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EXECUTIVE SUMMARY

The objective of this study was to evaluate thégoerance of gang operated smoke and heat
vent systems in sprinklered facilities. The gapgration concept involves opening all the vents
within the coverage area of the sprinkler systemhich the fire originates one minute after thetfir

sprinkler has operated.

A numerical study was undertaken to explore thiopmance of gang operated smoke and heat
vents, working with and without draft curtainsaim 7,430 (80,000 sq. ft.) sprinklered warehouse.
A range of fire growth histories were employed he study to span the range of actual sprinkler
performance. Simulations were done with and withipaft curtains and the location of the fire was
varied. Modeling results of sprinkler operatiomsnpared favorably with testing available in the

literature.

Comparison of sprinkler operations between ventelduavented cases clearly shows that the
operation of sprinklers was not affected by smaielaeat vents or by smoke and heat vents with draft
curtains. The time to first sprinkler operatidmg number of sprinkler operations and the pattérn o
operation were not impacted by the venting systéhe use of a one minute delay in vent operation
allowed all sprinklers capable of applying watethe fire to operate before the vents operated, thu

assuring that the sprinkler system performance @vbalunimpeded by the venting.

The use of ganged smoke and heat vents markedlgeddhe smoke logging of the building.
The visibility in the warehouse was measurably qudlitatively enhanced. The total quantity of
smoke mass remaining in the building was foundet@aib effective metric for smoke and heat vent
performance. Typically, venting reduced the tetabke load in the facility by an order of magnitude

and drastically reduced the total exposure of gdodsnoke.

The impact of smoke and heat venting upon the iitgitand general environment for
firefighting was significantly enhanced. For ckalying fires without smoke and heat venting, ldss o
visibility was nearly complete. With smoke and theenting, excellent visibility was maintained

throughout the facility including in the area ofwal sprinkler operation.

While excellent smoke and heat vent performance@aized even without draft curtains, the

inclusion of draft curtains delineating sprinkleverage areas enhanced smoke extraction and limited
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lateral movement of smoke to areas outside thenldpri coverage area where the fire occurred.
Lateral smoke movement was shown to have negatipadts upon goods stored high in the racks and
upon every object from the top of the racks tochiéng. For fires with sprinkler operations adjat

to draft curtains, smoke drag down allowed smokaawe under the draft curtain. While this allowed
some smoke exposure for goods high in the raclkeiadjacent zone, overall performance remained
quite satisfactory. The modeling results indidatg draft curtains offer value to owners and their
insurers by limiting smoke damage to the buildimgl @ontents outside the coverage area of the

sprinkler system where the fire occurred.

While only limited data for smoke production froontrolled fires is available in the literature,
the modeling results show that smoke and heatngiivery effective in removing smoke even for
heat release rates associated with controlled. fifBsis facilitates fire department operations to

extinguish the controlled fire.

This investigation has shown that ganged operatiemoke and heat vents is highly effective
in removing heat and smoke from the building. HBotion of the smoke and heat vent system
markedly improved the visibility throughout the loling and significantly reduced the exposure of the
building and contents to smoke. Draft curtainalgh not vital to the performance of the smold an
heat vents, did limit lateral spread of smoke teeozones and enhanced the extraction of smoke from
the building. The operation of the smoke and leat system had no effect on the operation of
sprinklers and as such maintained the operatiofiattveness of the sprinkler system while

improving the conditions within the building in qagot of fire department operations.
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Analysis of the Performance of Ganged Operation of
Smoke and Heat Vents
with Sprinklers and Draft Curtains

1.0 Introduction

Smoke and heat vents, working in conjunction withftdcurtains, have long been used as an
effective fire protection measure. They can tylhiche found installed in industrial buildings,
warehouses, stores, and malls. Their significasaecognized throughout the professional fire
protection literature. The National Fire Protestissociation (NFPA) has a standard dealing with
smoke and heat vents [NFPA 204, 2007]. NFPA 92806] and NFPA 92B [2005] can also be
consulted for further smoke management practiteeNFPA Fire Protection Handboatontains a
chapter entitled “Venting Practices” [Heskestad)30which provides introductory material and
design guidelines. The Society of Fire Protectimgineers’ (SPFE’s) handbook also contains a

chapter [Cooper, 2002] which covers more of thesptsybehind the design criteria.

Current US design of smoke and heat vents typicailiges thermal activation of individual
vents. In Europe, it is typical to have smoke amdtlvents operate in a ganged fashion. Ganged
operation can provide more efficient venting inisilered facilities where the activation of indivia
vents is limited by the thermal management provioethe sprinklers. To eliminate any potential
effect of venting upon the operation of sprinklgat provide water to the burning area, vent opmrat
one minute after the first sprinkler operates ailbw the sprinklers to operate without potential
interference, yet provide effective venting of smalkd heat. For ganged operation based upon water
flow, vents located within the area covered bydenkler system in which a sprinkler activated wil

open one minute after sprinkler water flow is degdc

In this investigation, the effectiveness of smokd heat venting with ganged operation of
vents was evaluated using computational fluid dyioanfCFD). The modeled building was an
7,430 nf (80,000 sq. ft.) warehouse that was 8.23 m (2{'fe®l. The space was divided into two
sprinkler systems each having a coverage areaz@d3if (40,000 ff). Thirty industry standard

2.44 mx1.22 m (&4') vents were placed in each coverage area in aenauch that they were not

T This is the maximum height used in the testsnteddn [McGrattan, Hamins, & Stroup, 1998].
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coincident with sprinklers and were not obstrugtedny way. Ganged operation occurred over the
entire sprinkler system coverage area for a simkler system. It was initiated by the actigatof

the sprinkler system with a one minute delay frowa detection of flowing water. Some scenarios
included a 6deep draft curtain that divided the two protecttwaas. No merchandise was stored

underneath this draft curtain.

CFD was used to investigate the performance adéisggn. The employed model was a later
version of that used in [McGrattan, Hamins, & Sppli998] as well as in [Trelles & Beyler, 19993a;
Trelles & Beyler, 1999b; Trelles & Beyler, 1999e\Ber, 2006]. The goal is to follow [McGrattan,
Hamins, & Stroup, 1998] whenever possible. Sonargte exceptions include circumstances in
which [McGrattan, Hamins, & Stroup, 1998] did nbtain good results and the employment of a full

warehouse.

2.0 Computational Fluid Dynamics

The Fire Dynamics Simulator, version 4 (FDS4), wssd to perform the field calculations.
FDS4 is a three-dimensional large eddy simulat@#D program developed at the National Institute
of Standards and Technology’s (NIST’s) Building &mek Research Laboratory (BFRL) [McGrattan
& Forney, 2004; McGrattan, 2005]. FDS4 is a muttiensional, multiphysics simulation that solves
the low Mach number equations of expandable floehiR & Baum, 1978]. FDS was specifically
written to address fire scenarios. It has ovewenty year development history. Some of its
antecedents include the Industrial Fire SimulaiBE) and LES3D. The current version of FDS
(4.0.7) contains updated source code from thesaqu® projects. FDS can handle isothermal or
thermally variable flows. It can directly simuldbe effects of turbulence or it can perform lazddy
simulations of turbulence. It can also handleyaximetric cylindrical, two-dimensional Cartesiandan
three-dimensional Cartesian coordinates. FDS4 uagsangian droplet transport to simulate the
delivery of water from suppression systems. Tlopléts and the fluid mechanics are coupled. The
flow of air and gas components affect the dragherdroplets. The force that the droplets exethen
surrounding gas shows up as a body force in therianlmomentum equations. This coupling allows
the model to simulate sprinkler-smoke layer inteogic Some validation studies for FDS4 and its
predecessors are given in [Baum, McGrattan, & Réh@,, 1994; Baum, McGrattan, & Rehm, 1996;
Baum, McGrattan, & Rehm, 1997; Floyd & Lattimer(02Q McGrattan, 2005; McGrattan, Baum, &
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Rehm, 1996; McGrattan, Baum, Walton, & Trelles, 2.9®IcGrattan, Hamins, & Stroup, 1998;

Najafi, Salley, Joglar, and Dreisbach, 2006; TeglMawhinney, & DiNenno, 2004].

Table 1: Summary of FDS input parameters used inhis study

Category Parameter Value

CFD Domain | Facility 7,430 M (80,000 ff) warehouse
Simulation dimensions 122 mx61.0 mx8.23 m (40R00x27)

Numerical Grid dimensions 400%200%27 cells
Cell size 30.5 cmx30.5 cmx30.5 cm (1212'x12")
Exterior boundary condition Insulated

Fuel Type Std. plastic commodity
Heat release rate per unit ar®4 | 500 kW/nf (215 BTU/s/Ibm)
Soot yieldys 0.10
Heat of combustioAH, 27 MJ/kg (11,600 BTU/lbm)
Visibility contrast coefficient 3
Specific extinction coefficiers | 8710 ni/kg (42,500 f/lbm)

Leakage Walls 2.0 nf (21.5 ff)

Environment

Indoor temperature

15.6°C (60°F)

Outdoor temperature

15.6°C (60°F)

Sprinkler Model K-11
Pressure 1.3 bar (18.9 psig)
K-factor 166 L/min/bat”? (11.5 gal/min/psitf’)
Volumetric flow rate 189 L/min (49.9 gal/min)
Spray angles 10° - 80
Initial droplet velocity 30 m/s (67 mph)
Mean droplet diametet,, 0.9 mm (0.035%)
Rosin-Rammler exponemt 2.43
Log-normal standard deviatian 0.58
RTI 148 (m-s¥? (268 (ft-s¥?)
Activation temperature 74°C (165°F)
Water temperature 15.6°C (60°F)
S & H Vents Location Ceiling, array centered on each desiga are
Area 2.44 mx1.22 m (&4')
Configuration 5x6 per design area
Number of design areas 2
Open time 127 s
Inlet Vents Location All walls
Area 2.74 mx3.05 m (%10)
Configuration 7 on long side, 3 on short side
: 12.8 m on long side, 13.5 m on short side
Spacing

