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ABSTRACT

Positive Pressure Ventilation (PPV) is a tacticacéd ventilation technique used by many
fire departments to remove smoke, heat and contartirfrom a burning building. PPV usage as a
post fire strategy is generally proven and widelgepted as an effective ventilation tool. Howettsr,
success as a pre-attack strategy in controllingspinead of fire and smoke is only ensured whes it i
used correctly and with caution. The efficiencyP#fV depends mainly upon net air flow rate through
the fire structure. The amount of fresh air blomtoithe building during a PPV attack is affected by
various factors such as fan capacity, distancedmithe fan and inlet door, inlet dimensions, eghau
opening area, wind and fire conditions etc. Comjprtal Fluid Dynamics (CFD) is a useful and cost-
effective tool in improving our understanding orrigas factors affecting the effectiveness of PPV
and could be used to improve both the fire figlated fire victim’s safety. In the present investigat
the SMARTFIRE CFD fire field model is validated ngitwo full-scale experiments characterising a
PPV fan. This work is extended by investigating thlationship between the exhaust/inlet area ratio
and the net air flow rate into the room geometrgiarnwind and no wind conditions. Finally, results
from the simulations of a complex multi-storey sture involving wind driven fire and PPV fan are
also presented. Suggestions have been made onhthiee cof vent locations for better fan
performance.

INTRODUCTION

Positive Pressure Ventilation (PPV) is accomplishgdising high powered fans outside the
structure, typically close to a door opening, tacéosmoke and heat out of the building through an
existing or a newly created vent. PPV fans carfiegdfighters to locate the seat of fire and create
more tenable environment for the fire fighters aokie the fire. Svenssbrihrough various tests
demonstrated that PPV increases the temperatur@oms on the leeward side of the fire (region
between fire and exhaust vent) and reduces tempesadn the windward side of the fire (between the
fire and fan). PPV tactics can also be used togmesmoke entering into a specific structural alea.

a high-rise building, it is possible to prevent &eadnfiltration into the stairwell if the fans are
properly selected and positiofed\s a standard operating procedure during groyvetations, an
existing vent is used or an exhaust vent is creatied to starting the fan. Experimental investigas
on the effect of exhaust area on the efficiencp®¥ fans by Ezekoye et fuggests that the exhaust
flow rate increases with exit vent area.

Effectiveness of PPV tactics depend upon varioatfa such as building geometry, vents size, vent
location, fan size, fan offset distance, wind aimé €onditions etc. Hence the flow induced during a
PPV attack is a complex flow phenomenon. Using Qaatpnal Fluid Dynamics (CFD) modelling
tools, it possible to model fire phenomena undev BRack from first principles, via solution of the
basic conservation equations. the present investigation, the SMARTFIRECFD field modelling
tool is validated using two full-scale experimewtsaracterising a PPV fan. Further the effect of
exhaust vent area on the effectiveness of PPV famer wind driven conditions has also been
investigated for a single room geometry. Under metlewind conditions, the failure of a window in
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the fire apartment combined with open doors to ipubbrridors and stairs can create extremely
hazardous fire conditions in the corridor and steil that are untenable even for a fire fightefuh
protective gedr The ability of a PPV fan in preventing smoke sgreutside the fire compartment
and into the stairwell under external wind condisias demonstrated numerically in this paper uaing
three-storey building.

VALIDATION OF FULL-SCALE PPV FAN FLOW SIMULATIONS

Full-scale experiments were conducted at NIST’'s BIERBrge Fire Facility to characterise a
PPV fan, in terms of velocity The experiments were performed in an open atresspand in a
simple room scenario. The SMARTFIREfire field modelling tool is used in the presenidy to
simulate the detailed jet flow and fire environmémiuced by PPV fans. In the CFD modelling
methodology, three-dimensional transport equatibased on conservation of mass, momentum,
species and enthalpy are solved iteratively. Theegong transport equations for all fluid variables
can be expressed in a general form

%(,0(;()+div(,0ugz():div(l'i grad(@))+S, @

Where S(/f is the source term. The dependent varigblmay represent any of the following: three

velocity components (u, v, w), pressure (p), emthdh), turbulent kinetic energy (k), dissipatiate

of turbulent kinetic energye) or mass fraction of a species. The code useSI¥PLE’ algorithm and
models turbulence using the two-equatiore knodel with buoyancy modificatiofs Eddy
dissipation model proposed by Magnussen and Hjerfags used to model gaseous phase
combustion. Finally, radiation is modelled usingemanced six-flux radiation modgl

