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FOREWORD

In April of 2005 , the Fire Protection Research Foundation s Detection and Alarm
Research Council identified the need for a study to develop the technical
justification for spacing rules for smoke detectors located on ceilings with deep
beams and waffle-type construction.

The NFPA 72 rules on smoke detector spacing have been a major point of
discussion and concern among the membership of the Initiating Devices
Committee. The comprehensive review of smoke detection parameters for a
wide variety of beam spacings , ceiling heights and room areas carried out in this
study provides the technical information necessary to provide engineering and
installation guidance and to resolve technical issues that will allow for more cost-
effective and protection-effective smoke detector installations.

The project was initiated in July of 2005.

The Research Foundation expresses gratitude to: the report author , Daniel J.
Connor , P. , FSFPE; the Project Technical Panel: Bob Boyer, Jason Floyd

Bruce Fraser, Lynn Nielson , Lee Richardson , and Ralph Transue; and the project
sponsors: Automatic Fire Alarm Association , GE Security, Honeywell , National
Electrical Manufacturers Association , Siemens Building Technologies , and
SimplexGrinnell for their support.

The content , opinions and conclusions contained in this report are solely those of
the author.
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INTRODUCTION

In accordance with the National Fire Alarm Code (NFPA 72), 2002 edition , the general

guideline for spacing spot-type smoke detectors is 30 feet or 9. 1 meters (NFPA 72
3.2. 3(A)). This guideline can be considered to represent a benchmark or baseline

expectation for the performance of spot detectors on a smooth , level ceiling surface. NFPA
, however, notes that ceiling shape , ceiling surface , and ceiling height are factors that can

impact the response of detectors , and accordingly establishes prescriptive rules for spot-type
smoke detectors when solid joist or beam construction or sloped ceiling configurations occur
in a room or area protected by spot-type smoke detectors. These rules of NFPA 72 indicate
that the guideline rule for 30 feet (9. 1 meters) smooth ceiling spacing of spot-type detectors
is to be mod~ied based on the following criteria.

Ceiling heights of 12 feet (3.66 m) or less and beam depths of one foot (300 mm)
or less

Spacing in parallel direction - use smooth ceiling spacing
Spacing in perpendicular direction - reduce spacing to 1/2 smooth ceiling
spacing

Ceiling heights exceeding 12 feet (3.66 m) OR beam depths exceeding one foot
(300 mm)

Locate spot detectors in every beam pocket

For ceiling heights less than 12 feet (3.66 meters) with relatively shallow beams of one foot
(300 mm) or less, the guideline of 30 feet (9. 1 meters) would require a reduction to 15 feet
(4. 55 meters) for spacings in the direction perpendicular to the beams or joists. Where
ceiling height exceeds 12 feet (3.66 meters) or beams are relatively deep ("one foot or 300
mm), the spot-type smoke detector spacing is effectively the same as the spacing between
beams in both directions.

The current NFPA 72 spacing rules for spot-smoke detectors have been a frequent source of
questions and confusion for the design and code enforcement communities. Consider that a
smooth level ceiling of a 90 foot x 90 foot (27.4 m x 27.4 m) room could reasonably be
protected by a grid of nine spot smoke detectors as shown in Figure 1. By comparison , if the
ceiling were of waffle concrete construction with structural deep beams ("12" or 300 mm)
three feet on-center, the same room would strictly require 900 spot-type smoke detectors
each detector covering an area of 9 1t2 (0.84 m ) as shown in Figure 2. Figures 3 and 4
illustrate actual situations of these types of ceilings. Without any technical analysis
engineering judgement suggests that installing 900 detectors with the deep beam pockets or
waffles versus nine spot-type smoke detectors with a smooth ceiling configuration is not a
cost effective detection solution or technically sound application of current smoke detection
technologies.
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LITERATURE REVIEW

The current deep-beam rules in NFPA 72 were based on early Computational Fluid
Dynamics (CFD) or field modeling work sponsored by the National Fire Protection Research
Foundation (NFPRF) in 1993 and 1994. The methodology and results of the previous work
performed at the Building & Fire Research Laboratory of the National Institute of Standards
& Technology (NIST) is found In the following National Fire Protection Research Foundation
documents.

International Fire Detection Research Project , Field Modeling: Effects of Fiat
Beamed Ceilings on Detector and Sprlnkier Response; Technical Report Year 1
October 1993.