(42 on long side, 44on short side)

2.1 Computational Domain

The details of the computational domain are sunuedrin Table 1 and in Figures 1 and 2.
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The dimensions of the computational domain wereriZ800 ft) in thex -direction, 61.0 m (200 ft)
in the y -direction, and 8.23 m (27 ft) in the-direction. There were 400 cells in thedirection, 200
in the y-direction, and 27 in the -direction. Thus the resolution was 30.5 cm ()2mnthe x -

direction, y -direction, andz -direction. The total number of cells was 2,160,00

2.2 Initial and Boundary Conditions

The indoor and outdoor temperatures were set é&-60nternal warehouse conditions were
calm with the exception of the random disturbansesl by FDS to initialize each run. The thermal

boundary conditions that were used are given ifelab FDS allows either the triplet (densijy,

specific heatc, and thermal conductivityk ) or the pair (thermal diffusivityg , andk) to be input.
Table 2 reflects the chosen input option. The outalls were given the thermal properties of
fiberglass insulation because in a composite stselkation wall, the insulation controls the heat

transfer.

ST A Ay N S T R e,

-61.0 -30.5 0.0 30.5 x (m) 61.0

zm 7 | \
-61.0 -305 0.0 30.5 x (m) 61.0

Figure 2. View of a computational domain without ents or curtains.
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Table 2: Thermal properties, as input, of the themally thick surfaces used in the FDS modeling.

Surface Thermal |Density| Specific | Thermal Reference
Name Conductivity p Heatc | Diffusivity
k W/(mEK)] | [kg/m?] | [3/(kgK)] | [m?s]
Floor (concrete) 1.0 2,100 880 — [Quintiere, 1998]
Ceiling (Armstrong 7 | [McGrattan, Hamins, &
Ceramagard) 0.064 — — 2.6x10 Stroup, 1998]
FibGlasinsul 0.038 24 700 | s [Holman, 1986]
(glass wool)
STEEL 40 7,800 460 — [Quintiere, 1998]
[Holman, 1986]
Commodity [Lienhard IV & Lienharg
(cardboard) 0.05 400 1,300 — V, 2006]
[Yu, Lee, & Kung, 1994]

2.3 Growth Rate in Four-Tier Rack-Mounted Plastic Commalities

Commodities are typically stored in cardboard boXlet loads are vertically arranged either
in tiers or in piles (some researchers use the‘tstianks”). Rack mounting is achieved with theafid
a warehouse’s rows of storage structures. Pibniggalized by stacking one pallet load on top of
another. In either arrangement, when multiplegbédlads are grouped together, the vertical spaces
between loads constitute the flue spaces in threafasfire. Vertical spread is greatly assistgthie
presence of these flues. Horizontal spread igalbed by the packaging (typically cardboard). The
burn rate that occurs after the growth period temeined by the materials within in the boxes. The
initial flame spread is vertical and quite rap@nce the fire has burned to the top of the fluesphe
remainder of the growth period is governed by Etédame spread in the flues. (See Figure 3.)
Growth essentially ends when the flames have iradlall the contiguous pallet loads. Further
information can be obtained from Yao [1997], Zal¢@B03], and Golinveaux & Hankins [2003].
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Figure 3. Burning rate of the standard plastic cormodity — two, three, and four tiers high.
Figure from [Zalosh, 2003], based on the work of [King, Spaulding, & You, 1984].

Pioneering work in the field of commaodity fire hadswas performed by the Factory Mutual
Research Corporation (FMRC). The standard plastitmodity was developed by FMRC. It consists
of a set of cardboard boxes filled with a total 600 polystyrene cups contained in eight partitibne
cartons. A collection of these boxes is mounteg qallet. This constitutes the standard plastic
commodity. Each pallet load has the overall din@rssof 1.07 m (3.51 ft) in the horizontal direciso
and 1.05 m (3.44 ft) in the vertical, yielding dwoe of 1.2 m (42.5 ff) [Lee, 1987].

The heat of combustio®\H . , for the plastic commodity is 27 MJ/kg (11,600 BTduh) [Lee,

1987; Spaulding, 1988]. Fire growth data for fulsstorage arrays was determined from the
experimental results reported in Kung et al. [1984gasurements of mass burning rates obtained by
Kung et al. [1984] are shown in Figure 3 and intidhat the mass burning rates for the standard
plastic commodity is directly proportional to thember of rack storage tiers. The curve fit burning
rate in Figure 3 (as developed by [Kung et al.,41p®rovides a growth rate expression for the

standard plastic commodity in a four-tier arrangettiat follows the widely usetf -fire form:

Q= 323t? for t <120s, tins, Q inkW, (1)
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whereQ is the heat release rate (kW) anith the time (s). Although the cumulative heagasie rate

(HRR) depends on the number of tiers, the HRR piicombustible area does not. For the standard

plastic commodity based upon the prior Factory Mutaferences,

Q" = 498 kw/m® = 214 BTUI/s/ft’. (2)

This certainly is not the heat release rate peranea at the surface even though for the purpbse o
calculations it is used as that. At the surfaeehs only volitalization, i.e., no combustionher
actual heat comes from the flame surface that istted body of the fuel. This surface is
correspondingly larger than the fuel surface arfBzerefore the heat flux per area coming off of the
flame surface would be lower than that given in @)}. However, since the flame area is non-
standard, being subject to great variability duanftuences such as available oxygen and the

magnitude of crosswinds, it is of greater utilitydefineQ” on the fuel area that can burn.

Using the early FMRC data presents several chakenljlany of the technical reports are not
publicly available. Although the FMRC authors dilld the opportunity to publish some of their
results, they rarely published heat release rat® daquation (1) suffers from the fact that it was
derived from data published in various reports arittles. Serendipitously, as part of the NFPA
Research Foundation study, FMRC heat release attewhs included in McGrattan et al [1998].
Figure 4 shows freeburn data for a four-tier stathdack. Keeping in mind that Figure 4 shows the

convective heat release rate, it can be deterrhate approximately,

Q=178t* tins,  Qinkw. (3)

The heat release rate per unit area used by Ma@rattal [1998],

Q" =500 kW/m? = 215 BTU/s/ft?, (4)
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Figure 4. Plastic commodity convective heat releagates from FMRC experiments and from
IFS simulations (Figure 47 of [McGrattan, Hamins, & Stroup, 1998]).
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Figure 5. The four heat release rate curves used ihis study differed in their maximum
attained rates and in the duration of their steadyburn and decay periods.

is very close to that in Eq. (2). For these reasbwas decided to base the plastic commodity fire

properties used in this study on Egs. (3 and 4).
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Table 3: Sprinkler activation results for the plagic commodity test series as reported in
[McGrattan, Hamins, & Stroup, 1998]. The plus signwas used by the authors to indicate that
the sprinkler activations went to the edge of the4,400 sq. ft. facility.

Run| Flue |[1% Sprink # of Activel
# |Position Act Time |Sprinklers
P-1 D 76 s 20
P-2| A 100 s 23+
P-3 B 67 s 19+
P-4 D 93 s 5
P-5 D 74 s 7

2.4 Heat Release Rate

In their simulations, McGrattan, Hamins, & StrodP98] used the then newly developed IFS
flame spread and suppression algorithms to pratetheat release rate. Although the HRR
predictions were reasonable, the comparisons Willamage patterns from the test series were not.
Hence it was decided to use a prescribed fire @gpron this study because of its repeatability. A
series of four fuel package specifications wers gmployed. Figure 5 compares the heat release rat
histories of these fires. Each had the saf¥fee growth rate of 1.78 kW/i(0.157 BTU/s/ff) used
for the heptane tests in McGrattan, Hamins, & $i1fdi998] (which was also consistent with the free
burn rack testing data found therein). The fountrate histories differed in their maxima, in time
required to reach their peak HRRs, in the duratibtineir steady burn periods, and in their decays.
These curves were based upon the commodity tadtgeteveloped by McGrattan, Hamins, and
Stroup [1998] and span the normal range of sprisldperated during a fire from four to the number
of sprinklers in the design area. (See Table Bhe curves do not include the ongoing smoke
production after the decay period has ended. Tioesdeat release rate histories are summarized in
Table 4. The validation of the model (presentectiSe 3.1) was facilitated by the fact that thevgito
rate was identical to that found in the tests reggbm [McGrattan, Hamins, & Stroup, 1998].

Fire source representation HRR1 is a fire thatquaskly controlled by the sprinklers and has
no steady burn period. For HRR2, the fire growsGdIW and remains at that heat release rate until
decay in heat release rate began at 255 s. Tla geciod for HRR2 is longer than that of HRR1,
reflecting that it is more difficult to control ® MW (9,480 BTU/s) fire than a 7 MW (6,640 BTU/s)
fire. HRR3 has the same growth to 10 MW (9,480 B)lds HRR2 and has correspondingly longer
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steady burn and decay periods than does HRR2. H&&8sents the most severe fire employed in
this study. Sprinkler response to HRR3 withinhee performance range of the sprinklers reported
in the McGrattan, Hamins, & Stroup [1998] commodigts. (See Table 3.) HRR4 was used to
investigate the effect that cooler smoke assochattda longer decay period would have on smoke
and heat vent performance. This fuel package sgatodon was based upon commaodity classification
test results and the recognition that control-msienklers are not designed to extinguish fire. In
reality combustion could continue up to the poiheve firefighters completely extinguish the reactio

by manual action.

