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Chapter 1: Introduction

This thesis will analyze the response of conventional spot type photo-electric
smoke detectors to flaming and non-flaming incipient fire sources in a vedtitzam
environment. The response of these detectors will be determined for theeendiff
ventilation conditions by using the obscuration readings of highly sensitivetadpira
smoke detectors sampling in the same conditions. The expected result of thisttresi
improve the obscuration level response accuracy of spot type photo-electiE sm
detectors when exposed to incipient fire sources. In previous studies, obscuragien met
have been used to analyze the response of these detectors. The improved result in this
thesis is suggested due to the fact that aspirated smoke detectors use tlghsame
scattering technology as spot photo-electric detectors. Also, the abgimad&e
detectors remove the smoke sample from the room environment before reporting an
obscuration which limits the effect of ambient light, room temperature, aokiesm
velocity on these readings. This thesis is an extension of a 2008 project compleled joint
by the University of Maryland (UM) and Underwriters Laboratories, (0t.) under the
auspices of the Fire Protection Research Foundation (FPRF) titled “Malidd a
Smoke Detection Performance Prediction Methodology”. This 2008 project, which will
be referred to as the “2008 report” throughout this document, utilized obscuratioa meter
inside the test room to determine the obscuration level at the response timspaftthe
type photo-electric detectors. This thesis will focus on improving the accuraalidity
of the data reported in this project by analyzing the response of these deteators

different way.



Chapter 2: Overview of 2008 Report

The October 2008 report is divided into four volumes, and describes the test
methods, test results, computer simulations and analysis used for this projdtt, whic
addresses the validation of a smoke detection performance prediction methodology. The
four volumes of this report include the following:

Volume 1 addresses the characterization of the heat and smoke release rates of

eight incipient fire sources;

- Volume 2 addresses the large-scale room fire tests conducted as part of this
project;

- Volume 3 addresses evaluation of smoke detector performance in the large-
scale room fire tests conducted as part of the project;

- Volume 4 addresses comparisons of FDS smoke detection prediction
methodologies and actual smoke detector performance in the large scale room

fire tests.

The overall objective of this project was to evaluate the capabilities ofrth®¥mamics
Simulator (FDS) to predict smoke detector activation in response to refdtiweenergy
incipient fire sources. The project was subdivided into four tasks, consistent with the
four volumes included in the 2008 report.

The 88 room fire tests conducted as part of this project provide a large amount of
data on the conditions resulting from the 8 incipient fire sources and the response of spot,
beam and aspirated detection systems to these conditions in both unventilated and
mechanically ventilated enclosures [1]. The basis for this thesis is that foatgian of

this data has been analyzed in detail as part of this 2008 report. This thesis witifocus



providing improved results to Volume 3 (evaluation of smoke detector performance in
the large-scale room fire tests) of this 2008 report. These results wdhtygared to the
results obtained in this 2008 report where the obscuration meters were used to
characterize the photo-electric detector response. These results mwilktbempared to
methodologies available in the fire protection engineering literatugréaticting the

activation of photo-electric smoke detectors [1].



Chapter 3: Spot Photo-Electric Smoke Detector ies

The response of traditional spot type smoke detectors is dependent on the
characteristics of the smoke in the vicinity of the detector and the chisstacteof the
detector. Most of the current smoke detectors operate based on one of two types of
detection technologies: photo-electric or ionization. Contemporary photoietnoke
detectors respond based on the scattering of light caused by smoke pantictess gype
of detector will be the main focus of this discussion. The alarms on these smoke
detectors activate when a set threshold is reached [1].

The suspended smoke particles generated during the combustion process affect
the propagation of a light beam passing through the air. This effect can bgeshiplo
detect the presence of a fire in two ways: obscuration of light intensity overatme be
path and scattering of the light beam from its path of travel (photo-eledtrgt)t
scattering involves light being reflected or refracted by smoke lesrtitight scattering
smoke detectors are usually of the spot type and contain a light source and a photo-
sensitive device arranged so the light normally does not fall onto the photo-sensitive
device. When suspended smoke particles enter the light path, the lighttsigikes
particles and is scattered onto the photo-sensitive device, causing the deteztpond
(see Figure 3-1). A photo-diode or photo-transistor is usually the receiving dead

in light scattering detectors [2].
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Figure 3-1: Typical Conditions Associated with Photo-Electric DeteaspBnse [2].

In order to determine when a photo-electric detector will respond to a given
obscuration level, a number of factors need to be assessed including smoke
characteristics, smoke transport, and detector characteristics. Smractartics are a
function of the incipient fuel source composition, the mode of combustion (smoldering or
flaming), and the amount of mixing with the ambient air. These factors are ampfant
determining the characteristics of the products of combustion, such as pazécle si
distribution, composition, concentration, and refractive index. Whether smoke detectors
detect by sensing scattered light, loss of light transmission, or reductmm @airrent,
they are really particle detectors. Thus, particle size, concentratlor, and size
distribution affect each sensing technology differently. It is genesakyowledged that
a flaming, well-ventilated fire produces smoke having a larger proportion efitire
micron diameter particulates as opposed to a smoldering fire that prochaes\sith a

majority of large, super-micron particulates. It is also acknowledgegdst the smoke



cools, the smaller particles agglomerate to form larger particleepsge, and are
carried away from the fire source [3].

All smoke detection depends on the plume and ceiling jet flows to move the
smoke from the area of the fire to the detector. Many concerns must be addressed dur
this transport time, including changes to the characteristics of the snabketar with
time and the distance from the source, and transport time of smoke from the source to the
detector. The smoke characteristic changes that occur during transgertirainly to
the particle size distribution. Particle size changes during transportroaily as a
result of sedimentation and agglomeration. Transport time is a function of the
characteristics of the path of travel from the source to the detector. Qpfetant
characteristics that should be considered include ceiling height and con@igurati
intervening barriers such as doors and beams, as well as dilution and buoyansy effec
such as stratification that might delay or prevent smoke in being transported to the
detector. In smoldering fires, thermal energy provides a force for traimgpsmioke
particles to the smoke detector sensor. However, usually in the context of smoke
detection, the rate of energy release is small and the rate of growthfiod teeslow. In
the early stages of development of a growing fire, interior environmengateff
including ambient airflow from ventilation systems can have a dominant influenbe on t
transport of smoke. This is particularly important in spaces having high celBngater
thermal energy release from the fire is necessary to overcome the®e inter
environmental effects [3].

Once smoke is transported to the detector, other factors become important in

determining whether response will occur. These include the aerodynamactehatics



of the detector and the type of sensor within the detector. The aerodynamics of the
detector relates to how easily smoke can pass through the detector housinigatick e
sensor portion of the detector unit. Also, the location of the entry portion to the sensor
with respect to the velocity profile of the ceiling jet is also an importatdifa Finally,
different sensing methods (e.g., ionization or photoelectric) will respond ditffgre
depending on the smoke characteristics (i.e. smoke color, particle sizé, agrtisity).
There will be variations depending on the wavelengths of light and the sca#tegieg
employed by each individual detector type. All spot-type smoke detectorseremquoke
to enter the detection chamber in order to be sensed. This requires additionaldactors t
be taken into consideration when attempting to estimate smoke detector response, as
smoke entry into the detection chamber can be affected in several ways ingigdutg
screens, sensing chamber configuration, and location of the detector with tespec
ceiling [3].

The evaluation of these three major factors affecting photo-eleetactdr
response (smoke characteristics, smoke transport, and detector clslictevill be
expanded upon further in the “Conditions Affecting Photo-Electric DetectqroRes”

section of this thesis.