International Fire Detection Research Project, Field Modeling: Simulating the
Effect of Sloped Beamed Ceiling on Detector and Sprinkier Response, Technical
Report Year 2 , October 1994.

The work at NIST sponsored by the NFPRF in 1993 and 1994 was sign~icant in identITying
the flow effects resulting from parallel channels , but was limited In scope due to the costs
and computational time required for field modelling In the early 1990's. The 1993 work on
level ceilings (Technical Report Year 1) was limited in several key respects.

The distance between the fire source and the ceiling was maintained as a constant
dimension of 8 feet (2.4 meters) In the majority of floor-to-ceiling scenarios using a
height of 11 feet (3.35 meters). In those cases where ceiling height was extended
beyond the range from 11 feet (3.35 meters) to 28 feet (8.53 meters), the beam
depth was oonstant at one foot (.305 meters).

The criteria for detector activation was narrowly defined and did not consider any
comparison to the baseline performance of smoke detectors spaced 30 feet (9.
meters) apart on a smooth ceiling.

Rather, the basis used for the determination of "successful" detector activation was
directly related to threshoid fire size of either a growing t-square 100 kW or 1. 0 MW.
For example , the CFD results presented in the 1993 Technical Report Year 1 ident~y
the field conditions where the temperature rise (13'C) activation criteria for smoke
detectors would be achieved before the fire reached either the threshold fire
condition of 100 kW or 1.0MW. To illustrate the results for smoke detector response
Figure 19 is excerpted from the 1993 report and is reprinted on the following page.

This method of evaluating smoke detector response uses performance-based design
methodology, but it provides no comparison to the expectation of smoke detectors
using the 30-foot NFPA 72 spacing guideline. Also , using distinct fire size thresholds
did not allow for full understanding of how field conditions would change if examined
five , ten , or thirty seconds later with the growing fires.

The model domain was limited to fire gas flows across four parallel channels typically
with open boundaries (one series of simulations considered enclosed spaces) with
no consideration for the constraining effects of corridor walls or beam pocket
arrangements.
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FOCUS OF THIS STUDY

The primary focus of this study is to evaluate the appropriateness of the current NFPA 72 prescriptive
provisions, using Computationai Fluid Dynamics (CFD) simulations, and to determine which ceiiing
structure parameters, if aitered , would cause significant differences in smoke detection performance
as compared to a smooth levei ceiling condition (the baseiine). Currentiy, avaiiable modeling
methods aiiow for this analysis to be conducted with greater efficiency for a wide variety of beamed
ceiling configurations not previousiy studied , whiie taking advantage of current day computer

processing capabiiity.

Beam pockets are formed when a ceiling is split into a number of separate compartments by the
presence of cross-beams or joists. The investigation seeks to answer several smoke detection
performance questions relating to such ceiiing construction:

Is it necessary to instail smoke detectors in every beam pocket?

If not, what should be the appropriate detection point spacing? One every second, third
pockets?

Wouid it suffice to put detectors on the undersides of beams? if so , at what spacing?

How does ceiiing height impact the performance?

Which ceiling structure features have a significant effect on smoke detector performance?

This study is appiicabie to typicai spot smoke detectors but does not consider the potentiai
performance benefits of advanced or high sensitivity smoke detection technoiogies.

ACKNOWLEDGEMENTS

This study and CFD modeling effort was initiated through the coliaborative efforts of Schirmer
Engineering Corporation (USA) and Vision Systems Ltd. (Austraiia). The initial work of this study by
the VisionlSchirmer team was presented to the Fire Detection and Aiarm Research Council , an active
subdivision of the Fire Protection Research Foundation. The Councii beiieved that the work was in
line with the Council's mission to advance the implementation of detection and aiarm system

technology through research and communication programs, cioseiy tied to the needs of the National
Fire Protection Association. Accordingiy, the Foundation has provided funding to continue the study
effort in order to better understand factors and performance of smoke detectors used with beamed
and waffle ceiling configurations.

Aiong with the Foundation , this study has received the support of the Project Technicai Panel
appointed by the Foundation. The authors of this study wish to convey their thanks for the time and
technical input of the foilowing individuals:

Kathleen Almand Executive Director
The Fire Protection Research Foundation

Proiect Technical Panel Members

Bob Boyer Edwards Systems Technology, inc.