Table 4: Summary of the heat release rate historie All had the samet ? growth rate of
1.78 KW/,

History | Peak HRR Growth Steady [s] Decay [s]
# [MW ] Period [s] | Period| Time | Period| Time
1 7 62.7 0 62.7 60 122.7
2 10 75 180 255 12( 375
3 10 75 600 675 24( 915
4 10 75 60 135 2500 263%

An algorithm was devised in order to realize thiz®especifications. This algorithm was
coded into a FORTRAN95 program in order to allovegation on a digital computer. The resulting
executable required that computational cells inrétok flue space become involved according to an
idealized representation of the fire spread aststiaith standard rack fire tests. The methodology
revolved around igniting flue cells in a sequert tatched the desired HRR curve in Figure 5 to
within a given tolerance. Each involved flue dedld a fixed heat release rate per unit area of
500 kW/nf (215 BTU/s/lbm). The overall tolerance was sétath the contribution of a flue cell. The
individual HRR profile for a face was a trapezaitluding a brief growth period to 500 kW/m
(215 BTU/s/Ibm), a short decay period, and an imtateady burn period of variable duration. Refer
to Figure 6. The ramp-up and ramp-down times \speeified. The duration of steady contribution
by the cell was determined from the specified aVetaR curve but could be no longer than the time

span of the HRR curve. The inputs were differentlie three stages of the HRR curve.
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Figure 6. Example of fire growth methodology for me quarter of the commodity racks that
define the flue. The commodities are shown in oule format. Cells that contribute to the heat
release rate are marked with anX. Each cell has a heat release rate per unit arsamilar to the

one shown above. The length of the steady burn ped varies from cell to cell. The durations of
the ramps vary with heat release rate number.

The “ignition sequence” started on the bottom cocedls within the flue. Ignition proceeded
clockwise on a corner-cell-by-corner-cell basisnc® the eight cells in the lowest tier of the flue
corners were involved, the process would move dipedmext sequence of cells. (See Figure 6.) Once
the top of a tier was achieved, the sequence wuaulek to the next tier. This progression would then
be repeated until the top of the highest tier veasihed. The sequence would then revert to therbott
level of cells on the bottom tier. Cells on eaabef would become involved. Once a tier was
exhausted the process would move up to the nextTiee overall heat release rate is the sum of all
the individual cell contributions. When a cell bete involved, its face was set to follow the

individual HRR trapezoid. When the overall hed¢ase rate began to decay, the burnout time for
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blocks would be set again so as best to matchuhec The “turn off” sequence went in the same

order as the “turn on” sequence.

The fire source resulting from the burning commieditrack could be moved to various
locations in the warehouse. Most computer simaathad the fire source centered on the east roof
vent zone. The center of the rack fire sourceades with the center of the four nearest sprirskler

and the four nearest vents. This level of symme&tag not employed in other fire source locations.
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Figure 7. Vents used in simulations with smoke anlkeat vents.
2.5 Configuration for Burning Racks

Whenever possible, the rack specifications giveNdny and Kung [1984] for standard rack-
mounted commodities were used as the bases fdouttméng racks. The vertical spacing between
pallet loads were used without alteration. Thetll@p the x -direction was the same but the
direction was elongated to about half the centrek rmarray length. (According to the standard rack
configuration, the extent in thg-direction should be one pallet load. This, howeleads to many

obstacles in the input file which otherwise do add to the analysis. Hence the stretching inythe

direction as Figure 6 shows.)

For the standard arrangement, pallet loads aréqusd so that 15.2 cm’(Bflues result. As
was mentioned earlier, this small gap allows g@aliative feedback between pallet loads, resulting i
a rapid growth rate. However, due to resolutiomtitions, the burning rack flue space was set to
0.610 m (2, which means two cells separating each pallet loahe x- and y -directions. The
reason is that two cells by two cells allow moreaiyic flue flows than would be the case with one
cell flues. And, because of the flame spread nuEtlogy presented above, the desired growth rate is

ensured in spite of the larger flues.
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The remaining rack-mounted commaodities in the wausk were similar to the burning racks
except that, due to resolution limitations, no dieere modeled (i.e. the double row racks were
modeled as a single solid object). Similarly, getmo details such as the particulars of the nrat}

structure were not modeled.
2.6 Smoke and Heat Vents

Thirty industry standard 2.44 mx1.22 niX&) smoke and heat vents were used per each
sprinkler system coverage area. These vents \weatexs] on the ceiling in such a fashion that ttidy
not interfere with sprinklers or support beamseg&igures 1 and 7.) The smoke and heat vent areas
were closed until 127 s, when they became “OPEMts/eThe opening time was about one minute

after the first sprinkler activated.

2.7 Makeup Air

The normal inlet vent requirement for makeup a@ads twice that of the roof vents in order to
avoid inlet flow restriction. Garage door styléetrvents were used for makeup air in the simutegtio
that included smoke and heat vents. The inlets @esigned to be adequate and to minimally impact
the simulation results. These were placed symoadiyialong the outer walls of the warehouse (see
Figures 1 and 7) according to the specificatioegivy Table 1. Leaks were applied to the outelswal
based on the data for medium leakage construckvem gn Klote & Milke [2002]. See Table 1 for the
details. For simulations without smoke and heats,deaks were the only openings to the outside.
(See Figure 2.)

2.8 Sprinklers

K-II sprinklers were used in the vicinity of therbing racks. The data file that comes with
FDS4 was accepted for the characteristics of lgrihklers. These properties can be found in Table
Although the whole warehouse would be sprinkleosdly the sprinklers near the burning racks that
might operate were included in the simulations fideo to improve run time performance. The
sprinkler spacing was 3 mx3 m (%¥Q0). The distance between the ceiling and the ceftbe spray

was 0.0762 m (3. This is roughly the distance from the ceilinghe sprinkler deflector.
FDS4 has two ways to account for radiative trantspOne technique uses the finite volume

method to approximate the solution of the equatibttansfer. This feature was turned off for the
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following reasons. The main concern of this inigggton is the activation of sprinklers. Sprinkler
activation typically occurs after the ceiling jetgalfs a sprinkler head. Because of the smoke,
radiation transfer within the upper layer is nabatributing factor. Itis possible to have heairf the
upper layer reach a sprinkler outside of the cgi@t by means of radiative transfer. As is usuhié
case, the higher the temperature difference, the mmtense the radiative heat transfer. However,
activating sprinklers will cool the ceiling jet.n& ten foot sprinkler spacing is standard becaumsesi
been found not to lead to activations ahead ot#ileng jet. If this were not the case then a g
activation sequence could occur that could exckedsprinkler design area. Hence, based on the
cooling effects of the sprinkler sprays and thesppof the heads, it is not expected that rackdtirat
transfer will be a contributing factor in sprinkbestivation. Furthermore, because the heat retatse

is specified (i.e., not driven by flame spread) Aedause the heating of targets was not part of the
scope of the present investigation (again, theicgaif the sprinklers minimizes this effect), thesas

no motivation to perform radiative heat transfdcgkations that would extend the overall run tinfie o
each simulation. Therefore radiation effects waken into account by using FDS4’s constant loss

feature. The specified radiative fraction was 35%.

2.9 Draft Curtain

Certain simulations evaluated the performanceait durtains. For these scenarios,a1.82 m
(6')-deep draft curtain was placed down the centdreofiomain ak = 0. In other words, it separated
the two 3,720 M(40,000 sq. ft.) sprinkler design areas. (Seear€ig.) The draft curtain was given

the thermal properties of steel and could trankedtt from one zone to the other.
2.10 Structural Elements

Structural members near the ceiling can have aradnpeiling flows. Therefore some
information is provided on the assumed structutateap of the warehouse in question. A variety of
construction methods can be used for warehousegel@ly open web steel joists and joist-girders

(mini-trusses) are widely used. The main concerritfe present investigation is in regards to the
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impact that ceiling structural elements and otbemk of equipment situated near the ceiling would
have on the evolving ceiling jet. The structutahgents employed in the simulations conform to the

following criteria

1. Standards consistent with the 2000 edition of therhational Build Code (IBC) (as well as
1980’s-90’s editions of the IBC),

moderate snow design load of no more than 958 Xzt Ibf/ft),

dead weight of no more than 479 N/t Ibf/ff),

low or non-seismic area,

regular wind design (non-hurricane area).

abkwn

The design meeting these criteria has

=

about 10.7 m12.2 m (35 &40 ft) bays,

2. 61 cm (24 inch)-deep joists, spanning 12.2 m 1@fL3 m (7 ft) OC, framing into
nominal 76.2 cm (30 inch) deep joist girders for7lt (35 ft) spans,

8.23 m (27 ft) roof height, with 3.81 cm (1 ¥z incleck,

about 22.9 cm (9 inch)-30.5 cm (12 inch) diametaund pipe columns at corners of each
roof bay (at 10.7 m (35 ft) and 12.2 m (40 ft) @QGhe 2 directions).

B w

Due to resolution limitations, the structural elenseof the rack systems were not included in
the simulations. The columns were excluded forsdume reason. Support beams near or on the
ceiling conform to the specification given abovEhe fact that the beams could act as small draft
curtains motivated moving them off the ceiling typtfeet. The connection to the ceiling would be
by purlins. (See Figures 1 and 2.) One of thaiktions (Run 10) was used to investigate the itnpac

that beams in contact with the ceiling have onstineke spread.