Flow field induced by a stand-alone PPV fan

The first series of experiments were conducteddenghe BFRL’s Large Fire Facility to
determine the flow field created by PPV fans. Tality has the interior dimensions of 36.6 m x3L8.
m X 7.6 m. An 18-inch, electric PPV fan mountedaostand setting the centre of the fan to a heifjht o
1.28 m from the ground was used. The fan had ehd#.48 m, width of 0.62 m and height of 0.62
m. It had a power rating of 1 hp, a speed ratin@280 rpm and a flow rating of 6.64°ts The
velocity field was mapped on a vertical plane usingooden frame grid of dimension 2.44 m x 2.44
m. The velocities were measured using a digitahmmeeter. These measurements were recorded with
the grid frame located at 1.83 m, 2.44 m, and &g(Bwvay from the fan inlet. A detailed descriptidn o
the experimental procedure can be found in NISTOB57,

The computational domain used to simulate thisdase is depicted in Figure 1. A domain size was
chosen such that the computational boundary wallsnak impact on the jet profile. A uniform
velocity of 17.89 m/s was imposed at the fan outéeted on the maximum speed of the PPV, fEine
depth of the fan shroud was taken to be 0.25 m.j@hBow produced by the fan is a swirling flow
with high turbulent intensity. To model this typ&flow correctly requires the &turbulence model

to be modified. The standardekurbulence modedontains five adjustable constdfitsA 15% change

to the default values of the constantg and G resulted in the best agreement with the measured
velocity field. In Figures 2 and 3 the horizontalacities are compared between experiment and
computational data on vertical planes at 2.44 afii 81 from the fan outlet respectively. It shoudd b
noted that the experimental flow field displaystgunarked asymmetric behaviour, especially in the
outer ring of measured values (radius of 0.948 ih)is not clear if these asymmetric experimental
values are a result of measurement errors, phyamahmetries in the experimental or equipment
setup which have not been reported or representimgerasymmetric behaviours. The numerical
simulations did not generate such an asymmetne fleld. With the exception of these asymmetries,
the computed velocities of the jet flow using thanslard ke turbulence model, with the modified
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constants, are in reasonable agreement with theriexgntal data except at several locations. A% 3.0
m from the fan, predicted centre line velocities aithin 1.0% of the measured velocities, predicted
velocities within a radius of 0.424 m of the cerline are within 6.5% and within a radius of 0.848
predicted values are within 25.5% of the measuiddes. At greater radii, the asymmetries in the
measured flow speed result in quite large percentiéerences in places.

Figure 1 Computational domain for the simulatioP&V fan ‘free jet’
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Figure 2 Horizontal velocity comparisons on a \&itplane at 2.44 m from fan outlet
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Figure 3 Horizontal velocity comparisons on a \eattplane at 3.05 m from fan outlet
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Single Room Experiment

This experimeritwas also conducted at the NIST BFRL Large Fireili§acThe objective
was to determine the impact of PPV fans in a simpten geometry. The geometric details of the
single room experiment are shown in Figure 4. Tdanr was constructed on a 0.2 m high plywood
decking base and had a ceiling at a height of 2réaasured from the top of the base. The window on
the left hand side of the room was 0.91 m x 1.3r dimension with the sill at 0.46 above the graund
The door located at the centre of the front walsvie91 m wide and 2 m tall. The ceiling was
extended 1.8 m from the front of the room. Thedad anemometer used in this experiment was the
same as the previous experiment. The fan was gosdi in the centre of the doorway and at a
distance 3 m from the front wall. The fan was rugnat a rated maximum speed of 2200 rpm with the
maximum velocity of 17.89 m/s. Figure 5 presenesdbmputational horizontal velocities on the door
and window plane along with the experimental veiesi Similar to the stand-alone fan experiments,
the single room experimental flow field also diggglaaome marked asymmetric behaviour, especially
at the corner locations of the doorway and windde numerical simulations did not generate such
an asymmetric flow field. With the exception oé#e asymmetries, the computed velocities of the jet
flow using the standard &-turbulence model, with the modified constants, arereasonable
agreement with the experimental data except atctraer locations. At the doorway plane, the
computed velocities are within 47% of the experitabnalues whereas the predicted velocities are
within 16% of the measured values at the windowmgla

Effect of vent area on the flow rate thr ough the doorway

Using the standard &turbulence model with the modified constants, SMARE was used to study
the effect of exit vent area on the air flow rateotigh the inlet doorway. Ezekoye et performed
several PPV experiments on a three-storey brickdimgi to investigate the effects of fan offset
distance, size and number of exhaust vents, anadmelof building on vent flow rates. We find,
similar to the observations of Ezekoye ét eilat the air inflow increases with exhaust vergaunder
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no external wind, but only up to a criticalea ratio (ratio of exhaust area (A2) to the ialeta (Al))
and then reaches a maximum flow limit. Figure 6vehthe SMARTFIRE simulated doorway flow
rates for various area ratios. As the exhaust eeed increases relative to the doorway size, the
pressure (flow) loss of the system (room) decreaselshence the mass flow rate into the doorway
increases.