Chapter 4: Aspirated Smoke Detector Principles

Aspirated smoke detection (sometimes referred to as optical air sgjnplin
equipment has been configured to provide another technique for early warning fire
detection. These particle detectors sample the air from a protectehdrage capable
of protecting large spaces because of their inherent sensitivity. Inoacithie detectors
can be used in areas having high air change rates where dilute smoke atinosrar
laminar airflows interfere with proper operation of other types of smoke detedibese
air-sampling detectors can draw air through a piping network to the detectby amit
air-aspirating fan in the detector assembly. Air samples are illurdimatie a high
intensity light, which causes smoke particles to reflect light to a stdie-photo-
receiver. An analog signal is generated from the detector to the contratlich
displays the smoke obscuration sensitivity. The detector system provides inaepende
programmable levels of alarms to indicate different levels of fire conditi The two
main advantages of this type of detection are the use of sensitivibhgsdtr incipient
fire detection and the fact that one detector apparatus can cover relatiyelgreas by
using perforated piping for air sampling in the protected area. Aspirated smek®det
can be set at much higher sensitivities than other smoke detectors becaase they
unaffected by air velocity, temperature, and humidity in the protected artraugth
they are expensive, they sample from multiple points arranged in a gachpat
throughout the protected areas or even from within equipment or special hazards. A
disadvantage is that they cannot identify the specific sampling port thatdke sm

entered-the finest resolution is normally by sampling zone [2].



The air sampling smoke detection system used in this experiment wasdle Xtr
VESDA (Very Early Smoke Detection Apparatus) VLC (LaserCOMPACTHis Bystem
works by continually drawing air into the pipe network via a high efficienpyater. A
sample of this air is then passed through a dual stage filter. The fystretaoves dust
and dirt from the air sample before it allows the sample to enter the lasetiatet
chamber for smoke detection. The second (ultra-fine) stage provides an addeiamal c
air supply to keep the detector’s optical surfaces free from contaminationngrstable
calibration and longer detector life. From the filter, the air sample iggdssough to
the calibrated detection chamber where it is exposed to a highly stableglaissolirce
with a 3.5mm diameter laser beam. When smoke is present, light is scattaredheit

detection chamber and is identified by the highly sensitive receiver sy$tem [



Chapter 5: Conditions Affecting Photo-Electric Detee Response

The response characteristics of photo-electric smoke detectors asevnel
understood as those of sprinklers and thermal detectors. There are many caothditions
affect the response of a spot photo-electric smoke detector when it is slibyeate
incipient fire source. Photo-electric smoke detector alarm conditions dependen mor
than smoke concentration. Smoke particle sizes and optical or particlesgatter
properties can affect the smoke concentration value necessary to reachthe ala
condition [5]. The quantity of light scattered by the smoke of an incipient firees@urc
very complex and is related to many factors such as particle number dedssiyea
distribution, refractive index, the wavelength of the light source, and the lagtgleen
the light source and the receiving unit [1].

Even though some of these variables can be described by the detector
manufacturer, many require information about the smoke produced by the incigient fir
source and its transport to the detector location. Experimental results mggarike
properties related to light scattering is presently limited to a feve typmcipient fire
sources and is not readily available to practicing fire protection engin&ietise present
time, there are no practical methods available to accurately predictpiumse of photo-
electric smoke detectors.

A photo-electric smoke detector responds at different obscuration levels for
different types of smoke. For example, a photo-electric smoke detectadpands to a
2 %l/ft obscuration level to smoke produced by a smoldering cotton lamp wick may not
respond until an obscuration level of 10 %l/ft is reached for smoke from a kerosene fire.

At the response set point, both types of smoke are scattering the same artighitoof

10



the photo-diode of the photo-electric smoke detector. There are many fadtoss i
effect, and one is that the darker smoke from the kerosene fire source doe&ctoasefl
much light as the lighter colored smoke from the smoldering cotton lamp wick fire
source. The amount of light being scattered when two smoke samples have the same
optical density is another way to understand the differing responses of a pletiio-ele
smoke detector. Both samples of smoke equally distort our vision of the lighteeflect
by an object. One type of smoke may be composed of large and highly reflective
particles that cause the light to scatter in many directions reducinghhénlithe forward
direction. The other type of smoke may consist of a smaller number of largelepartic
that absorb light more easily than they reflect it. Even though they haveopgjaal
densities, one is more likely to scatter the light and set off a photo-ekrawle detector
[4].

In order to predict the response of a photo-electric detector using obscuragion, it
imperative to know the obscuration required for a particular type of smokenoala
particular model detector. Many manufacturers label their smoke detetttois unit
obscuration (@) based on a calibration test that is part of UL standard number 217/268.
That Q, indicates the unit obscuration required for that detector to respond to smoke
having very specific characteristics. The obscuration required to alarriicalpar
detector as quoted by the manufacturer is just one value for a given parécle siz
distribution, concentration, color, etc. used in the laboratory calibration test ofdtdat m
detector. If the smoke and conditions around the detector are similar to that used in the
test of the detector, the specified obscuration alarm threshold can be expeeted t

appropriately. Even with the completion of this calibration test, it is not adequateeto ha
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data for a particular fuel and detector combination. It is known that smoke slege
travels away from an incipient fire source. There may be changes in theyq s
shape, and velocity of the particles. The obscuration at response to any smokeesignat
other than the laboratory calibration test will be different and will fluctwatte different
incipient fire sources and burning modes (i.e. flaming or smoldering) [4].

There are 3 regions of light scattering behavior available in the literfdr
single, spherical particles (Rayleigh, Mie, and Bricard) and they arediempeon the
particle diameter (d) and the wavelength of light[{]. Mie theory (0.1 < &/< 0.4) can
be examined to study the effect of smoke particle properties on photo-eletdmde
response considering the wavelength of light used in these detectors andj¢hef ran
particle sizes produced in fires [1]. Mie theory states that light soati@.S) is linearly
proportional to the number of smoke particle$ énd the square of the diameter of the
particles (¢):

oL Bn; * d;? 1)

The conditions in a ceiling jet or smoke layer of an incipient fire source datmiith
fire protection engineering methods include estimates of light obscuratiqreregnore,
and velocity. These methods do not include smoke particle size and concentration which
provides an inherent difficulty in estimating the response of photo-electeictoie [4].
In order to analyze smoke particle data, a correlation based on Beengdsagleveloped
for smoke obscuration and particle size and number. Beer’s Law as applied to smoke
relates optical density (OD) per unit path length (L) to smoke concentra@ogi\an
time (G) [8]:

OD/Cs (2)

12



The smoke concentration is related to the smoke number density as [8]:
saGn * d )
Where nand ¢ are the number count and particle diameter for a range of particle size
“I”. Combining equation (2) and (3) above vyields a relationship between opticalydensit
per unit path length and the number count and particle diameter at a given time [8]:
OB/EN * di° (4)
The optical density (OD) and obscuration per meter (OBS) can be related by [1]:
OBS = 100[70 (5)
A particular level of obscuration does not uniquely describe the characteristics of
particular type of smoke from an incipient fire source. This issue was adtineske
recent Smoke Characterization Project conducted by UL [1]. This studgtedlle
detailed information of the smoke patrticle size, concentration, light obscuration, and
other parameters relative to smokes produced by several different fuelfh)f8iesearch
found that the mean particle diameter producing the same level of light olmsturat
ranged from 0.08 to 0.22 microns. With this information, even though the level of light
obscuration is the same for these smokes, their detect ability by a lightisgadetector
would vary given that the detection technology is dependent on the square of the particl
diameter [1].
NFPA 72 includes an engineering approach in Annex B for estimating the
response of photo-electric detectors to flaming fires. There are theeagiars
identified in this literature including obscuration, velocity, and temperatse that can
be used as “surrogate’ conditions in determining detector response. In pregr@us w