2.11 Visibility

The light extinction coefficientK (m™), such as can be found in the familiar Beer’s tdw

radiation attenuation [Holman, 1986],
|, =1,,e"", (5)

wherel , is the beam intensity (Whnand L is the length (in m) through which the beam hamnbe
attenuated froml ,, to |,, can be derived from the smoke densjty, (kg/m?), by means of the

specific extinction coefficientk . :
K=K_p.. (6)
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For flaming combustion, Mulholland & Croarkin [200@port K, = 8710 ni/kg + 1230 kg =

42,500 ft/lbm + 6000 ft/Ibm at the best current estimate of the opticapprties of smokes. Their

specific extinction coefficient is used in this \or

The contrastg,, is a dimensionless factor that quantifies theed#hce between background

and object luminance. It has the value of

3 foralight - reflectingsi
‘. :{ or alig reflectingsign 7)

8 for alight — emittingsign

The visibility, S (m), can be related to smoke density via the etitin coefficient and the contrast
using the formula [Jin, 2002; Mulholland, 2002]

. (8)

Two crucial factors that determine the visibilitseathe smoke yieldy,, and the heat of
combustion A H.., of the fuel. The heat output from the fi@, can be determined fromh H. and

the fuel consumption ratef. ,

Q=riy AHc. (9)
The fuel consumption rate and the smoke producte, m,, are related via the smoke yield as

follows

m, =y me. (10)
Making this substitution into the previous equatiesults in

o yQ
ms——AHC. (11)

The smoke production rate can be related to theksnuensity via the definition of density,

P, =dm,/dV,, and the chain rule for differentiation. The fes
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py, = Y2 (12)

The quantity\]S represents the volumetric production rate of smo&ebstituting this relation in

Eq. (8) yields

_ 6 Vi AH.

: 13
KO . (13)

In other words, the visibility is directly propartial to the heat of combustion and inversely

proportional to the soot yield [Zalosh, 2003, pp. Be.,

AH,
A

SO

(14)

Given the same heat release rate, the visibilpppter for fuels that have low heats of combustion

high smoke yields. Visibility scales based onrti# of heat of combustion to smoke vyield.

FDS automatically calculateS as an output field according to the procedureiléetabove.

As Table 1 shows, the inputs that affect visibiliere conservatively set to. = 3 andK, =
8710 nf/kg (42,500 ft/lom) with y, = 0.1 [Tewarson, 2002] aniH . =27 MJ/kg (11,600 BTU/Ibm)
[Lee, 1987; Spaulding, 1988].

2.12 Simulation Matrix

A résumé of the simulations that have been perfdrisgiven in Table 5. The simulation
scenario matrix consisted of heat release rate eynhdication of the burning racks, support beam
configuration, and the presence of vents and duafains. A code was also developed which is more
mnemonic than plain run number. Itis shown inl&&h The FDS simulations were run on a cluster
of Linux computers comprised of Pentium IV singl®gessors with 4 GB of memory each and

multicore processors with access to 8 GB of memory.
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Table 5: Distinguishing features of the simulatios used in this study. The results for sprinkler
performance are also included.

Run Code HRR| Location of Support Beam | S&H | Draft |1* Sprink |Total
# # |Burning Racks Configuration |Vents?|Curtain?| Act Time | #
1 |HRR1SHVODCO 1 Center Offset from ceilingg No No 69.9s 5
2 |HRR1SHV1DCO 1 Center Offset from ceiling Yes No 70.2 s 6
3 |HRR1SHV1DC1 1 Center Offset from ceiling Yes Yes 70.1s 6
4 |HRR2SHVODCO 2 Center Offset from ceilingg No No 71.2s 19
5 |HRR2SHV1DCO 2 Center Offset from ceiling Yes No 71.4s 18
6 |HRR2SHV1DC1 2 Center Offset from ceiling Yes Yes 71.6s 20
7 |HRR3SHVODCO 3 Center Offset from ceilingg No No 70.3s 21
8 |HRR3SHV1DCO 3 Center Offset from ceiling Yes No 70.4 s 19
9 |HRR3SHV1DC1 3 Center Offset from ceiling Yes Yes 70.2s 20
10 |HRR3SHV1DC1CB| 3 Center In contact w/ ceiling Yes Yes 64.6 s 20
11 |HRR4SHVODCO 4 Center Offset from ceiling No No 70.5s 18
12 |HRR4SHV1DC1 4 Center Offset from ceiling Yes Yes 70.0s 17
13 |HRR3SHVIDCIR | 3 Rear Center| Offset from ceiling Yes Yes 68.7 s 19
14 |HRR3SHVIDCIRC| 3 Rear Corner| Offset from ceiling Yes Yes 63.4s 22
15 |HRR3SHV1DCOFC| 3 Front Corner| Offset from ceiling Yes No 65.9 s 20
16 |HRR3SHVIDCIFC| 3 | Front Corner| Offset from ceiling Yes Yes 65.4s 21

3.0 Results

Sprinkler activation data and smoke mass and lityiliere used as the performance metrics.
Smoke mass and visibility were used to assess dhfermance of smoke and heat vents. For
convenience, the time of the first activation amelfinal number of active sprinklers are summarized

in Table 5.

3.1 Validations

As was indicated above, the reason for choosingtthegrowth rate of 1.78 kWs
(0.157 BTU/s/ff) was to facilitate comparisons with the resultshef tests reported in [McGrattan,
Hamins, & Stroup, 1998]. For Runs 1 — 12, the eeat the burning racks coincided with the center
of the four nearest sprinklers. However, only Rdrs12 went up to 10 MW (9,480 BTU/s). The
average of the first sprinkler activation timesaepd in Table 5 for these runsis 70.0 s. Thmkler
performance results for the heptane tests from [Mt@&n, Hamins, & Stroup, 1998] are reported in
Table 6. Only burner positions E and F corresporttie burner being centered on four sprinklers.

The average of the first sprinkler activation timesorted in Table 5 for these two cases is 70Ths.

Page 30



difference between these tests and the curreny ssu0.7%. For Runs 4 — 12, an average of
19 sprinkler§ operated. From Table 6, an average of 21 sprimkleerated with the heptane burner
tests 1I-9 and 1I-10. The difference is 9.5%.

The remaining positions in Table 6 are for the gdyarner centered on two sprinklers.
Although this is not exactly the case with Runs-1B5, a comparison will be made just the same.
From Table 5, the averages are 65.9 s for thediotstation and 21 sprinklers overall. From Tab)le
the averages are 67 s for the first activationzhdprinklers overall. The differences are 1.6% an

5%, respectively.

Table 6: Sprinkler activation results for the heptaine spray burner test series Il as reported in
[McGrattan, Hamins, & Stroup, 1998].

Run |Burner | 1% Sprink # of Active|
# |Position Act Time |Sprinklers
-1 D 75s 27
-2 D 65 s 28
-3 A 68 s 12
-4 B 63 s 16
-5 D 70 s 28
-6 D 70 s 27
-7 A 69 s 18
-8 B 70 s 13
11-9 E 67 s 23
1-10| F 74 s 19
1-11] C 62 s 23
1-12| C 58 s 23

For a variety of reasons, comparisons with the codity tests in [McGrattan, Hamins, &
Stroup, 1998] are not appropriate. For examplthercurrent set of simulations, the heat releaise r
is well defined. It was not measured for the corditydests in [McGrattan, Hamins, & Stroup, 1998].
Without this information, it is difficult to deterine which experiments best correspond with the
sixteen simulations available in this report. Sahihe NFPARF tests, such as P-3, are not appdicab

at all because fuel was placed directly underngegtiiraft curtain. Nonetheless, the averageseof th

¥ The noninteger average was 19.1 sprinklers.
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first sprinkler activations will be compared. Rests P-1 — P-5 of [McGrattan, Hamins, & Stroup,
1998], the average is 70.6 s. For Runs 1 — 9atleeage is 71 s. The difference is 14%. The
comparisons presented in the section are of syitalal percent differences to conclude that the

validation exercise is a success.
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Figure 8. Comparison of the computed heat releasate for Run 1 (HRR1SHVODCO) with the
HRR1 curve.

3.2 HRR1 Fire Source

This series of simulations used the HRR1 fire seui€igure 8 shows the output heat release
rate for Run 1 that was generated according takperithm detailed in Section 2.4 alongside the
HRR1 curve. Comparison establishes that the twesumatch well. The HRRs for Runs 2 and 3 are
very similar and will therefore not be shown byrtiselves. They will, however, be compared with the

sprinkler activation histories presented below.

3.2.1 Run #1 (HRR1SHVODCO): HRR1 without Smoke and Heat ¥nts and without Draft
Curtains

A comparison of the cumulative number of operasimgnklers with the associated output heat
release rate is given in Figure 9. Because sm@iradtivations are discrete events, they are repred
as spikes. Each successive activation is dravam aspulse that, based on the right-hand axis is a

tall as the total number of active sprinklers att tiime. Figure 9 shows that in the time spares$ |
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than six seconds four sprinklers activated.

Figure 10 shows the sprinkler activation map. sltai plan view representation of the
computational domain with obstacles and sprinkdeations projected onto the floor of the facility.
Because projection can overlap objects that intyesle separated in the missing dimension, obesacl
are rendered in monochrome. The locations of umegheprinklers are denoted by the sprinkler head
symbol # ). If the sprinkler did open then a box appeaiissitocation with the sprinkler activation
time written inside the box. This and all of tiedwing sprinkler maps are zoomed into the area of
the burning racks in order to render the activatiore boxes legible. The coordinates are shown in
English units to facilitate comparison with olderlding code standards. Figure 10 shows that the

active sprinklers were the five closest to the eeaf the burning racks.

