11� 0.052 23.9� 0.12

Open Vent simulation 6.13 5.81 0.13 23.3

Resistance analytical model 6.31 6.10 0.10 20.5

Ingason analytical model [9] 6.04 N/A N/A 44.2

Note: aDue to lack of bidirectional probe resolution at the doorway, an accurate measurement as to the total

mass flow rate entering the structure could not be determined.
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cases, respectively (both for the No Vent case). The height of 0.72m was chosen,
because it is the middle of the leakage area used in the simulations. When exam-
ining the flow patterns of the structure for the two cases, the results show similar
patterns indicating that the presence and location of the leakage does not have a
significant impact on airflow within the structure. This is important, because leak-
age is represented by a single opening having a size that yields the total leakage in
the structure. In reality, the ELA is the sum of all the small holes throughout the
structure, which cannot be modeled accurately since they are sub-grid.

The last comparison is to examine pressure contour plots to see the variability in
the pressure distribution between the two cases. Figures 10 and 11 show contour
plots at a 0.72m height of the leakage and no leakage cases, respectively. Similar to
the velocity vector plots, the pressure contours do not show significant variation
throughout the structure. This again shows that the presence of leakage did not
impact the flow pattern; yet, it affected the average pressure within the structure.
The plots similarly show that there is not an abrupt change at the doorway from
ambient pressure to room pressure. The jet velocity slows upon entering the

Figure 9. Velocity vector plot at an elevation of 0.72 m for No Vent case without leakage.
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structure, resulting in an increase in pressure. The structure pressure increases until
the velocity is approximately zero, resulting in the final room pressure.

For the No Vent test case, the resistance model and the I&F model [9] match
pressure to within 3.4% and 6%, respectively. This good agreement was expected
since the fan face flow rate was iteratively changed such that the predicted pressure
was within 10% of the experimental pressure. The interesting result is that while the
analytical pressures are almost the same, the fan flow rates for the two models are
somewhat different. The matched resistance model fan flow rate is 12.5m3/s or
95% of the manufacturer settings while the I&F model flow rate is 10m3/s or
76% of the manufacturer settings. The difference in fan flow rates is likely a
result of the differences in the entrainment model. Since the I&F model is set
farther away, more mass is entrained in the cone, so that a lower initial flow rate
would be required to achieve the same conditions at the doorway. A second dif-
ference in the models is that the I&F model cannot differentiate between flow
leaving through the void space or through leakage. Since these are two different
areas, not one lumped large area, this could also be the cause for the 25% difference
in the net mass flow rate through the door. The resistance model predicts the mass

Figure 10. Pressure contour plots at an elevation of 0.72 m for No Vent case with leakage.
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flow rate through the void space to be within 15.8% of the experimental value,
which is closer than the FDS model.

Open vent

After calibrating the fan model to match pressure for the No Vent case, predictions
were made for the Open Vent condition. The Open Vent simulation includes leakage
and the results are given in Table 4 along with the experimental and analytical
results.

Table 4 shows that the simulation pressure (23.3 Pa) has a 2.5% error compared
to the experimentally measured pressure (23.9 Pa). The test section mass flow rate
(0.13m3/s) has an error of 18.2% relative to the experimental value of 0.11m3/s.
The window mass flow rate (5.81m3/s) has an error of 9.9% relative to the exper-
imental value of 6.45m3/s. Both the test section and window mass flow rate values
are within the experimental error of the measurements. On the surface, compared
to the experimental results, the FDS predictions for the Open Vent case are more
accurate than the FDS predictions for the No Vent case. The simple explanation is
that overall flow rates are much larger for the Open Vent case and small

Figure 11. Pressure contour plots at an elevation of 0.72 m for No Vent case without

leakage.
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discrepancies are not magnified. For the Open Vent case, the computational chal-
lenge is significantly reduced because flow through the window is the dominant exit
path. FDS accurately models flow through highly resolved large orifices where the
effects of the boundary on the flow are minimal. As discussed earlier, there is a 7%
difference in pressure drop through the test section channel. In the No Vent case,
where the channel flow has a larger influence on total exit flow, the error in the wall
model would be more evident.

In order to test the appropriateness of using Cp¼ 1.0 for the pressure generated
by the fan in the analytical model, which was discussed in an earlier section, the
resistance model was compared to experimental and computational data sets (three
of these experimental data sets are from Ingasson and Fallberg [9] and the exper-
imental and simulation data sets discussed in this article). Figure 12 shows the
predicted structure pressure from the analytical model compared to the experimen-
tal and computational pressures as a function of exit to inlet area ratio. The area
ratio is a measure of the resistance to flow; the smaller the area ratio, the more flow
resistance there is. When the area ratio is zero, the structure is completely sealed.

The analytical model compared well to data for each of the four fans. The FDS
simulation modeled the same fan as used in the current experiments to extrapolate
to area ratio data that could not be achieved during the actual experiments. The
analytical model was able to predict structure pressure for varying sources (fans)
and structure configurations (one exit vent for the Ingasson and Falberg [9] tests

Figure 12. Comparison of analytical resistance model to experimental and computational

data for a variety of PPV fans.
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and multiple exit vents for The University of Texas at Austin’s tests). These results
show that the pressure coefficient that is often used for determining the driving
pressure for wind-driven flows remains at 1.0 for fan-driven flows over a wide range
of exit-to-inlet area ratios. Wind effects can be included in the resistance model by
adding a pressure equation for wind at applicable vents over which the wind acts.
Pressure coefficient data for wind acting on an exposed rectangle structure
with a flat roof were taken from Awbi [21]. For wind blowing south, into vent 1
(Figure 1), the Cp value is 0.6 and for wind blowing north, putting vent 1 in a wake,
the Cp value is �0.35 [21]. The sign convention for this analysis is that wind blow-
ing into vent 1 is positive while wind blowing away from vent 1 is negative.