Heskestad and Delichatsios suggested values of the optical density Gueatbs) that

13



coincided with smoke detector response based on their measurements [12]. Their
suggestions were incorporated into the optical densities noted in NFPA 72, Annex B.
The obscuration level corresponding with detector responses varied by thedetect
technology and fuel, this issue has been discussed previously in this report. The range
obscuration levels for smokes from various fuels varied by a factor of 11 for photo-
electric detectors [1]. A secondary meahdetermining time to detector activation is the
critical velocity of the ceiling jetResearch has shown that a minimum critical velocity is
necessary before smoke can enter the sensing chamber of a smoke detbéstor. T
“surrogate’ method assumes that if this critical velocity has beanexdt sufficient

smoke concentration is in the ceiling jet gas flow to produce an alarm signahi@].
critical velocity associated with the response of photo-electric smo&etdest ranges

from 0.13-0.15 m/s for flaming fires [11]. Schifiliti and Pucci estimated th@e¢eature
rise necessary for detection to fires involving fuels based on ratios of thel a@nsity

and temperature at detector response determined by Heskestad and $bei¢fgt The
temperature rises resulting from their work were used to estimate smek&det
response and are included in NFPA 72. A temperature rise of 13 K for photo-electric
detectors exposed to any type of fuel is suggested. However, evidence has shown tha
fires involving wood cribs and cotton fabrics produce much higher temperaturesesrea
[1]. Considering that light scattering technology in a photo-electric detdoées not
respond to conditions represented by any of these three parameters, intonsiarerto

be expected when applying any of these parameters for estimatingphesesf photo-

electric smoke detectors [7].
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Chapter 6: Experimental Program

Part 1: Experimental Procedure

A set of 88 large-scale room fire tests were conducted to develop data for use i
the 2008 report and potential future studies. Out of this set, a series of 24 tests were
conducted under unventilated conditions in the standard room used to test smoke
detectors for the UL 217/268 standards. This unventilated test room measured 10.8 m
long by 6.6 m wide by 3.0 m tall. These 24 tests were not used in this thesis forsanalysi
because the aspirated smoke detection system (VESDA) was not instdliisdspate.
The second set of 64 large-scale tests, which will be the focus of this anagrsis,
conducted in a room constructed particularly for this project to represent amcatlga
ventilated space in a commercial facility. This test room was provided withanically
injected ventilation and a ceiling return air plenum to represent a typicahewamial
installation. Replicate tests (3) were conducted with each of the 8 incipéeesbdrces at
nominal mechanical ventilation rates of 6 and 12 air changes per hour; repbtai@}e
were also conducted with each of the 8 incipient fire sources under unventilated
conditions in this room. Matrices showing the test designations of the 88 lakgdesta
and the 8 incipient fire sources used in these experiments are provided in Tables 6-1 and

6-2.

15



Table 6-1: Incipient fire sources [1]

[

Fuel source I gnition source Firetype

Shredded office paper Small flame (50 W) Flaming

Flexible PU foam / Small flame (50 W) Flaming

microfiber fabric

Flexible PU foam / Hotplate Smoldering/pyrolysis
microfiber fabric

Ponderosa pine Hotplate Smoldering/pyrolysi
Cotton linen fabric Hotplate Smoldering/pyrolysis
PVC wire Electric overcurrent Smoldering/pyrolysis
Computer case Small flame (UL 94) Flaming

Printed circuit board Small flame (ATIS T1.319 Flaming

16



Table 6-2: Matrix of large-scale room fire test designations [1]

Incipient firesource | Unventilated | Ventilated room

room 6 ach 12 ach Oach
Shredded office paper| 1, 2,3 25, 26, 27 49, 50, 51 73,74
Flaming PU foam / 4,5, 6 28, 29, 30 52,53, 54 75,76
microfiber fabric
Smoldering PU foam /| 7, 8, 9 31, 32, 33 55, 56, 57 77,78
microfiber fabric
Ponderosa pine 10, 11, 12 34, 35, 36 58, 59, 60 79, 80
Cotton linen fabric 13, 14, 15 37, 38, 39 61, 62, 63 81, 82
PVC wire 16, 17, 18 40, 41, 42 64, 65, 66 83, 84
Computer case 19, 20, 21 43, 44, 45 67, 68, 69 85, 86
Printed circuit board 22,23, 24 46, 47, 48 70,71, 72 87, 88

ach = nominal mechanical injection ventilation rate in air changes per hour

The ventilated test enclosure used for the 64 large-scale room firestests i

illustrated in Figure 6-1. The origin of the coordinate system for thisefiguocated in

the lower left-hand corner (all locations were measured from that point).
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The 8 flaming or smoldering incipient fire sources used in this experiment were
selected due to their association with commercial operations. Each ajlthéuel
sources chosen for this project was characterized in UL’s IMO inteateesltale
calorimeter (based on the principle of oxygen consumption calorimetry). Thtge te
were performed for each fuel source to obtain replicate data sets. dimeanbdn
collected included mass loss (for flaming sources), heat releaseordtar(fing sources),
smoke release rate, smoke particle size and number, and gas effluents. pityet ifusl
source packages were designed to share similar physical charastéoistow they
would be used in manufactured products [1].

The following paragraphs are a brief description of each of the eight inicfpes
sources and how ignition or smoldering of each was achieved. A summary of the result
of these characterization tests is also included with each incipient fiestescription.

A more detailed description of these fire sources and the results of thesgerization
experiments can be found in Volume 1 of the 2008 report mentioned previously in this

document.

The shredded office paper test arrangement included a solid metal westebas
measuring 35.5 cm tall x 28 cm in diameter at the top and by 22 cm in diameter at the
bottom, standard office paper cut into strips measuring 6.35 mm wide x 25.4 mm to 101.6
mm long (UL 217), and a fabricated disk to tamp the paper to a depth of 10 cm from the
base of the wastebasket. This test was initiated by inserting a burner Raantnole at
the bottom of the wastebasket for 5 seconds [1]. The shredded office paper tests show
similarities between the tests, but there was some inconsistency. Oheradist is

repeatable within a range of outcomes. The primary cause of the inconsiséasntyew
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flame-through time. The flame-through time is the time at which the #esttioned

from smoldering to flaming. This occurs when the smoldering material at the base
creates enough heat to ignite the material above it and produce flames aboverthe pape
The flame-through time is significantly affected by the packing tenéthe paper. The
mass loss from the shredded office paper tests were similar in rate, lnaiddifféme

again due to the inconsistent packing density. The smoke release rate data wgntonsi
in nature with the heat release rate and the mass loss data. The meandianieters
ranged from 0.10 microns to 0.45 microns over the course of the tests. These larger

particles can be attributed to the smoldering phase of these tests [1].

PU foam with micro-fiber fabric was used to simulate a typical comailerci
upholstery assembly. The ignition source used for this experiment was the saare bur
assembly used for the shredded office paper test (similar to a butanaeilyginetr
flame). Two blocks of PU foam measuring 20 x 8 x 10 cm were wrapped in a 50 x 60 cm
sheet of micro-fiber fabric to create a block of material that measures 20 X016mx. A
foil tray was positioned beneath the source during testing to contain thedat&éfi
foam. The specimen was placed on the foil tray with the 20 x 16 cm side down, which
incorporated the pinned fabric. Initiation of the test began with igniting the bamder
establishing a 35 mm tall flame with the burner held horizontally. The burneritame
then placed against the base of the front side of the PU foam assembly neatethioce
20 seconds. As the foam liquefied and the micro-fiber fabric burned away, thenfeame
kept in contact with the material, adjusting for the deformation during the 20dseco
ignition period [1]. The flaming PU foam with micro-fiber fabric test produesults

which were appreciably different than those from other materials due to thether
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response of the polyurethane foam. In general, the data from the tests wigimiblis s
were consistent and the tests were repeatable. The heat releasevetgoroduced from
these tests displayed similar traits and the smoke release rate tbdsimailar profile.
The particle count density is similar between the tests with the peak eravhét30

microns being reached at approximately 320 seconds [1].