Bruce Fraser SimplexGrinnell

Jason Floyd Hughes Associates, inc.

Tom Hammerburg, Automatic Fire Aiarm Association , Inc.

Lynn Nielson Hendersen Nevada Fire Department

Ralph Transue The RJA Group, Inc.
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FIRE MODELING METHOD

The Fire Dynamics Simuiator (FDS) developed by the National Institute of Standards and Testing
(NiST) was used to generate the modeiing domain and data for this study. A number of computer
simulated situations were used to evaluate the detection performance of spot detectors in corridors
smail rooms and iarge open spaces.

For this fire modeling effort, it was necessary to define the foilowing:

1. Structure and dimensions of building enciosure.
2. Fire characteristics and associated parameters such as fire type and size.
3. Smoke detection point iocations.

This modeling effort intends to determine the sensitivity of certain physicai buiiding parameters.
Parameters deemed ' Sensitive ' being those for which a change in vaiue (such as beam pocket size)
significantiy affects detector performance.

Structure and Dimensions of Fire Compartmentls)

Table 1 below shows the building parameters used in the CFD in the fire models

Table 1 - Building Parameters

Structure Parameter Specification

Corridor Enclosure Height 9ft, 12ft and 18ft (2. 74m , 3.7m and 5.5m)

Smali Room Enclosure Height 12ft, 18ft and 24ft (3. , 5.5m and 7. 3m)

Large Open Area Enciosure Height 36ft and 50ft (11m and 16. 5m)

Ceiiing Type Levei

Beam Pocket Depths fiat ceiling, 1ft and 2ft (Om , O. 31m and O.61m)

Beam Spacing (Pocket Width) 3ft, 6ft and 12ft (O. 91m , 1. 58m and 3. 66m)

Beam Width for Corridor 6 in (O. 15m)

Beam Width for Smail Room 75ft (O. 23m)

Beam Width for Large Open Space 5ft (O.46m)

Type of Beamed Ceiiing Fiat (no beams , used as benchmark) Joists
(beams in paraliel) and pockets

(perpendicuiar, crossed beams forming
square or rectangie beam pockets)

Corridor Widths 5ft (1. 52m), 12ft (3. 66m)

Floor Area for Smail Room 40ft by 35ft (12.2m by 10.7m)

Floor Area for Large Open Space 90ft by 80ft (27.4m by 24.4m)

Openings in Modeied Enclosure No openingsll), corridor connecting internaily
to ambient

Air Handiing Units in Modeied Enciosure Not considered!2)

(1) intent is to avokllarge ventiiation openings in modeiing domain that would resu~ in vent flow dynamics. Lack

of openings found inconsequential to fieid cond~ions since detector responses occur prior to fuil room smoke
layering deveiopment.

(2) Geiman s (2003) study of fuii scaie Navy tests comparing smoke detector response of no ventiiation scenarios
and 12 air-changes scenarios concluded ' jhe effect of ventilation ~ considered negiigibie for flaming fires
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Simulation Parameters

Tabie 2 summarizes the basic fire model parameters used for the CFD simulations.

Table 2 - Basic Fire Model Parameters

Fire Modeling Parameter Description

Minimum Geometry Grid (fire plume region) A 2m by 2m area around the fire source from
floor to ceiiing was divided into blocks of 1.

(38mm) by 1. 5" (38mm) by 1. 5" (38mm).

Minimum Geometry Grid (under the ceiiing) A layer beiow the ceiiing, twice the beam
pocket depth , was divided into blocks of 1.

(38mm) by 1. 5" (38mm) by 1.5" (38mm).

Corridors: 3ft (1m) deep from the ceiiing
Rooms: double of the beam depth

Minimum Geometry Grid (remainder of the The area outside those described above was
enciosure) divided into biocks of 6" (152mm) by 6"

(152mm) by 6" (152mm)

Smoke Soot Yield 022 grams/gram fuel burned

Modei Construction Fuil piume region simuiatlon and partiai
buiidlng structure representation of the

corridor enclosure (see Figure 5)

Fire Types Only flaming fire is considered

Corridor: 100kW constant fire
Rooms: 100kW (12ft ceiling), 200kW (18ft
ceiling), 300kW (24ft ceiling), 400kW (36ft
ceiiing), 500kW (54ft ceiiing) constant fire

t-square medium growth fire

Fire Base Area 2ft by 2ft (D.61m by 0.61m)

Simulation Time 150 seconds

Fire Location Mid way between detectors - the worst case
scenario

Totai Simulation Run As required - based on boundary conditions
and variabies used in the sensitivity study.