0 15 30 45 60 75 90 105 120 135

Heat Release Rate (MW)
=9
Total Number of Active Sprinklers
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Figure 9. Comparison of the heat release rate anithe sprinkler activation times for Run 1
(HRR1SHVODCO): HRR1 without smoke and heat vents athwithout draft curtains.
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Figure 10. Sprinkler activation map for Run 1 (HRRLSHVODCO0): HRR1 without smoke and
heat vents and without draft curtains.

3.2.2 Run #2 (HRR1SHV1DCO0): HRR1 with Smoke and Heat Verst and without Draft
Curtains

For Run 2, the cumulative activation plot (Figudg and sprinkler activation map (Figure 12)
are very similar to those of Run 1. This is beeabe HRR started to decline at about the same time
that the fourth sprinkler activated and becausesémés opened essentially when the fire was in the
decay phase. Because the fifth and sixth sprislteat activated were separated by 9 m (30 ft), the
later response of the fifth sprinkler (when comparéth Run 1) allowed the sixth to go off as well

because of the transport time required to havedbéng sensed at the other location.
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Figure 11. Comparison of the heat release rate antie sprinkler activation times for Run 2
(HRR1SHV1DCO): HRR1 with smoke and heat vents and ithout draft curtains.
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Figure 12. Sprinkler activation map for Run 2 (HRRLSHV1DCO): HRR1 with smoke and heat
vents and without draft curtains.
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3.2.3 Run #3 (HRR1SHV1DC1): HRR1 with Smoke and Heat Verst and with Draft Curtain

For Run 3, the cumulative activation plot (FiguB) &nd sprinkler activation map (Figure 14)
are very similar to Runs 2. Although the reasoagdlzde same, they can be augmented by the fatts tha
the ceiling jet reflected by the curtain was beaingen by a dying fire and that the ceiling jetgmbad

already been cooled by the active sprinklers.
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Figure 13. Comparison of the heat release rate antie sprinkler activation times for Run 3
(HRR1SHV1DC1): HRR1 with smoke and heat vents and ith draft curtain.
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Figure 14. Sprinkler activation map for Run 3 (HRRLSHV1DC1): HRR1 with smoke and heat
vents and with draft curtain.
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Figure 15. Comparison of the net building smoke neses remaining in the building for Runs 1 -
3 (HRR1SHVODCO, HRR1SHV1DCO, HRR1SHV1DC1).

The total mass of smoke contained in the warehisusampared in Figure 15 for Runs 1 — 3.
Even though the smoke output from HRR1 was relptilosv, Figure 15 shows that smoke and heat
vents reduced the smoke mass by 43% in about h9 With the addition of a draft curtain, the
performance of the vents improved such that 57%haft would be the total smoke was removed in

the same 1.9 min time period.
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Figure 16. Visibility (in ft) along y = 0 ft at 200 s for HRR1 Runs 1 - 3. The verticaloordinate
has been stretched.
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Figure 17. Visibility (in ft) along y = 0 ft at 220 s for HRR1 Runs 1 - 3. The verticaloordinate
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Figure 18. Visibility (in ft) along y = O ft at 240 s for HRR1 Runs 1 - 3. The verticaloordinate
has been stretched.

Contours of the visibility along the center of thelding (y = 0) are shown in Figures 16 — 18.

Because the whole length of the warehouse hasdbesm, this and most of the other contour plots
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are stretched in the vertical direction. This allemproves the view but has the drawback thaaaer
features can appear elongated. Again, for legadgibg code reasons, the dimensions and the

visibility are presented in English units.

HRR1 is so relatively small and short-lived of @ fihat it has little impact on the warehouse
with the exception of the flue spaces and therggilegion. The real story of vent and draft curtai
performance was told in Figure 15. However, fréva tontours of visibility the following can be
ascertained. Run 1 had persistent pockets of egtusibility near the floor. By 240 s, Run 2 had
stratified smoke throughout the whole of the wartedgoceiling. The draft curtain in Run 3 kept the
smoke from entering the west portion of the warasleour hus for HRR1 the upper layer never drops to

the tops of the commodities, let alone to the 1B8®) level that is of concern for occupants.
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Figure 19. Comparison of the computed heat releasate for Run 4 (HRR2SHVODCO) with the
HRR2 curve.

3.3 HRR2 Fire Source

The next three simulations deal with HRR2, a medimpact fire that was controlled at
10 MW for 180 s before decay occurred. The fiiginated from the center racks on the east side of
the warehouse (Figures 1 and 2). The simulatidfes th the presence of vents and/or draft cugain
Figure 19 shows the HRR computed by Run 4. ThputtHRR for Runs 5 and 6 are very similar.

Comparison reveals good agreement with the targéten
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3.3.1 Run #4 (HRR2SHVODCO): HRR2 without Smoke and Heat ¥nts and without Draft
Curtains

In the case of Run 4, Figure 19 compares the cumealaumber of active sprinklers with the
heat release rate. Most of the sprinkler activetioccurred within one minute of the first sprimkle
operating. Only three sprinklers operated afté& 4.3The total number of operating sprinklers s
The corresponding sprinkler activation map in FegRl shows that the sprinklers opened in a ring-

like fashion around the center of the racks.
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Figure 20. Comparison of the heat release rate artie sprinkler activation times for Run #4
(HRR2SHVODCO0): HRR2 without smoke and heat vents athwithout draft curtains.
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Figure 21. Sprinkler activation map for Run #4 (HRR2SHVODCO0): HRR2 without smoke and
heat vents and without draft curtains.
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3.3.2 Run #5 (HRR2SHV1DCO0): HRR2 with Smoke and Heat Verst and without Draft
Curtains

With smoke and heat vents installed, Figure 22 shihat eighteen sprinklers operated as
compared to the 19 sprinklers that operated in ufi.e. no dramatic change). As before, most
sprinklers operated before 135 s. The final twngfer operations lagged their unvented countéspar
in Figure 20 by no more than 40 s. The sprinkdéivation map in Figure 23 shows that the ring-by-

ring activation pattern was not affected by thespree of the vents.
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Figure 22. Comparison of the heat release rate arttie sprinkler activation times for Run #5
(HRR2SHV1DCO0): HRR2 with smoke and heat vents and ithout draft curtains.
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Figure 23. Sprinkler activation map for Run #5 (HRR2SHV1DCO0): HRR2 with smoke and heat
vents and without draft curtains.
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3.3.3 Run #6 (HRR2SHV1DC1): HRR2 with Smoke and Heat Verst and with Draft Curtain

When a draft curtain is added to the warehouse wetiits, Figure 24 shows that twenty
sprinklers activated. The sprinkler activation nmrapigure 25 shows no adverse impact by the draft

curtain on the expected activation pattern.

0 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375

11 22
24
10 20 @
= 9 18 E
2 7 =
o
2 8 ; 16 o
.g 7 ] 14 _g
E R
v 6 12 3
§ 5 9 10 5
T 4 ] 8 o
14 s
§ 3 ] 6 g
T 2 ] S
3]
1 3 j L2 E

0 T T 0

0 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375
Time t (s)

Figure 24. Comparison of the heat release rate artie sprinkler activation times for Run #6
(HRR2SHV1DC1): HRR2 with smoke and heat vents and ith draft curtain.
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Figure 25. Sprinkler activation map for Run #6 (HRR2SHV1DC1): HRR2 with smoke and heat
vents and with draft curtain.
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Figure 26. Comparison of the net building smoke nmsses remaining in the building Runs 4 - 6
(HRR2SHVODCO, HRR2SHV1DCO, HRR2SHV1DC1).

Figure 26 compares the net smoke masses for Rurgs 4The trend evident in Figure 15 is
repeated. Run 4 indicates that the net smoke frammsHRR2 was about 8.5 kg. Run 5, which had
smoke and heat vents, maintained the smoke mamstiedly constant at about 2.2 kg until the decay
period began, during which the smoke mass in theheuse dropped. When the draft curtain was
also included (Run 6), the performance improvesylteng in reduction of the smoke mass during the
steady burn period. The differences by the ertdeofuns are striking: at least 4.25 times morekemo

when comparing Run 4 to Run 5 and about 8.5 timeR&ns 4 to 6.
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Figure 27. Visibility (in ft) along y = 0 ft at 180 s for HRR2 Runs 4 - 6. The verticaloordinate
has been stretched.
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Figure 28. Visibility (in ft) alongy = 0 ft at 270 s for HRR2 Runs 4 - 6. The verticaloordinate
has been stretched.
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Figure 29. Visibility (in ft) along y = 0 ft at 360 s for HRR2 Runs 4 - 6. The verticaloordinate
has been stretched.

Figures 27 - 29 show contours of the visibilityf@iralong the center of the warehouse£ 0
plane). At 180 s, Figure 27 shows that the ceijgtgwas still spreading along the length of the

warehouse except for Run 6, where the draft cuhtathalready limited the ceiling jet's extent. At
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270 s, Figure 28 shows a descending smoke lay&uor4. The smoke and heat vents in Run 5 kept
the smoke layer from descending. The partitiowvigied by the draft curtain in Run 6 maintained an
upper layer depth similar to that of Run 5 but widif the lateral extent. Figure 26 shows that thi
was possible because more smoke exited the warehathshe vents-curtain combination. By 360 s,
Figure 29 shows that for Run 4 the upper layerinoetl to descend. For Run 5, the zone that
contains the vents was relatively clear of smokewever, the remaining smoke in the rest of the
warehouse would be traveling to this zone to éxar Run 6, the zone without the fire was cledre T
zone with the fire had residual traces of smoke tira vents continued to extract. For HRR2 the
upper layer never drops to the 1.83 1) [ével.
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Figure 30. Comparison of the computed heat releasate for Run 7 (HRR3SHVODCO) with the
HRR3 curve.