The printed circuit (PC) board tests were used to assess the fire isgkezd
telecommunications equipment assemblies. A different type of burner was usédt® ini
these tests (ATIS T1.319 line burner). Two 7.5 x 7.5 x 1.57 mm printed circuit boards
conditioned to 23 0.5 °C and 5& 5 % relative humidity for a minimum of 24 hours were
placed 2 cm apart in a vertical arrangement. The line burner was centeredidebw
the PC board assembly, perpendicular to the PC boards. The specimen assembly was
elevated 2.5 cm off of the platform of the load cell to accommodate the locationlioethe
burner. The line burner valley was 3 cm wide and the valley running parallelR&the
boards was 2.5 cm wide. The specimen assembly was placed such that the P@dreards
over the 2.5 cm valley. To begin this test, the line burner was ignited, and the methane
flow was brought up to provide a 65 mm flame height. The flame of the line burner was
allowed to burn for 1 minute to stabilize before the printed circuit boards were placed on
top. The PC boards were placed above the center of the line burner, oriented perpendicular
to the line burner. The line burner remained on for the duration of the test beca@€e the
boards would not sustain a flame without an external heat source [1]. The printed circui
board tests showed consistent values between the tests. This material shoeahsig
reactions during the beginning of the tests and only minor changes near the end.t The hea

release rate curves produced from these tests included the contributionsnef therier
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and showed that the PC boards created a peak in the heat release rate just before 60
seconds, and then provided a minor contribution for the remainder of the test. The mass
loss was consistent between the tests and shows that the fuel consumption nigbegas
from approximately 20 seconds to 90 seconds. The smoke release rates were consistent
and peak just prior to 60 seconds with a majority of the smoke production during the first
two minutes of the test. Particle count density was not consistent, but the medea partic

diameter showed similar trends between the tests [1].

The computer case material selected for these tests were regiieseftthe
materials used as external casing for electronics equipment. A 50 W Bunsennagner
used as the ignition source for these tests (specified in UL 94). The specism&RSva
mm tall x 13 mm wide x 3.5 mm thick and was conditioned for a minimum of 24 hours at
23+ 0.5 °C and 5@ 5 % relative humidity. The specimen was wrapped in a 6 x 15 cm
piece of hexagonal wire mesh to prevent dripping, which caused significant
inconsistencies with smoke output and mass loss readings. The top of the burner was
positioned 1 cm from the bottom of the specimen. The ignition of the specimen was
achieved by placing a 20 mm flame 1 cm from the bottom of the specimen and remained
ignited for the duration of the test. If any material began to sag down fromré)ehe
burner was pulled down slightly to maintain the 1 cm distance to prevent theaateri
from getting into the burner tube [1]. The results of the computer case testsfii@st di
to analyze because some of the data was below the accuracy of the instruments.
However, there were some consistencies between the test regardingssabkeat

release rate, particle size and concentration.
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The smoldering tests for the polyurethane foam with micro-fiber fabric used the
UL 217 smoldering smoke test temperature profile and the Wenesco HP1212YX
hotplate. The material was placed in a 22.8 x 22.8 cm steel pan lined with foil and then
placed on the heated surface of the hotplate. Two blocks of PU foam measuring 20 x 8 x
10 cm were wrapped in a 50 x 60 cm sheet of micro-fiber fabric in the mannerteoacrea
block of material that measured 20 x 16 x 10 cm. The assembled specimen was then
placed in a 22.8 x 22.8 in. steel pan lined with foil to protect the hotplate. The hotplate
surface was approximately level with the bottom of the hood curtain to ensutteethat
low buoyancy smoke produced from this smoldering source was completely cbhgcte
the exhaust duct. The smoldering test began by placing the 22.8 x 22.8 cm tray on the
center of the hotplate [1]. The smoldering tests for the PU foam with moeofébric
produced consistent data. The smoke release rate from these tests did not become
significant until approximately 2300 seconds. At this point, the smoke release rate
continued to rise and peak at approximately 3700 to 3800 seconds. The smoke release
rate was low compared to the flaming tests, but total smoke generatiorgmiéisasitly
higher. The particle count density data displayed a peak near the beginningabltee s
release rate curve and the mean particle diameter followed a simfi¢e ps the smoke

release rate [1].

Ponderosa Pine was used in the smoldering smoke test detailed in UL 217 that
evaluates spot type smoke detectors. The UL 217 hotplate and temperature prefile w
used for this test. Ten ponderosa pine sticks, free from knots and pitches, wederplac
a spoke pattern on the hotplate so that the sticks were 36° apart. The sticks were 7.6 x

2.5 x 1.9 cm with the 1.9 x 7.6 cm side in contact with the hotplate. The hotplate surface
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was approximately level with the bottom of the hood curtain to ensure that the low
buoyancy smoke produced from this smoldering source was completely collected by t
exhaust duct. The test was initiated by placing the ponderosa pine sticks on the.hotplat
The sticks lost most of their original mass and much of what was left washamljA¢.

The ponderosa pine tests were consistent and showed similar trends betweenhests
smoke release rate of smoldering ponderosa pine began much earlier than the PU foam
package. The particle count density data showed that particle production lags
significantly behind smoke release. The mean particle diameters producegitbari
smoldering ponderosa pine tests showed the same pattern between tests with only minor

variations [1].

The cotton linen fabric tests were intended to represent cloth material such as a
napkin or tablecloth that smolders after a heat source incident. The hotptaileatkes
previously was used for this test, with the temperature profile specified 2LUL Two
30 x 30 cm sheets of cotton linen fabric were placed on the hotplate and smoothed out
over the surface. The sheets nearly covered the entire heated surface. Ti@mpirgpor
temperature controller maintained the UL 217 temperature profile. The hcipttaee
was approximately level with the bottom of the hood curtain to ensure that the low
buoyancy smoke produced from this smoldering source was completely collected by t
exhaust duct. To begin this test, the two sheets of fabric were stacked andlagdjuste
that the edges and corners matched up. They were then placed on the hotplate, pressed
flat and smoothed out across the heated surface [1]. The cotton linen fabricdestd s

two peaks similar to the flaming PU foam package. The dual peaks could be seen in the
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smoke release rate and the particle count density. The mean particlesdidateedid

not change significantly between tests [1].

The PVC insulated wire tests were representative of smoke produced from an
electrical overload. The smoke produced from these tests simulated the srhakgliha
be produced during the early stages of a telecommunications fire. The Nonticagkme
Wire Test was used as the procedure for these tests. A 1 m long PVC insuldt2d sol
AWG copper wire with a radial insulation thickness of 1.1 mm was subjected to a
constant current of 28 amps and a varying voltage from 0 to 18 V to compensate for the
changing resistance in the wire. The wire was placed on a foil coverecksurta
manner that prevented kinks or crossovers that could interfere with the current
application. The ends were connected to a reef bar that was connected to thexSorense
DCS 60-50 power supply through 10 AWG stranded wire. The foil surface for this test
was level with the base of the hood curtain to limit the possibility of smoke lossieom t
hood. To begin this test, the wire was connected to the reef bar. The power supply was
then switched on and set to a constant current of 28 amps. The current was applied for 1
minute as the voltage increased to maintain 28 amps [1]. The PVC insulated tsire tes
were unique to the smoldering tests in that they were of short duration and had no
significant heat source. Smoke generation did not begin until after 60 secontds Att
point it rapidly increased, creating a peak in the smoke release rathatatas
consistent in time and duration for the tests. The particle count density and the mean

particle diameter showed some consistency between the data sets [1].