Figure 13 shows the impact of wind magnitude and direction on both mass flow-
rate through the structure and pressure. For wind speeds �5m/s, Figure 13 shows
that there is minimal impact on mass flow rate and structure pressure from the case
with no wind. In this range of wind speeds, wind can generally be neglected from
calculations due to the small impact on large-scale flow conditions. As the wind
speed directed at vent 1 gets large, it can overcome the presence of the fan and
reverse the flow through the structure and cause air to flow into vent 1 and out of
the doorway. Under these conditions, the hazard associated with this improper use
of PPV is significant, as combustion products from the fire are pushed by the wind
toward firefighters.

Figure 13. Examination of wind effects (speed and direction) on mass flow rate through the

structure and resulting structure gage pressure.
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For the case where vent 1 is in a wake due to the presence of the structure, the
negative Cp value decreases resistance for flow exiting the vent. As Figure 12 shows,
with the wind blowing away from vent 1, the pressure in the structure drops and
mass flow rate out of the window increases. This would be a favorable condition
for PPV, as airflow through the structure is increased by the presence of the wind.

While both analytical models show good agreement with the experimental
pressure for the No Vent case (Table 3), the I&F model by itself does not predict
the pressure as well for the Open Vent case, as seen in Table 4. The I&F model
predicts the gage pressure to be 44.2 Pa, 85% higher than the experimental gage
pressure. Comparing the two models shows that their total mass flow rates through
the structure are within 5% of each other; however, the resistance model more
accurately predicts gage pressure to be 20.5 Pa, which is only a 14.2% error.
The resistance model predicts the vent mass flow to a 5.4% error and the void
space mass flow rate to a 9% error. The resistance model predicts the global
experimental results slightly better than FDS, although both models seem to
work equally well.

Conclusions

Although there are some differences between the analytical model, FDS simulation,
and experiments, this effort demonstrates a significant improvement in understand-
ing the relevant factors when simulating non-reacting, mechanically driven flows.
The two relevant factors for obtaining valid results are the accurate characteriza-
tion of the flow source (PPV fan) and accurate quantification of the ELA in the
structure. The computational model of PPV simulates mass flow rates through exit
vents within the experimental uncertainty for the non-reacting flow results. The
pressure within the structure was matched within 5% for the two ventilation cases
studied. FDS was shown to adequately model complex flows and varying venting
parameters did not have a significant impact on the accuracy. A validated fan
model and calibration of the specific fan used in the experiments are the primary
reasons for the accurate simulations. Thus, this study demonstrates the importance
of specifying, and subsequently verifying, an accurate fan model in simulations of
PPV. The second parameter that affects simulation accuracy is accounting for the
presence of structure leakage. The lack of leakage in the No Vent simulations
resulted in a 12.5% increase in pressure and an approximately 50% decrease in
net mass flow rate through the door. If similar results exist in reacting flow exper-
iments, the differences in mass flow rates could have consequences for the fire
dynamics. As an example, the difference in mass flow rate of 0.25 kg/s could
affect the heat release rate for a ventilation-controlled fire. A simple order of
magnitude estimate of the increase in heat release rate assuming that the heat of
combustion on an oxygen basis is 13MJ/kg is approximately 750 kW. As such,
leakage should be considered in simulations of real structures.

The resistance model produced pressure and bulk flows through structure
outlets to within 16% of the experimental results for both venting conditions.
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The resistance model also showed that the initial fan flow rate and inclusion of
leakage are important in developing accurate predictions. For steady-state calcu-
lations, the resistance model is a good tool for macroscopic predictions, as the
model requires solving only a system of equations. The analytical model is
computationally less expensive than the full CFD solution and as future work
improves wind modeling, it can be a better choice for predicting bulk flow rates.
The choice of a model depends on the problem of interest. This article shows that
the choice of a model should be based on the level of flow detail required, since the
most complex or expensive model is not always needed.

The framework presented in this study for evaluating PPV can be used to
include wind effects. As a result, this approach can potentially enable a complete
characterization of non-reacting airflow on a structure, including natural
(i.e., wind) and mechanical (i.e., PPV) sources.
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Nomenclature

B width of doorway (m)

L length of test section (m)
QFan characteristic airflow from fan (m3/s)
Q(x) volume flow from fan at position (x) (m3/s)
QFan supply flow rate from fan (m3/s)

QExit volume flow rate of exhaust gases (m3/s)
DFan fan diameter (m)
D2 orifice diameter (m)

D1 compartment effective diameter (m)
Dh hydraulic diameter (m)
� ambient density (kg/m3)

H height of opening (m)
�P positive pressure change (Pa)

_m mass flow rate (kg/s)
A2 area of orifice (m2)

AExit vent exit area (one exit case) (m2)
AInlet flow inlet area (one inlet case) (m2)
Ad,in door inlet flow area (m2)

S area ratio: AExit/AInlet

U velocity of flow in test section (m/s)
Uj fan jet velocity

U(x) centerline velocity of fan jet at position (x) (m/s)
UFan supply velocity of fan (m/s)
Uc characteristic flow velocity (m/s)

P0 ambient static pressure (Pa)
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Pc compartment pressure (Pa), as indicated in Figure 3

Pi,Exit total exit pressure (Pa)
P2 pressure downstream of orifice (Pa)
P1 pressure upstream of orifice (Pa)

r and r1/2 radial distance and radius of jet at half velocity maximum (m)
hf head loss (m)
f friction factor

Cd discharge coefficient

Cp pressure coefficient
� static pressure loss coefficient
X position x downstream of fan (m)
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