Figure 4 Geometric details for the single room expent
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Figure 6 Exhaust flow rate for various window af@&= Doorway area, 1.86M
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Effectiveness of PPV fansunder wind driven conditions

External wind can significantly affect the effeegthess of PPV fans. After validating the
SMARTFIRE model for the simulation of flow due toP&®V fan on a simple room geometry in the
previous section, simulations were carried out wiik same geometry at various external wind
speeds. The wind was assumed to be blowing pemgadito the window plane. Since the wind
might affect the PPV fan jet externally, a thintjilnn (obstacle) extending from the left wall difet
room was placed in order to block the fan from raténg with the imposed external wind. The
modified single room geometry is shown in Figure 7.

Figure 7 Modified single room geometry for windwdn simulations
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Presented in Figure 8 is the net mass flow ratutir the doorway at various wind speeds with the
wind direction being perpendicular to the exhausmtvplane. The wind driven simulations were
carried out for wind speeds ranging from 1 m/s t/8. For any particular wind speed, the flow rate
through the room increased by approximately 100s%ha area ratio (A2/Al) increased to 2.7 with
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the exception of the 3 m/s wind case. This may U td the fact that 3 m/s case was closer to the
‘critical wind speed’ of 3.3 m/s. The ‘critical wdnspeed’ is the computed average velocity at the
doorway under no wind condition. Above the critieahd speed, the flow through the room reverses,

as the external wind overpowers the PPV fan pressi@ated at the inlet doorway. The effect of area

ratio (A2/Al) reverses above the critical wind spes the exhaust vent becomes the inlet for wind

speed above 3.3m/s. For the 4 m/s case, biggeiowiagea reduces the pressure loss for the external
wind and hence the reverse flow through the rooimcieased.

Figure 8 Mass flow rate in to the doorway at vasievternal wind speeds
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INVESTIGATION OF PPV TACTICS IN A REAL-SCALE THREE-STORY FIRE
FIGHTER TRAINING BUILDING

Real-scale fire simulations were carried out irtracture similar to the NIST three-story fire
fighter training building’® to investigate the effect of Positive PressuretNaion (PPV) on the fire
environment. The building was constructed usingcoete blocks and floors. Kerber and Walton
(2006)"° conducted a series of full-scale experiments énRine Fighter Training Building to compare
the natural ventilation with the Positive PressWemntilation. After evaluating various ventilation
scenarios, Kerber and Walfdisuggested that PPV fans can assist in makinguidirg environment
more conducive for firefighting operations.

In the present numerical investigation a fire wassidered in a corner room of the first floor as
depicted in Figure 9. The simulations focused am fitst floor and the three-storey stairwell. The
ground and the second floor were isolated by clakeuts. The layout plans of the ground, first and
second floors are shown in Figure 9a-c. The celtieght of the rooms were 3.4 m. The ceiling and
floor slabs were 0.2 m thick each. The fire sourad a constant heat release rate of 1.5 kW/s and a
smoke generation rate of 0.4 kg/s. The PPV fan usétk simulations had a specification and rating
similar to that used in the previous sections.therPPV simulations cases, the fan was locatediat 2
m from the front door of the ground floor. The siall was 2.4 m in width, 5.6 m in breadth, and310.

m in height.

Comparison between Natural Ventilation and Positive Pressure Ventilation

Simulations were caried out for the building configtion shown in figure 9 with and without PPV

fans. The external wind speed was 2 m/s in bothscasd blowing in the direction perpendicular to
Window 1. Both windows 1 and 2 were kept open. f@gul0-13 shows the computed temperatures
and smoke distribution in the stairwell and insitie first floor apartment at steady-state. The
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simulations were run in transient mode and reaehst@ady-state solution at 350 seconds. Duriag th
natural ventilation scenario, the smoke filledth# rooms on the first floor apartment and enté¢ied
stairwell through the main entrance of the firebfl apartment. The stairwell area from the flooele

of the first floor to the top of stairwell was @i with smoke. This situation impedes fire service
rescue and fire fighting operations. Furthermdre,fire environment in the natural ventilation cese
untenable as the temperature reache$ ©6@ the stairwell. Conversly, under PPV attack smoke
was contained within the room of fire origin, kemgpithe stairwell free of smoke. In the given PPV
scenario, the fan was able to overcome wind anssprese the stairwell and first floor apartment and
eventually, clear them of heat and smoke.