This ventilated enclosure measures 7.2 meters long x 7.2 meters wide x 3.0 meters

tall and was equipped with a number of spot-type commercial smoke detector&/érom t
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different manufacturers, designated as SS and SG (SG photo-electtordetsll be the
focus of this analysis). The ventilated test room was also equipped with thrageaspi
smoke detection systems from one manufacturer (Xtralis) [1]. The enclosure was
equipped with a mechanically injected ventilation system, with two calingdiffusers
provided for air injection and four transfer grilles provided in the ceiling fadiaust

to a 1.5 m deep plenum located above the ventilated test room. The ceiling plenum was
vented to the general laboratory space through a large opening in the eaShealir

diffuser and transfer grille locations are shown in Figure 6-1 [1].

For test purposes, the fire source was located on a stand located 0.6 m from the
north wall along the longitudinal centerline of the room as illustrated in FigureTé..
top of the stand was located 0.75 m above floor level. In the coordinate system adopted
for this project, with the northeast corner of the room serving as the origin, the
coordinates of the fire source base would be x=0.6 m,y=3.6 mand z=0.75m, as
illustrated in Figure 6-1. This fire source location was used for all tefitssiseries [1].

The ventilated test enclosure was equipped with four detector stations located at
ceiling level at the quarter-points of the room, as shown in Figure 6-1. Eactodete
station was equipped with two spot-type smoke detectors, including one of each brand
(SS and SG), a photocell/lamp assembly and a thermocouple. The photocell and lamp
units of each assembly were spaced 0.3 m from each other; the purpose of these
assemblies was to measure light obscuration in the vicinity of the westr andteast
detector stations, respectively. The photocell used in these assemBli@d\Weston
Photronic Cell Model 856-9901013-BB unit, while the lamp was a General Electric

Edison Spot Halogen 20 #99372 (Q20MR16NSPICG) 12 volt/20 watt unit [1].
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The ventilated test enclosure was also equipped with three aspiration type
(VESDA) smoke detection systems. Each aspirated system had two sampbng port
within the test enclosure, as illustrated in Figure 6-1, as well as ompdirsguport located
outside the test enclosure. The VESDA 1, VESDA 2, and VESDA 3 systems had
sampling ports located near detector stations 1 and 2, detector stations 3 and 4, and near
the west wall of the enclosure, respectively. Below is a list of the sagrgadirt locations
for each branch [1]:

-VESDA 1 (2 port locations) - x =1.95m,y=1.8m,z=2.98 m
-Xx=1.95m,y=54m,z=298m

-VESDA 2 (2 port locations) - x =5.55m,y=1.8m,z=2.98 m
-X=555m,y=54m,z=298m

-VESDA 3 (2 port locations) - x =6.98 m,y=1.8m,z=2.98 m
-X=6.98m,y=54m,z=298m

The ventilated enclosure was also equipped with additional instrumentatioader th

test sets, including the following:

e A photocell tree with 3 photocell/lamp assemblies and associated thermocouples
mounted at three different heights located at the center of the room. This
apparatus was located at coordinates of x = 3.6 m and y = 3.6 m relative to the
northeast corner of the test room. The elevations of the three photocell @&sembl
and associated thermocouples were 1.5 m, 2.4 m and 2.7 m above the floor,
respectively. The photocell used in these assemblies was a Weston Photionic Cel
Model 856-9901013-BB unit, while the lamp was a General Electric Edison Spot

Halogen 20 #99372 (Q20MR16NSPICG) 12 volt/20 watt unit. A thermocouple
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was located adjacent to each photocell assembly (all thermocouples used for this

project were Type K thermocouples with exposed beads) [1].

A thermocouple tree with 8 thermocouples mounted at eight different heights
located in the center of the room. This apparatus was located at coordinates of x
= 3.6 mand y = 3.6 m relative to the northeast corner of the room. The eight
thermocouples were located at elevations of 2.1 m, 2.5m, 2.7 m, 2.85m, 2.9 m,

2.925 m, 2.95 m and 2.975 m above the floor, respectively [1].

Three thermocouples located at three elevations within the fire plume and one
thermocouple to measure the hotplate temperature during tests that used the
hotplate. These apparatus were centered on the fire source at coordinates of x
0.6 mand y = 3.6 m. The lowest of the three plume thermocouples was located at
an elevation of 0.1 m above the surface of the fuel, so the elevation of this
thermocouple depended on the fuel source geometry. The middle of the three
plume thermocouples was located at an elevation of 2.1 m above the floor and the

upper plume thermocouple was located at an elevation of 2.85 m above the floor

[1].

Six thermocouples mounted in the ceiling jet along the longitudinal centerline.
These apparatus were all located along the longitudinal centerline obthgy

= 3.6 m) at an elevation of 2.925 m above the floor. The x-coordinates for these
ceiling jet thermocouples were approximately 0.1 m, 1.8 m, 3.0 m, 4.2 m, 5.4 m

and 6.6 m, respectively [1].
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e Probe to measure velocities in the x- and y-directions at one location in thg ceili
jet, along with the gas temperature at this location. This apparatus wiasl lata
coordinates of x = 3.6 m, y =4.2 m and z = 2.975 m relative to the southeast
corner of the room. The velocity probe was also equipped with a thermocouple to

measure gas temperature at the location of the velocity probe [1].

Part 2: Experimental Results

The purpose of this project was to identify relationships between photo-electric
smoke detectors and smoke parameters which are included within current almeric
models. Considering that optical density is computed by several numerical nioglels
relationship of photo-electric smoke detector response to light obscuration ¢ soug
this analysis [1]. The characteristics of the environment in the vicinity clpibietype
photo-electric detectors at the time of response are described in telmabEturation
recorded by the aspirated smoke detectors in the same vicinity. Spot phato-elect
smoke detectors from two manufacturers (SS and SG) were included in the e idisht
room. The SS photo-electric detector was not used in this analysis because the
proprietary algorithm to obtain results was not available. The SG photaetktector
data was available and used for this analysis. Aspirated smoke detectorsAMEBD
one manufacturer (Xtralis) were included in the ventilated test room and ugku for
analysis.

The response of the detectors was collected on proprietary systems provided by
each of the detection system manufacturers (SG and Xtralis). The SG [eutric-e
detectors were judged to operate when they reported an obscuration level of 2.5 %/ft

based on the UL 217 Sensitivity Test Smoke Box. The Xtralis aspirated smokerdetect
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(VESDA) were judged to record very low obscuration levels and operate when they
reported an obscuration level of 0.062 %/ft [9].

The results of this analysis were obtained by a multi-step process.tHérst
activation times (seconds) of the SG spot photo-electric detectors in the 64dtedntil
room tests were recorded (from excel files for each test). Secondspimgehoto-
electric detector activation times were used to find the corresponding afisclevel
(% obs/ft) recorded by the VESDA aspirated detection system (from eeselidi each
test).

The activation times of the spot photo-electric detectors were recordatiftar
locations inside the ventilated test room. These locations are labeled &srdgédions
1-4 as denoted in Figure 6-1. Each of the spot photo-electric detectors atatiess s
was described based on the manufacturer and location and are denoted as follows:

Detector Station 1 — SG Station 1

Detector Station 2 — SG Station 2

Detector Station 3 — SG Station 3

Detector Station 4 — SG Station 4
The activation time data obtained for these four detectors from the erselfis then
averaged along the corresponding aspirated smoke detector (VESDA) brand¥oline
example, the detector activation times SG Station 1 and SG Station 2 weged\era
create an SG Station 1/2 Avg activation time which corresponds to the VESDA h branc
(see Figure 6-1).