3.4 HRRS3 Fire Source

Runs 7 — 9 are based on HRR3. HRR3 is like HRR2@with longer steady burn and decay
periods as noted in Table 4. These features aeetlyi based upon the plastic commodity tests
performed by McGrattan et al [1998]. Like prions)jRuns 7 — 9 utilized a fire originating from the
center racks on the east side of the warehousar@sd and 2) and the simulations differed in the
presence of curtains and/or vents. Figure 30 shio&/BlRR computed by Run 7. The output HRRs

for Runs 8 and 9 are very similar. Comparison aé&s/good agreement with the target profile.
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3.4.1 Run #7 (HRR3SHVODCO0): HRR3 without Smoke and Heat ¥nts and without Draft
Curtains

Figure 31 compares the cumulative number of aspvklers with the associated heat release
rate for Run 7. Run 7 had a total of 21 sprink¥eniie Run 4 had 19. The sprinkler activation nmap
Figure 32 shows an orderly progression of sprinklgivations stemming from the center of the
burning racks. Considering that the fire lastedsh longer than HRR2 it is at first surprisingith
only two more sprinklers operated. However, thpeexnental results in Table 6 indicate that an
average of 21 sprinkler activations are associattéda 75 st -squared rise to 10 MW. Cooling was
being provided by the sprinklers (and the ventghabthe number of additional activations as ifee f

continued would be few in number.
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Figure 31. Comparison of the heat release rate artie sprinkler activation times for Run #7
(HRR3SHVODCO0): HRR3 without smoke and heat vents ashwithout draft curtains.
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Figure 32. Sprinkler activation map for Run #7 (HRR3SHVODCO0): HRR3 without smoke and
heat vents and without draft curtains.

3.4.2 Run #8 (HRR3SHV1DCO0): HRR3 with Smoke and Heat Verst and without Draft
Curtains

When the vents opened for Run 8, the rate of sjairctivations in Figure 33 slowed down.
This resulted in a total of 19 sprinkler activasorAgain, the order of operation in Figure 34 &lw

behaved even after the vents opened.
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Figure 33. Comparison of the heat release rate arttie sprinkler activation times for Run #8

60 120 180 240 300 360 420 480 540 600 660 720 780 840 900
Time t (s)

24
22
20
18
16
14
12
10

Total Number of Active Sprinklers

o N B o o

(HRR3SHV1DCO0): HRR3 with smoke and heat vents and ithout draft curtains.

&
&
&

20

10

y (ft)
)

&
F I
2 £
30 .
@

2]

1 & i & & &
-30
& & @ & & & ] & & &
“H R 11 B
50 75 100 125 150
x (ft)
& Sprinkler B Combusting Surface
B Solid Obstacle

Figure 34. Sprinkler activation map for Run #8 (HRR3SHV1DCO0): HRR3 with smoke and heat
vents and without draft curtains.
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3.4.3 Run #9 (HRR3SHV1DC1): HRR3 with Smoke and Heat Verstand with Draft Curtain

For Run 9, as Figure 35 shows, the addition ofdfedt curtain resulted in 20 sprinkler
operations. This is one more than was the cas®@or8. The sprinkler activation pattern in

Figure 36 is orderly.
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Figure 35. Comparison of the heat release rate arttie sprinkler activation times for Run #9
(HRR3SHV1DC1): HRR3 with smoke and heat vents and ith draft curtains.
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Figure 36. Sprinkler activation map for Run #9 (HRR3SHV1DC1): HRR3 with smoke and heat
vents and with draft curtains.
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Figure 37. Comparison of the net building smoke nm&ses remaining in the building for Runs 7 -
10 (HRR3SHVODCO, HRR3SHV1DCO, HRR3SHV1DC1, HRR3SHVIRC1CB).

As illustrated in Figure 36, while the smoke madghe unvented warehouse reached masses in
excess of 23 kg, the net smoke masses remaindéeait the same levels as had been the case with
HRR2 when curtains and/or vents were in use. Snaokkeheat vent performance was, as before,

improved by the presence of the draft curtain.
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Figure 38. Visibility (in ft) along y = 0 ft at 300 s for HRR3 Runs 7 - 9. The verticaloordinate
has been stretched.
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Figure 40. Visibility (in ft) along y = 0 ft at 900 s for HRR3 Runs 7 - 9. The verticaloordinate
has been stretched.

Figures 38 - 40 show contours of the visibility fipfor Runs 7 — 9 along the center of the

warehouse (i.e., on thg = 0 plane). The unvented case was fully smokgddgvhile the vented

cases were clear. Figure 38 shows the visibibtyteurs at 300 s. For Run 7, a smoke layer which
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was deeper at the west end of the warehouse wesribsg. Because of the lack of a draft curtain,
the smoke layer was deeper at the west sectioreth$owRun 8 even though the vents reduced the
thickness of the smoke layer and provided improwogditions in sections removed from the west.
For Run 9, the smoke was contained to the eastvatfzone. In Figures 39, by 600 s the smoke
layer (i.e., theS = 30 ft (9.14 m) contour line) had descended &odtitical level of 6 ft for Run 7.
For Run 8, the smoke interface at the west secfitime warehouse uniformly covered the top of the
racks and was nowhere near the plane of conceonttupant and firefighter safety. Once again for
Run 9, the smoke was contained to the east rodfa@re. Figure 40 shows the warehouse fully
smoke logged for Run 7. On the other hand, for &wahich had smoke and heat vents but no draft
curtain, the smoke in the unopened roof vent zaaetvaveling to the other zone with the open vents.
For Run 9, which had vents and a draft curtaie,dbnditions were relatively clear throughout the

warehouse.

3.5 Ceiling-Mounted Support Beams

In most runs support beams were offset from thengen order to minimize any "draft curtain
effects” that they might represent. Run 10 examthe impact of two foot deep support beams that
were attached to the ceiling on smoke spread. IRunas based on HRR3 with the burning racks
centered on the east roof vent zone. For Runh&Oyarehouse was equipped with smoke and heat
vents and a draft curtain. Thus Run 10 only défiefrom Run 9 in the separation distance of the
support beams from the ceiling. Figure 41 showapéd succession of sprinkler activations that
gradually slowed down once the heat release ratne steady. Twenty sprinklers operated instead
of the twenty-two for Run 9. The sprinkler actieatmap in Figure 42 shows that the beams created
two pockets about the center of burning racks. Jjrenkler activations were confined to these
pockets. Contrast this with Figure 36 for Run Beve the 140 s activation occurs outside and to the
west of the lower pocket. Even though the beam&agoed the sprinkler activations, Figure 37 shows

that they had no noticeable impact on the ventgytn extract smoke.
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Figure 41. Comparison of the heat release rate artte sprinkler activation times for Run #10
(HRR3SHV1DC1CB): HRR3 with smoke and heat vents andith draft curtains and beams at
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Figure 42. Sprinkler activation map for Run #10 (HRR3SHV1DC1CB): HRR3 with smoke and
heat vents and with draft curtains and beams at theeiling.
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Figure 43. Visibility (in ft) along y = -20 ft at 35 s for HRR3 Runs 9 and 10.
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Figure 44. Visibility (in ft) along y = -20 ft at 57 s for HRR3 Runs 9 and 10.
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Figure 45. Visibility (in ft) along y = -20 ft at 78 s for HRR3 Runs 9 and 10.
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Figure 46. Visibility (in ft) along y = -20 ft at 90 s for HRR3 Runs 9 and 10.
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Figure 47. Visibility (in ft) along y = -20 ft at 300 s for HRR3 Runs 9 and 10.
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Figure 48. Visibility (in ft) along y = -20 ft at 600 s for HRR3 Runs 9 and 10.
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Figure 49. Visibility (in ft) along y = -20 ft at 900 s for HRR3 Runs 9 and 10.

The visibility contour plots in Figures 43 - 49 megpond to they = 20 ft plane because the
support beam along the = 0 plane obscures the smoke layer. The plodatkt® go only as far west

as the draft curtain in order to convey the eff@dte resulting plots were clear enough so thattone
one perspective could be used. At 35 s Figurehd8vs that the ceiling mounted support beams
confined the ceiling jet that otherwise would beeggling as was the case for Run 9. At57 s Fidfire
shows that for Run 10 the ceiling jet had reachedext set of beams while the ceiling jet contthue
to travel beyond the beam in Run 9. By 78 s tlilengget in Run 9 had reached the extent of tha ro
vent zone (Figure 45) while the ceiling jet in RLbwas still moving to the edges. In Figures 48 -

the smoke layer depth was thicker for Run 10 tkafRin 9. Run 10 reached the zone extents at 90 s
(Figure 46). In Figures 47 - 49, though, the smabdgeth was greater than four feet so the difference
between the two cases centers around the distiegbanmosed upon the interface by the two extra
sprinklers that operated in Run 9. Hence, it le@nlshown that ceiling-mounted support beams retard
the spread of the ceiling jet, but otherwise havsimmal effect on the performance of sprinklers and

smoke and heat vents. The remaining simulatiorieemse of the offset support beam configuration.

Page 67



1 H co b b
1 Fbs [
10 CURVEF
o F
%-8
= 7
§5—_:
QS 1
3 5
fid .
nc4
T 3
2
1 g
T
0 Il: :-lllllllll

0 240 480 720 960 1200 1440 1680 1920 2160 2400 264(
Time ¢ (min)

Figure 50. Comparison of the computed heat releasate for Run 11 (HRR4SHV1DC1) with the
HRR4 curve.