Figure 9 Three-story Fire Fighter Training Building
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Figure 10 Temperatures (K) along stairwell vertgaine (350 sec)
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Figure 11 Temperatures (K) across the first flagout at 1.22 m height (350 sec)
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Figure 12 Smoke mass fraction along stairwell gatplane (350 sec)
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Figure 13 Smoke mass fraction across the first flagout at 1.22 m height (350 sec)

(a) without fan (b) with fan

Simulation of three-stor ey building with one window open

Two further scenarios were numerically investigatedhich either window 1 or window 2 was open
to investigate the effect of vent location relativghe wind direction on the effectiveness of HBENis.
Figures 14-17 depicts the steady state temperatdesmoke distributions in the stairwell and thst fi
floor fire apartment. Figures 14a and 15a show thattemperature reaches 1@ outside the fire
room and in the stairwell region above the firgtofl which would put the occupants of the fire
apartment and the floors above at risk (Window &mpFigures 14b and 15b demonstrates that the
PPV fan is able to contain the fire to within treom of fire origin when the sideward window
(Window 2) is open instead of windward side winddMindow 1).

Figure 14 Temperatures (K) along stairwell vertiglaine(350 sec)

(a) Window 1 (\\rindvx-’ard)opeti 4

Figure 15 Temperatures (K) across the first flagout at 1.22 m height (350 sec)
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(a) Window 1 (windward )open (b) Window 2 (sideward) open
Figures 16a and 17a show that the smoke filldhallrboms of the fire apartment and also the stéirwe
region above the first floor which might put thecaopants of fire apartment and the floors above at
risk. It will also make the search and rescue dfmrs difficult for the fire fighters. Figures 1&nd
17b demonstrate that the PPV fan is able to corttensmoke within the room of fire origin and
maintain better visibility in the stairwell area.

Figure 16 Smoke mass fraction along stairwell eattplane (350 sec)
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CONCLUSIONS

The objective of this investigation is to improwser understanding of PPV effectiveness and
fire fighting ventilation tactics under wind driveronditions. The SMARTFIRE, CFD fire field
modelling tool was used for the study and was weaiid using two full-scale experiments
characterising a PPV fan. The experiments wereopadd in an open atmosphere and in a simple
room scenario. The computed fan velocities were &blkapture the centre line velocity decay of the
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fan jet flow. Furthermore, the computed velocitesthe doorway and window plane of the single
room geometry compared reasonably well with theeexrgents.

Under no external wind conditions, for a fan ofagivsize, the flow rate into the doorway increases
non-linearly with the area ratio (A2/A1) and reagl@emaximum flow rate for a window vent area of
2.5-3.0 times the inlet area. As the window areaeiases the pressure loss decreases and hence
increases the flow rate. The effectiveness of P&\/under various external wind speeds was studied
using the single room geometry. The results sughestthere exists a ‘critical wind speed’ which is
roughly equal to the average velocity at the dogrwader no external wind. For wind speeds above
the ‘critical wind speed’ the fan pressure is owvene by the external wind. Furthermore, for a
particular wind speed, the flow rate through themnacould increase up to a maximum of 100% as the
area ratio (A2/A1) reaches 2.7 where Al is the egharea and A2 is the inlet area.

Finally, PPV tactics applied to a real-scale thsweey apartment building were studied for a wind
driven room fire at the first floor and present&te simulation results demonstrate that PPV fans ca
assist in containing fire and smoke within the roefrfire origin when appropriate vent(s) and vent
location are chosen. The study demonstrates thefut@onsideration must be given to the locatibn o
exhaust vents relative to prevailing winds. The atoal studies show that creating vents in the
windward facing wall can overcome the PPV fan fi@sulting in poor conditions developing within
the structure. For the PPV fan considered in tlesgmt study, wind speeds even as low as 2 m/s could
easily overrun the fan causing difficulties to btk occupants and the fire fighters. Location rlear
side wall corners close to the windward facing veakms to be one of the best location for venting a
the pressure outside was negative. This studydstrates that CFD based fire modelling can be a
useful tool in developing operational fire fightitagtics for the optimal use of PPV fans.
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