The average spot photo-electric activation times (i.e. SG Station 1/2 Awg) wer

then used to find the corresponding obscuration level recorded by the aspirated smoke
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detector (VESDA). The use of these average values was necessaryBSie
system only provided obscuration levels for each branch of the system (i.e. opeidiata
for both VESDA detectors in branch). For example, the VESDA 1 branch line provided
one obscuration level corresponding to the spot photo-electric detector Sta $fati
Avg activation time. These average activation times along with the corresgondi
VESDA obscuration levels are listed for each test in Tables A1 — A3 of the Agpendi

The obscuration levels recorded by the VESDA system were corrected incorder
account for the dilution of the smoke sample with the aspirated air introduced by the
VESDA 3 branch line (see Figure 6-1). Each obscuration value obtained by the VESDA
system was divided by a factor of 0.68 in order to account for this dilution ofrtiesa
and give the correct obscuration level inside the test room at SG photo-eleetttordet
response.

There are also many factors contributing to the uncertainty of the obscuration
level data obtained from the VESDA system. These uncertainties ateraofamany
things including the offset time, the filters employed in the VESDA systedthe
smoke transport lag. The first factor contributing to the uncertainty of theseratisn
measurements was the VESDA offset time. There was no reset time toaindecatart
of each test from the event logs of these experiments. In order to mitigatente
offsets were provided by Xtralis, Inc. for the VESDA system for each nhalitest.
These synchronization offsets were determined when the background level for both the
obscuration meter and the VESDA system increased considerably to indictte igad
occurred. The time offsets were necessary in order to align the obscuratiowithete

the aspirated smoke detection system (VESDA) [10]. The potential inacairthese
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time offsets could have contributed to the uncertainty of the data obtained in thgsanaly
The second factor affecting the uncertainty of these measurements was tifehe dual
stage filter in the VESDA aspirated detection system. The dual stiege é&mployed by
the VESDA system may have removed some of the smoke particles presergnokiee
sample as it was transported to the detection chamber. This filtering of smixdegpar
may have had an impact on the results of the obscuration measurements cortbialering
particle size and number in the test chamber affect the smoke sampléystalsitiatter

light to the receiving photo-sensitive device. The third factor contributirfgeto t
uncertainty of these obscuration measurements was the smoke transport lag fesn the
room to the light scattering chamber of the VESDA system. This trangperinvas not
taken into account when the data points of this analysis were obtained. This transport
time difference could have had an impact on the accuracy of these results, cansider
that many of the data points obtained in this analysis are from rapidly img¢astions

of the VESDA obscuration curves as shown in Figures 6-2 through 6-41. Figures 6-2
through 6-41 on the following pages of this chapter are displaying the SG photiz-electr
detector activation times on the VESDA obscuration curves for each test at 0, 6, and 12
ACH where this data was available. The text boxes on each plot provide the following

information:

- SG Activation Total Time: This is the total time used to pinpoint the deteconses

on the VESDA obscuration curve.
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-VESDA Offset: This is the time provided to align the VESDA system with the
obscuration meters which was discussed earlier (can be added or subtracted from

activation time).

-Activation Time: This is the actual activation time recorded for the SGpettric

smoke detectors (it is the average time between station 1 and 2 or 3 and 4).

-Room Obs: This value is the obscuration level in the room recorded by VESDA at the

time of detector activation.

-VESDA Obs: This value is the obscuration level recorded in the VESDA light

scattering test chamber. This value is different than the room obscurationwvaltethe

dilution of the test sample by the aspirated air used in this system.
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Figure 6-8: VESDA Obscuration vs. Time for Test #79. Ponderosa Pine at 0 ACH
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Figure 6-9: VESDA Obscuration vs. Time for Test #80. Ponderosa Pine at 0 ACH

37




4.0

SG1/2 Activation
35 Total Time: 1:43:59
WESDA Offset: 1700s
Activation Time: 4539s
3.0 Room Obs: 0.84
WESDA Obs: 0.57
- 2.5
£
2 \
c 2.0 —002
S $G 3/4 Activation \ 004
I .
- Total Time: 1:46:22
S 1.5 — 006
3 WESDA Offset: 1700s
8 Activation Time: 4682 s
1.0 TReomops 1.5
WESDA Obs: 0.85
0.5
OO I I I I
0:00:00 0:28:48 0:57:36 1:26:24 1:55:12 2:24:00

Time (hr:min:sec)

Figure 6-10: VESDA Obscuration vs. Time for Test #82. Cotton Linen Fabric at 0 ACH
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Figure 6-11: VESDA Obscuration vs. Time for Test #85. Computer Case at 0 ACH
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Figure 6-12: VESDA Obscuration vs. Time for Test #86. Computer Case at 0 ACH
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Figure 6-13: VESDA Obscuration vs. Time for Test #87. Printed Circuit Board atD AC
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Figure 6-14: VESDA Obscuration vs. Time for Test #88. Printed Circuit Board atD AC
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Figure 6-15: VESDA Obscuration vs. Time for Test #25. Shredded Office Raper a

ACH
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Figure 6-18: VESDA Obscuration vs. Time for Test #28. Flaming PU Foam/Mierofi
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Figure 6-19: VESDA Obscuration vs. Time for Test #29. Flaming PU Foam/Mierofi

Fabric at 6 ACH
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Figure 6-20: VESDA Obscuration vs. Time for Test #30. Flaming PU Foam/Mierofi
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Figure 6-21: VESDA Obscuration vs. Time for Test #31. Smoldering PU

Foam/Microfiber Fabric at 6 ACH
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Figure 6-22: VESDA Obscuration vs. Time for Test #32. Smoldering PU

Foam/Microfiber Fabric at 6 ACH
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Figure 6-23: VESDA Obscuration vs. Time for Test #33. Smoldering PU

Foam/Micro

fiber Fabric at 6 ACH

44



3.0
2.5 — | ||
: SG 1/2 Activation SG 3/4 Activation
Total Time: 1:03:48 Total Time: 1:15:13
20 VESDA Offset: 5:00 VESDA Offset: 5:00
’ Activation Time: 2928 4 Activation Time: 4213 s
£ Room Obs: 0.153 Room Obs: 0.335
£ 15 Jurspaansoioa | | VESDAQDs: 0,228
c
3 ——002
b — 004
5 1.0 ——006
o
&
!
QO
0.5
0.0 . : .

0:00:00 0:28:48 0:57:36 1:26:24 1:55:12
Time (hr:min:sec)

Figure 6-24: VESDA Obscuration vs. Time for Test #34. Ponderosa Pine at 6 ACH
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Figure 6-25: VESDA Obscuration vs. Time for Test #35. Ponderosa Pine at 6 ACH

45



3.0

SG1/2 Activation

Total Time: 51:54
VESDA Offset: 0

50 Activation Time: 31145
Room Obs: 0.039

25

E WVESDAOhbs: 0.027
£ 15
E —2002
= —— 004
5 1.0 006
a
£

0.5 j -

0.0 :

0:00:00 0:28:48 0:57:36 1:26:24 1:55:12 2:24:00
Time (hr:min:sec)

Figure 6-26: VESDA Obscuration vs. Time for Test #36. Ponderosa Pine at 6 ACH
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Figure 6-27: VESDA Obscuration vs. Time for Test #37. Cotton Linen Fabric at 6 ACH
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Figure 6-28: VESDA Obscuration vs. Time for Test #39. Cotton Linen Fabric at 6 ACH
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Figure 6-29: VESDA Obscuration vs. Time for Test #46. Printed Circuit Board at 6