For the purposes of the simuiations , it was assumed that all compartments were enclosed stiil air
environments. Figure 5 and 6 depict the corridor domain grid systems and thermocouple
arrangements used for data gathering points. Figure 7 and 8 iilustrate the grid and thermocoupie
arrangements for a typical enciosed room. Due to the reiativeiy smali fire sizes, it was also assumed
that any materials inside the simuiated area (furniture and wail linings for example) wouid have no
effect on the resuits.

In accordance with the CFD modeiing requirements, ali objects within the simuiated areas were
approximated to rectangles with stair stepping to avoid vortices occurring at sharp corners. As shown
in Table 2 , a Minimum Geometry Grid was appiied to partition the simulation area. For the smail
rooms, Figures g, 10 and 11 iliustrate in eievation view and ceiling plan view the location of measuring
of sampiing points used to track temperature , smoke density and veiocity data.
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Figure 5 Corridor domain - grid system example
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Figure 6 Corridor domain - thermocouples arrangement example

GRID SYSTEMS: The corridor simulation domain was divided into three grid systems. The
first grid system inciudes the space around the fire plume and has a smailer cell size of 1.
(38mm) cubes. The second grid system includes the space near the ceiiing with the same
ceii size as the first grid system. The third and fourth grid systems inciude the rest of the
simuiation domain and with a larger cell size of 6" (152mm) cubes. Refer to Tabie 2 for grid
systems in rooms.

THERMALCOUPLES ARRANGEMENT: Along the centeriine of the corridor, the
thermocoupies are piaced at the center of each beam pocket, and at the bottom of each
beam. As shown in the graphic, the yellow dots represent the positions of the thermal
couples. Series of verticai thermocouples were placed at the beam pockets that are 15ft
(4.6m), 18ft (5. 5m), and 21ft (804m) from the fire. Additionai series of verticai thermocouples
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iocated near the sidewall were added to the simuiation for the purpose of comparison. The
orange/yellow dots in Figure 8 represent those thermocoupies iocated underside the beams.
Detaiis of thermocoupie locations (detection points) for room scenarios are shown in Figures

10and11.

Figure 7 Example of CFD grid systems for rooms

Figure 8 Example of a CFD simulation domain for rooms
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Figures 93 and 9b Small room layout (quadrant) with 3ft by 3ft beam pockets
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Figures 10a and 10b Small room layout (quadrant) with 6ft by 6ft beam pockets
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SMOKE DETECTION PERFORMANCE METRICS

Smoke Detector Alarm Thresholds

Predicting precise smoke detector activation times is not a focus of this analysis , rather the
intent is to examine the fieid conditions at various smoked detector iocations and evaluate
the likelihood that field conditions at postulated smoke detector locations will result in an
alarm condition. If there is sufficient optical density, temperature rise or velocity at the
smoke detector location then it is reasonable to conclude that the smoke detector would
likely alarm. In this analysis the key criteria for evaluating the field conditions are the
thresholds that are selected to indicate conditions likely for smoke detector alarm.

Recent work by Geiman (2003) further refined by Geiman and Gottuk (2003) represents the
best known review of the thresholds for estimating spot-type smoke detector alarm
response. These two works present a review of numerous test series and the variety of
threshold parameters suggested over the years for estimating smoke detection response.
The evaluations of various thresholds demonstrate a significant variability in field conditions
at the time of alarm depending on detector type, fire type (smouldering or flaming) and
nominal detector sensitivity. However, the work of Geiman and Gottuk points to a number of
significant findings that is useful to identifying smoke detector alarm thresholds for the
purpose of this study. A detailed review of the Geiman and Gottuk alarm-threshold work is
found in the full report.

Based on the technical review and analysis of various smoke detector alarm thresholds as
detailed in the work of Geiman (2003) and Geiman & Gottuk (2003, 2005), the following

approach to thresholds is considered appropriate:

As the focus of this analysis is not to determine precise smoke alarm times, but

rather to review the trends in the data , no singie point threshold vaiues are used as a
definitive predictor of smoke alarm.