3.6 HRR4 Fire Source

Since there is little data on the smoke and heatymtion from controlled fires, HRR1-HRR3
include no representation of this phase. To begaddress this phase, HRR4 with a long decay was

used as a fire source.

Figure 50 shows the output heat release rate framIlR. A comparison with Figure 5 shows

that it matches the target profile well. The owtd®R for Run 12 is very similar.

3.6.1 Run #11 (HRR4SHVODCO): HRR4 without Smoke and HeaVents and without Draft
Curtains

Run 11 incorporated HRR4 in racks centered on disé r@of vent zone within an unvented
warehouse. Figure 51 shows that 18 sprinklersadgeand sprinkler activations ended soon after the
heat release rate started to decline. This wae tless than had been the case with Run 7 (HRR3).

Figure 52 shows the corresponding sprinkler adgtwamnap.
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Figure 51. Comparison of the heat release rate arttle sprinkler activation times for Run #11
(HRR4SHVODCO0): HRR4 Without Smoke and Heat Vents ad Without Draft Curtains.
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Figure 52. Sprinkler activation map for Run #11 (-RR4SHVODCO): HRR4 without smoke and
heat vents and without draft curtains.
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3.6.2 Run #11 (HRR4SHV1DC1): HRR4 With Smoke and Heat Vets and Draft Curtain

Run 11 incorporated HRR4 in racks centered on aéisé @of vent zone within a warehouse
with smoke and heat vents and a draft curtain. rékelts in Figure 53 are very similar to those of
Figure 51: rapid sprinkler activations occurredilihe heat release rate began to decline. Juest on
less sprinkler operated than had been the casenrlR (HRR3). The sprinkler activation pattern in

Figure 54 is well behaved.
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Figure 53. Comparison of the heat release rate arttie sprinkler activation times for Run #12
(HRR4SHV1DC1): HRR4 with smoke and heat vents and ith draft curtain.
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Figure 54. Sprinkler activation map for Run #12 (HRR4SHV1DC1): HRR4 with smoke and
heat vents and with draft curtain.
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Figure 55. Comparison of the building net smoke neses for Runs 11 - 12 (HRR4SHVODCO,
HRR4SHV1DC1).

A comparison of the net smoke masses associatedRwits 11 and 12 is shown in Figure 55.
Unlike the other cases without vents, the long tlomeof HRR4 along with its diminishing impact
allowed the leaks in Run 11 to begin to reducestheke mass after 23 min. With smoke and heat
vents and a draft curtain, the mass of smoke in RUpegan to decrease as soon as the vents opened.

The mass of smoke remaining by 43 min was insiggi.
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Figure 56. Visibility (in ft) along y = O ft at 300 s. The vertical coordinate has beestretched.
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Figure 57. Visibility (in ft) along y = 0 ft at 600 s. The vertical coordinate has beestretched.
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Figure 58. Visibility (in ft) along y = 0 ft at 900 s. The vertical coordinate has beestretched.
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Figure 59. Visibility (in ft) along y =0 ft at 1200 s. The vertical coordinate has beetretched.
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Figure 60. Visibility (in ft) along y =0 ft at 1500 s. The vertical coordinate has beetretched.
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b) Run #12 (HRR4SHV1DC1): HRR4 with smoke and heatents and with draft curtain
Figure 61. Visibility (in ft) along y =0 ft at 1800 s. The vertical coordinate has beetretched.
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b) Run #12 (HRR4SHV1DC1): HRR4 with smoke and heatents and with draft curtain
Figure 62. Visibility (in ft) along y=0 ft at 2100 s. The vertical coordinate has beetretched.
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Figure 63. Visibility (in ft) along y = 0 ft at 2400 s. The vertical coordinate has beetretched.
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At 300 s, the smoke layer in Figure 56a was desegnehile that in Figure 56b was contained
within the east roof vent zone. Evidence of sgankpray smoke drag-down can be seen for both
Runs 11 and 12 but it did not lead to smoke loggilgy 600s, the smoke layer in Figure 57a
continued to descend while the smoke in FigurerBiftained contained. For Run 11, the smoke level
had dropped below occupant level by 900 s (Fig8a9.50n the other hand, in Figure 58b the smoke
layer had begun to clear out. From Figures 59th@3ituation remains the same: the warehouse in
Run 11 was smoke logged while the warehouse inI]Rumas relatively clear. This comparison has

shown that smoke and heat vents can improve condigven with slowly decaying fires.
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Figure 64. View of the computational domain for Rm 13 (HRR3SHV1DC1R): burning racks
centered on row farthest away from the draft curtan.

3.7 Run #13 (HRR3SHV1DC1R): Burning Racks Centered on Bw Farthest away from the
Draft Curtain

The previous twelve runs have dealt with four défe heat release rate fires centered on the
east roof vent zone. The remaining four simulaiall use HRR3 but will move the fire to other
locations within the east zone. For the centeaedt fire runs, four vents and four sprinklers were
symmetrically located around the center of the imgrnacks. With the last four simulations this was
no longer the case. Unless otherwise indicated:gimaining runs have smoke and heat vents and one
draft curtain. Figure 64 shows the computatiowahdin for Run 13. The burning racks are centered
along the east-most row of commodities. Figursl&®vs that 17 sprinklers activated before the vents
opened and two additional sprinklers operated #feevents operated. The first sprinkler activated
65 s, somewhat sooner than was the case for theredrfire. The reason for this and the fact that

only 19 sprinklers operated are related to ventsgmihkler locations with respect to the fire looat

Page 77



Figure 66 shows the sprinkler activation map. \iiees here is now different from that of the pre\gou
maps because the fire is in a new location. Oga@ahe sprinkler activation map has been zoomed
into the area of interest. The map shows thasphieklers activated in a ring-like fashion abdw t

center of the burning racks.
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Figure 65. Comparison of the heat release rate artie sprinkler activation times for Run 13
(HRR3SHV1DC1R): burning racks centered on row farthest away from the draft curtain.

Page 78



y (ft)

.40 L '
s P - o
.50 i ! |
100 125 150 175 200
x (ft)
% Sprinkler B Combusting Surface

O Solid Obstacle

Figure 66. Sprinkler activation map for Run 13 (HRR3SHV1DC1R): burning racks centered on
row farthest away from the draft curtain.
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Figure 67. Visibility (in ft) along y = 0 ft for Run 13 (HRR3SHV1DC1R): burning racks
centered on row farthest away from the draft curtan. The vertical coordinate has been
stretched.

The visibility contour plots in Figure 67 show tlla¢ vents-curtain combination is effective at
containing and then eliminating the smoke for R@n Because of the absence of commodities,
Figures67a and 67b show good examples of spriskierke layer interaction to the east of the burning
racks. Notice how the 30 ft visibility contour dirdoes not go down to the floor level in this

passageway area.
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61.0

Figure 68. View of the computational domain for Rm 14 (HRR3SHV1DC1RC): burning racks
located on the corner farthest away from the drafcurtain.

3.8 Run #14 (HRR3SHV1DC1RC): Burning Racks Located on @rner Farthest away from the
Draft Curtain

Run 14 places the burning racks in the lower earster of the warehouse. (See Figure 68.)
As Figure 69 shows, this configuration resulte@2nsprinkler activations, the largest of any of the
simulations. Once again, the focus of the sprinklgivation map in Figure 70 has changed in
accordance with the new location of the burnindsacSince Figure 70 shows no strange sprinkler
activation pattern, it is concluded that havingfilenear the corner allowed the ceiling jet thvats

reflected off the wall to activate a few more sglans.
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Figure 69. Comparison of the heat release rate artie sprinkler activation times for Run 14
(HRR3SHV1DC1RC): burning racks located on corner fathest away from the draft curtain.
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Figure 70. Sprinkler activation map for Run 14 (HRR3SHV1DC1RC): burning racks located on
corner farthest away from the draft curtain.
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Figure 71. Visibility (in ft) along y = 0 ft for Run 14 (HRR3SHV1DC1RC): burning racks
located on corner farthest away from the draft curtiin. The vertical coordinate has been
stretched.

The visibility contour plots in Figure 71 are aldhg y = 0 plane. They show that for Run 14

the vents-curtain combination was again effectiveoataining and then eliminating the smoke.

3.9 Burning Racks Located on Corner Nearest to the DrdfCurtain Location

The last two scenarios place the burning rack$iencorner closest to the location of the

Page 83



curtain. Both runs have smoke and heat vents. 18uras no draft curtain. Run 16 includes thetdraf
curtain. The location of the burning racks is figant because it allows more smoke to escape into

the west roof vent zone.
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Figure 72. View of the computational domain for Rm 15 (HRR3SHV1DCOFC): burning racks
located on corner nearest to the draft curtain locdon with smoke and heat vents and without
draft curtains.

3.9.1 Run #15 (HRR3SHV1DCOFC): With Smoke and Heat Ventand Without Draft Curtains

Figure 72 shows the computational domain for Runwtich has no draft curtain. Figure 73
shows that for Run 15 the time frame for primanmyrdger activation was similar to that of Run 8 wit
only one later activation, resulting in a total 28 operating sprinklers. The differences can be
attributed again to relative sprinkler and ventcépg. The view for the sprinkler activation map in
Figure 74 has been changed in order to zoom it@emew fire location. Figure 74 shows that no

sprinklers in the western roof vent zone activated that the sprinkler activation pattern was nérma
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Figure 73. Comparison of the heat release rate arttie sprinkler activation times for Run 15
(HRR3SHV1DCOFC): burning racks located on corner narest to the draft curtain location with
smoke and heat vents and without draft curtains.
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Figure 74. Sprinkler activation map for Run 15 (HRR3SHV1DCOFC): burning racks located on
corner nearest to the draft curtain location with snoke and heat vents and without draft
curtains.
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Figure 75. View of the computational domain for Rm 16 (HRR3SHV1DC1FC): burning racks
located on corner nearest to the draft curtain locAon with smoke and heat vents and with draft
curtains.