ACH
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Figure 6-30: VESDA Obscuration vs. Time for Test #47. Printed Circuit Bo&d\aH
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Figure 6-31: VESDA Obscuration vs. Time for Test #48. Printed Circuit Bo&d\eH
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Figure 6-32: VESDA Obscuration vs. Time for Test #51. Shredded Office Palger at
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Figure 6-33: VESDA Obscuration vs. Time for Test #52. Flaming PU Foanofilier

Fabric at 12 ACH
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Figure 6-35: VESDA Obscuration vs. Time for Test #54. Flaming PU Foanofilier

Fabric at 12 ACH
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Figure 6-36: VESDA Obscuration vs. Time for Test #55. Smoldering PU
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Figure 6-37: VESDA Obscuration vs. Time for Test #56. Smoldering PU

Foam/Microfiber Fabric at 12 ACH
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Figure 6-38: VESDA Obscuration vs. Time for Test #57. Smoldering PU Foam/MF
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Figure 6-39: VESDA Obscuration vs. Time for Test #58. Ponderosa Pine at 12 ACH
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Figure 6-40: VESDA Obscuration vs. Time for Test #59. Ponderosa Pine at 12 ACH
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Figure 6-41: VESDA Obscuration vs. Time for Test #60. Ponderosa Pine at 12 ACH
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Chapter 7: Results and Discussion

Part 1: Results and Accuracy of This Analysis

The results of this analysis were divided into sections to improve the clarity of
this document. Each of the six figures obtained from this analysis will be displaged
followed by a discussion of the accuracy of each result. The results for tHatedrnest
room will be presented as follows:

-Obscuration (%/ft) for the flaming fires by test number and incipieatstaurce

at 0, 6, and 12 air changes per hour (ACH)

-Obscuration (%/ft) for the non-flaming fires by test number and incipirent f

source at 0, 6, and 12 air changes per hour (ACH)

The obscuration results for the spot photo-electric detector activation tisexs ba
on aspirated smoke detector (VESDA) readings are displayed for the flaresgy test

number and incipient fire source at 0 ACH in Figure 7-1.
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Figure 7-1: Obscuration Levels at Detector Response, Flaming Faeslated Room

(0 ACH)
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Figure 7-1 displays that the obscuration readings given by VESDA for fhenses of

the spot photo-electric detectors are very consistent for these flamipgnt fire

sources at 0 ACH for each particular fuel. The only exceptions are thedes&sning

the shredded office paper. The shredded office paper tests displayed an odd smoke

profile, with smoldering occurring in the first minute of the test and then a &p&eery

high obscuration level after the paper ignition. This odd smoke profile provides insight

as to what may have occurred during these tests. The detectors at stations 1 and 2

activated just after the initial smoldering of the paper at a low obscuratenabich is

consistent with the data identified in this analysis (non-flaming fire alatnuch lower

obscuration levels). The detectors at stations 3 and 4 activated at aohigtiation

level after the ignition of the paper which is consistent with the data identifibsi

analysis (flaming fire data at higher obscuration levels). The ovesailts of these

flaming tests at 0 ACH indicate that the aspirated smoke detectors (VEEB®A

providing accurate readings of the obscuration level at spot photo-electatodete

response, and that these tests may be highly reproducible in future experiments.
The obscuration results from the spot photo-electric detector activatia time

based on aspirated smoke detector (VESDA) readings are displayed fanthwgffires

by test number and incipient fire source at 6 ACH in Figure 7-2. The data jabielsd

with a (- 2) represent the obscuration level of an additional activation of the photo-

electric detectors during the tests. This data was not available festall
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Figure 7-2: Obscuration Levels at Detector Response, Flaming Faeslated Room

(6 ACH)

Figure 7-2 displays that the obscuration readings given by VESDA for {henses of
the spot photo-electric detectors are very consistent for these flamipgnt fire
sources at 6 ACH for each particular fuel. Some of the data for the flaingingsts at 6
ACH was excluded due to the inability to obtain data points from the VESDA files
(computer case tests). This inability to obtain data points was due to the félcethat
were large time gaps in the VESDA data files at the corresponding SGedactae
activation times. Also, many of these tests are missing data for thea@h St4 Avg
activation time, and this was due to the fact that these photo-electric snestidedid
not activate for these tests. The green and purple data points on this grapt (ahede
“-2" as discussed earlier) denote the obscuration level at additional ictsvat the spot
photo-electric smoke detectors during the test. These data points weredriolude

display increased consistency of the results. Some of the test data displdneedraph
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is inconsistent from test to test for the same incipient fire source (ie2&and 47), and
this may be due to the transient nature of the smoke in the test room or the
unpredictability of fire in general (i.e. the fuel in these tests may Ianreed in a
different way than the other tests with the same fuel). The overall rektiits graph
indicate that the aspirated smoke detectors (VESDA) are providing ac&aadiegs of
the obscuration level at spot photo-electric detector response, and thatdtses®tebe
reproducible in future experiments.

The obscuration results from the spot photo-electric detector activatia time
based on aspirated smoke detector (VESDA) readings are displayed fanthagffires
by test number and incipient fire source at 12 ACH in Figure 7-3. The data pbeiedia
with a (- 2) represent the obscuration level of an additional activation of the photo-

electric detectors during the tests. This data was not available festall

B SGStation 1/2 Avg

8 M SGStaion 3/4 Avg

SGStation 1/2 Avg - 2

Obscuration {%/ft)
[ T e S L N ¥ T = T N s

B SGStation 3/4 Avg - 2

51 52 53 54
Shredded PU Foam/Microfiber Fabric
Office
Paper Test # and Fire Source

Figure 7-3: Obscuration Levels at Detector Response, Flamirgy Figatilated Room

(12 ACH)
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Figure 7-3 displays that the obscuration readings given by VESDA for {henses of
the spot photo-electric detectors are relatively consistent for tlesed incipient fire
sources at 12 ACH. Some of the data for the flaming fire tests at 12 ACH Viiadeeixc
due to the inability to obtain data points from the VESDA files (printed circuitlarza
computer case tests). This inability to obtain data points was due to the félcethat
were large time gaps in the VESDA data files at the corresponding SGedactae
activation times. Also, many of these tests are missing data for thea@h St4 Avg
activation time, and this was due to the fact that these photo-electric smakerdedeal
not activate for these tests. The green and purple data points on this graph (labeded w
“-2” as discussed earlier) denote the obscuration level at additional activatitwesspiot
photo-electric smoke detectors during the test. These data points weredrolude
display increased consistency of the results. Although these results asecnosistent
as the 0 and 6 ACH tests, there is a small consistency apparent in the polyurethane
foam/microfiber fabric tests. The disparity between data points in thésededd also
be attributed to the increased ventilation level of 12 ACH. The overall restuitis of t
graph indicate that the aspirated smoke detectors (VESDA) are providing coumate
readings of the obscuration level at spot photo-electric detector response, amesthat t
tests may be reproducible in future experiments. The recommendation franalyisis
is that many tests with each incipient flaming fire source should be codaguc2 ACH
in order to show more consistency in the results.

The obscuration results for the spot photo-electric detector activation tinegs bas

on aspirated smoke detector (VESDA) readings are displayed for the non-flaesrgy
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test number and incipient fire source at 0 ACH in Figure 7-4. The data pointdiabel
with a (-2) represent the obscuration level of an additional activation of the photoeel

detectors during the tests. This data was not available for all tests.