For this study, neither the nominal smoke detector sensitivities , nor the maximum U.
L. black smoke limit of 0. 14 OD/m are considered appropriate thresholds for flaming
fires. To review the trends and understand the nature of the difference between
ionization and photoelectric detector response , the change of optical density at
postulated detector locations are compared to a range of values described as the
80% OD Alarm Threshold" by Geiman & Gottuk. The "optical density alarm

thresholds" represent the smoke optical density levels at which a certain percentage
(e. g. 20%) of detectors would have alarmed in the examined database of detector
responses. The detector responses were based on UL- listed smoke detectors in full
scale fire test conditions. The values considered appropriate for this analysis is the
80% average alarm threshold from the following table (Geiman & Gottuk).

OD Alarm Fire Type ionization Detectors Photoelectric Detectors
Threshold
20% Flamino Fires 007 I 0. 004 OD/m 31 I 0. 016 OD/m
50% Flamino Fires 021 I 0. 005 OD/m 063 I 0. 029 OD/m
80% Fiamino Fires 072 I 0. 027 OD/m 106 I 0. 039 OD/m

This average value and associated range of values , assure that the high percentage
of smoke detector responses will be captured. Also , it is important to note the 80%
alarm threshold values include data for mid-1970' s detector technology. Thus , the
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80% alarm values are expected to capture more than 80% of predictions given the
effectiveness of today s more advanced detector technoiogies.

A secondary indicator of smoke alarm will compare the temperature rise at
postuiated smoke detector locations to the thresholds of 40C and 130C. The 40
threshoid is representative of a conservative threshold for ionization detection and

the 130C threshold is representative of a typical photoelectric detector. See Figure
12 beiow.

100%

'5 
80%

.. :;;

60%

...s 40%

~ ..

20%D. c

\_4CIII13CI

Navy Ion Flaming Navy Photo Flaming

Figure 12. This graph is based on the data found in Geiman (2003) as Figure 

Percentage of detectors that alarmed at a temperature rise less than or equai to each
temperature aialTTl threshoid for Navy tests WITh flaming fires. (Source: Geiman thesis page
72)

In those cases where optical density values are in the range of values indicating an
expectation of smoke detector aiarm , then the veiocity fieid is reviewed where
necessary to confirm that veiocities are in the range of expectation for smoke
detector alarm (0. 13 m/s:!: 07).
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Detection Performance Analysis - Baseline

Two metrics are used in this study to evaluate the performance and expectation for smoke
alarm at any of the postulated smoke detector locations.

For all ceiling heights examined , a baseline response for a smooth ceiling condition
with smoke detectors located on a 30-foot grid is determined. This configuration is
illustrated by Figures 13 and 14. The baseline detector performance is determined
for each ceiling height scenario. Figure 15 illustrates the changing response of the
baseline with increasing ceiling height when the same fire/size is applied.

In this study, primarily small flaming fires (100 kW for corridor and rooms with low
ceiling height, increased accordingly as ceiling height is increased) are used for
analysis. The 100 kW fire provides a reference to earlier field model analysis
performed in 1993 (NFPRF Technical Report Year 1) and represents a flaming fire
that , although relatively small , is representative of a threat that is expected to be
detectable and alarmed in the presence of commonly available spot detectors. In
several corridor scenarios with higher ceiling heights fire sizes are increased to 300
kW to allow for energy and smoke transport sufficient to reach smoke detector alarm
threshold ranges. In room scenarios with higher ceiling heights fire sizes are
increased to 200 , 300, and 600 kW to allow for energy and smoke transport sufficient
to reach smoke detector alarm threshold ranges.

It is important to ascertain if the temperature , smoke optical density and/or gas
velocity reaches a level or threshold range that provides an expectation for alarm. It
is possible that as parameters are changed (for example, increasing ceiling height)

that the baseline detector and postulated detector s response falls below a range of
values where alarm is expected. For this reascn , threshold values are compared to
both the baseline response and response of postulated detector locations.

The smooth ceiling model with detector points placed at the NFPA 72-recommended
spacing of 30ft is used as a baseline , against which the detector performances for all other
detector locations, detector types and ceiling structures are compared. Baseline detectors
are compared to postulated detector locations using the worst case spacing scenario where
a fire occurs at the furthest possible distance away from a detector. For the corridor
scenarios the fire is considered midway between two detectors. For room scenarios the fire
is considered centered between four detectors.
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