3.9.2 Run #16 (HRR3SHV1DC1FC): With Smoke and Heat Ventand Draft Curtain

Figure 75 shows the computational domain for Runatich has a draft curtain. Figure 76
shows that the total number of operating sprinkegis 21. This is one more than was the case for
Run 15. The addition of the draft curtain explamsdifference between Runs 16 and 15. Figure 77
shows that no sprinklers activations occurred éowlest of the draft curtain. The reason for this i
both Runs 15 and 16 is the location of the drafiatn in the aisle. The expected ring-like actioati

pattern is present in Figure 77.
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Figure 76. Comparison of the heat release rate arttle sprinkler activation times for Run 16
(HRR3SHV1DC1FC): burning racks located on corner narest to the draft curtain location with
smoke and heat vents and with draft curtains.
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Figure 77. Sprinkler activation map for Run 16 (HRR3SHV1DC1FC): burning racks located on
corner nearest to the draft curtain location with snoke and heat vents and with draft curtains.
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Figure 78. Visibility (in ft) along y = 0 ft at 300 s for HRR3 Runs 15 and 16. The bummg racks
are located on the corner nearest to the draft cudin location. The vertical coordinate has been

stretched.
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Figure 79. Visibility (in ft) along y = 0 ft at 600 s for HRR3 Runs 15 and 16. The buimg racks
are located on the corner nearest to the draft cudin location. The vertical coordinate has been

stretched.
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Figure 80. Visibility (in ft) along y = 0 ft at 900 s for HRR3 Runs 15 and 16. The buimg racks
are located on the corner nearest to the draft cudin location. The vertical coordinate has been
stretched.

Figure 78 shows that smoke had traveled to theanesbof vent zone for both Runs 15 and
16. Because of the proximity of the burning ratckihe curtain, the ceiling jet was able to traveder
the draft curtain in appreciable amounts. Howether smoke layer interface at 300 s was greater for
Run 15 than for Run 16. By 600 s, Figure 79 shawseper smoke layer in the western zone and a
thinner smoke layer in the east zone for Run i@as relatively uniform for Run 15. Near the ehd
the runs at 900 s, the situation was much the gamRun 15 in Figure 80 but the western zone
interface had dropped to the level of the top ef tiird commodity tier for Run 16 and the east

interface was at the top of the fourth tier.
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Figure 81. Comparison of the net building smoke neses for Runs 13 - 16 (HRR3SHV1DCI1R,
HRR3SHV1DC1RC, HRR3SHV1DCOFC, HRR3SHV1DC1FC).

Figure 81 compares the net building smoke mass lis@ries for Runs 13 — 16. The
performance of Runs 13 and 14 is very similar & ¢ Runs 9 and 10. From this it can be concluded
that this is the standard performance of smokehaadl vents with draft curtains when dealing with
HRR3 in racks that are well within the roof venheo As was demonstrated in the visibility plots,
because of the proximity of the burning racks wwlestern roof vent zone, more smoke accumulated
in the western of the warehouse than had beeradeefor any other runs with vents. So, whereas for
Run 8 the smoke mass was relatively constant thiéevents opened, it continued to rise for Run 15
although at a reduced rate. Likewise, for Rune9stmoke mass began to fall after the vents opened
while for Run 16 it continued to rise, but at a éowate still than Run 15. So, even with the gni
racks adjacent to the curtain, draft curtains imprihe performance of smoke and heat vents wiéle th
fire is active. Based on Figure 81 it can be esté that the curve for Run 15 will drop below thiat
Run 16 at some time beyond 16 min. Because Rurag o draft curtain, the smoke in the western
roof vent zone will be transported to the east Zoriee exhausted. This will occur in Run 16 ad wel
but, as Figure80 indicates, only for smoke belosvdix foot depth of the draft curtain. Smoke above
this will remain in the western roof vent zonethié system is equipped with a release switchttiien
can be used to manually open the vents in theawesbne during overhaul. This would effectively

clear out the smoke contained in the western zone.
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4.0 Discussion

The simulations performed in this study were bageah the experimental work of McGrattan
et al [1998]. The results with respect to sprinklgeration are consistent with that work botlennts
of the time to first sprinkler operation and theatomumber of sprinklers operating. The simulations
clearly span the range of performance that canxpeated in practice with sprinkler operations

numbering from four up to the number of sprinkliershe design area.

Comparison of sprinkler operations between ventelduiavented cases clearly shows that the
operation of sprinklers was not affected by smaicleeat vents or by smoke and heat vents with draft
curtains. The time to first sprinkler operatidme number of sprinkler operations and the pattérn o
operation were not impacted by the venting systéire use of a one minute delay in vent operation
allowed all sprinklers capable of applying watethe fire to operate before the vents operated, thu

assuring that the sprinkler system performance avbalunimpeded by the venting.

The use of ganged smoke and heat vents markedlgeddhe smoke logging of the building.
The visibility in the warehouse was measurably qudlitatively enhanced. The total quantity of
smoke mass remaining in the building was foundet@ib effective metric for smoke and heat vent
performance. Typically, venting reduced the tetabke load in the facility by an order of magnitude

and drastically reduced the total exposure of gtodsnoke.

The impact of smoke and heat venting upon the itgitand general environment for
firefighting was significantly enhanced. For ckaljing fires without smoke and heat venting, ldss o
visibility was nearly complete. With smoke and theenting, excellent visibility was maintained

throughout the facility including in the area ofwal sprinkler operation.

While excellent smoke and heat vent performance@azed even without draft curtains, the
inclusion of draft curtains delineating sprinkleverage areas enhanced smoke extraction and limited
lateral movement of smoke to areas outside thenldpri coverage area where the fire occurred.
Lateral smoke movement was shown to have negatipadts upon goods stored high in the racks and
upon every object from the top of the racks todiéng. For fires with sprinkler operations adjat
to draft curtains, smoke drag down allowed smokaawe under the draft curtain. While this allowed

some smoke exposure for goods high in the raclteeiadjacent zone, overall performance remained

Page 91



quite satisfactory. The modeling results indidatg draft curtains offer value to owners and their
insurers by limiting smoke damage to the buildimgl @ontents outside the coverage area of the

sprinkler system where the fire occurred.

While only limited data for smoke production froontrolled fires is available in the literature,
the modeling results show that smoke and heatnvgmdivery effective in removing smoke even for
heat release rates associated with controlled. fifEsis facilitates fire department operations to

extinguish the controlled fire.

5.0 Conclusions

This investigation has shown that ganged operatiemoke and heat vents is highly effective
in removing heat and smoke from the building. Ha&ion of the smoke and heat vent system
markedly improved the visibility throughout the lolimg and significantly reduced the exposure of the
building and contents to smoke. Draft curtainthalgh not vital to the performance of the smola an
heat vents, did limit lateral spread of smoke teeozones and enhanced the extraction of smoke from
the building. The operation of the smoke and leat system had no effect on the operation of
sprinklers and as such maintained the operatiofiatteveness of the sprinkler system while

improving the conditions within the building in qagot of fire department operations.
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Nomenclature

Roman

A Area [nf]

C Concentration [ ]

Co Discharge coefficient [ ]

o Specific heat (of a solid) [J/(kg-K)]
Contrast [ ]

c Specific heat at constant pressure [J/(kg-K)]

Specific heat at constant pressure [J/(kg-K)]
Diameter [m]

Acceleration of gravity [9.81 nfls

Intensity [W/nf]

Extinction coefficient [ri]

Q@ o o

Specific extinction coefficient [fAkg]

3

Thermal conductivity [W/(m-K)]
Length [m]

Molar mass [kg/kmol]

Mass [kg]

Pressure [Pa]

Total heat (energy) [J]

Local heat (energy) [J]

Ideal gas constant [J/(kg-K)]
Visibility [m]

Temperature [°C]

- 4 »m ™m e O v 3 F rx X X

Time [s]

Velocity [m/s]

Volume [nT]

The Cartesian position vector, equal i1q ¢, z) [(m,m,m)]

x < <

x

The first Cartesian coordinate [m]

The second Cartesian coordinate [m]

<
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y A yield based on the fuel mass [kg/kg]

2 The third Cartesian coordinate [m]
Greek

a Thermal diffusivity [nf/s]

y Rossin-Rammler exponent [ ]

The difference operator [ ]

AH, Heat of combustion [J/kg]
0 Density [kg/ni]
o Log-normal variance [ ]

Superscripts

(] Denotes a quantity on a molar basis
C Denotes a dimensionless quantity
. Quantity per unit time [§

" Quantity per unit area [fj

Quantity per unit volume [Hj

Subscripts
0 Denotes an initial quantity
F Refers to a fuel quantity
i An index for a member of a sequence, array, orovec
j An index for a member of a sequence, array, otovec
m Refers to a mean quantity
S Refers to a smoke quantity
T Denotes a total quantity
00 Denotes an ambient quantity
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List of Abreviations

AAMA American Architectural Manufacturers Assocati
BFRL Building and Fire Research Laboratory

CFD Computational Fluid Dynamics

HRR Heat release rate

IBC International Building Code

FDS Fire Dynamics Simulator

FM Factory Mutual

FMRC Factory Mutual Research Corporation

IFS Industrial Fire Simulator

LES3D Three dimensional large eddy simulation
NFPA National Fire Protection Association

NFPARF NFPA Research Foundation

NIST National Institutie of Standards and Technglog
SFPE Society of Fire Protection Engineers

us United States
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