[ I VS [ O ¥ N e
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Test # and Fire Source

Figure 7-4: Obscuration Levels at Detector Response, Non-Flamirsy Fewtilated

Room (0 ACH)

Figure 7-4 displays that the obscuration readings given by VESDA for fhenses of
the spot photo-electric detectors are relatively consistent for thedtamong incipient
fire sources at 0 ACH. Some of the data for the non-flaming fire tests@HONVAS
excluded due to the inability to obtain data points from the VESDA files. This igabili
to obtain data points was due to the fact that there were large time gaps irSih& VE
data files at the corresponding SG photo-electric activation time. €ka gnd purple
data points on this graph (labeled with a “-2” as discussed earlier) denotestheation
level at additional activations of the spot photo-electric smoke detectors duriegtthe t
These data points were included to display increased consistency of the rEiselts.

results displayed on this graph indicate that there is inconsistency in the abaderet
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from test to test for each non-flaming fire source. However, the additidnadtam
readings (green and purple data points) for each test suggest that tbesestency in
the obscuration level throughout each test. These results suggest that VESDA is
reporting the correct obscuration level for each individual test. The incongistenc
associated with the obscuration levels for the same non-flaming fire $oanceest to
test suggests that the reproducibility of these smoldering fires is vecyldif

The obscuration results for the spot photo-electric detector activation tinegs bas
on aspirated smoke detector (VESDA) readings are displayed for the non-ffaesnay
test number and incipient fire source at 6 ACH in Figure 7-5. The data pointdiabel
with a (-2) represent the obscuration level of an additional activation of the phctiacele

detectors during the tests. This data was not available for all tests.
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Figure 7-5: Obscuration Levels at Detector Response, Non-Flamexy Fentilated

Room (6 ACH)
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Figure 7-5 displays that the obscuration readings given by VESDA for {henses of
the spot photo-electric detectors are relatively consistent for thedtanong incipient
fire sources at 6 ACH. Some of the data for the non-flaming fire tests@HNMaS
excluded due to the inability to obtain data points from the VESDA files. This iyabili
to obtain data points was due to the fact that there were large time gaps ESbaV
data files at the corresponding SG photo-electric activation time. Alsy, oidhese
tests are missing data for the SG Station 3/4 Avg activation time, and this wastldeie
fact that these photo-electric smoke detectors did not activate for thesseThe green
and purple data points on this graph (labeled with a “-2” as discussed eari@g thes
obscuration level at additional activations of the spot photo-electric smokéodetec
during the test. These data points were included to display increased consisteacy o
results. The results displayed on this graph indicate that there is inconsistémy in t
obscuration level from test to test for each non-flaming fire source (spdyif
Ponderosa Pine for this set of tests). However, the additional activation re@uieers
and purple data points) for these tests suggest that there is some consistescy i
obscuration level throughout each test. These results suggest that VESpdstinge
the correct obscuration level for each individual test. The inconsistency assodtate
the obscuration levels for the same non-flaming fire source from test sugggests that
the reproducibility of the smoldering fires is very difficult. However, thisod tests at 6
ACH is only displaying an inconsistency for the Ponderosa Pine tests, the sngplder
polyurethane/microfiber fabric and the cotton linen fabric tests are giisgleelatively
consistent results from test to test which suggests that the reproduoibilinse

experiments is possible.
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The obscuration results for the spot photo-electric detector activation tinegs bas
on aspirated smoke detector (VESDA) readings are displayed for the non-ffaesnay
test number and incipient fire source at 12 ACH in Figure 7-6. The data poin&llabel
with a (-2) represent the obscuration level of an additional activation of the phctiacele

detectors during the tests. This data was not available for all tests.
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Figure 7-6: Obscuration Levels at Detector Response, Non-Flamexy Fentilated

Room (12 ACH)

Figure 7-6 displays that the obscuration readings given by VESDA for fhenses of
the spot photo-electric detectors are relatively consistent for thedtamong incipient
fire sources at 12 ACH. Some of the data for the non-flaming fire testsA&@tH2vas
excluded due to the inability to obtain data points from the VESDA files. This iyabili
to obtain data points was due to the fact that there were large time gaps irSih& VE
data files at the corresponding SG photo-electric activation times. Beties of tests,

there were no activation times recorded for the spot photo-electric detacttations 3
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and 4, and only two sets of tests recorded activation times at station 1 and 2. The absence
of activation times could be due to the high ventilation rate (affected stations 1 and 2) or
the location of the fire source which was closer to stations 1 and 2 (affetieds8 and

4). The red data points on this graph (labeled with a “-2” as discussied) emnote the
obscuration level at additional activations of the spot photo-electric smoké&odetec

during the test. These data points were included to display increased consisteacy o
results. The results displayed on this graph indicate that there is inconsistémy in t
obscuration level from test to test for each non-flaming fire source. Howvileeer

additional activation readings (red data points) for each test suggesietteaist

consistency in the obscuration level throughout each test. These results suggest that
VESDA is reporting the correct obscuration level for each individual test. The
inconsistency associated with the obscuration levels for the same non-flamsaurce

from test to test suggests that the reproducibility of these smoldeesgdivery

difficult.

The overall response times of the spot photo-electric detectors did showet disti
tendency based on the detector location, with the detectors at stations 1 and 2 responding
more quickly than the detectors at stations 3 and 4. This was primarily attribuke
fire location being closer to stations 1 and 2 than stations 3 and 4. Also, many ofsthe test
in this analysis did not yield alarms for the detectors at stations 3 and 4 ontparable
VESDA obscuration level was not available (mostly there was no alarm condith
few of the tests did not yield alarms for any of the detectors. The only Excepthese
cases was the flaming fire tests at 0 ACH, which suggests that thentamasiure of the

smoke and the ventilation had a large impact on the results of these tests.
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Part 2: Comparison of this Analysis with 2008 Report

The mean and standard deviation of the obscuration (%/ft) for the flaming and

non-flaming fires at 0, 6, 12 ACH calculated for this analysis was compatkd same

result obtained in the 2008 report titled “Validation of a Smoke Detection Perfamanc

Prediction Methodology”. The two tables are displayed below for comparison.

Table 7-1: Detector response statistics from this analgsilaming and non-flaming

fires, photo-electric detector SG

0 ACH 6 ACH 12 ACH
Non- Non- Non-
Parameter Flamingflaming Flaming| flaming Flaming | flaming
Obscuration (%/ft)
Mean 6.37 1.62 2.53 0.5 2.41 0.44
Standard Deviation 4.1 1.16 1.56 0.55 1.5 0.6

Table 7-2: Detector response statistics from 2008 report dorirfflg and non-flaming

fires, photo-electric detector SG [1]

No Ventilation 6 ACH 12 ACH
Parameter Flaming Non- Flaming | Non- Flaming | Non-
flaming flaming flaming
Obscuration (%/ft)
Mean 9.52 1.32 2.55 0.28 1.9 0.42
Standard
Deviation 6.29 0.65 2.6 0.25 2.47 0.53

The obscuration level at the time of detector response is lower for the/hests

ventilation was provided than in cases where the ventilation was not provided in both this

analysis and the 2008 report.
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For flaming fires, the obscuration level in tests without forced ventilatioredang
from 1.8 to 13.5 %/ft for the spot photo-electric detectors in this analysis. This data
very similar to the data captured in the 2008 report (2.7 to 12.9 %/ft) and suggests that
the obscuration guideline for flaming fires of 8 %/ft is still reasonable fl&ming fires
with ventilation, the obscuration levels ranged from 0.16 to 5.9 %/ft. This data igrsimil
to the data obtained in the 2008 report'(g@rcentile values of 4.3 to 4.9 %/ft) and
suggests that the obscuration guideline for flaming fires could reasonably ltefdr %/
ventilation rates ranging from 6 to 12 ACH.

For non-flaming fires, the obscuration level in tests without ventilation dange
from 0.4 to 5 %/ft in this analysis. This value is different than the values obtained in the
2008 report (86 percentile values of 1.6 to 12.1 %/ft) and suggests a different guideline
of 4 %l/ft (vice 10%/ft) for the obscuration level of spot photo-electric detefcior®n-
flaming fires without ventilation. For non-flaming fires with ventilation, the albetoon
levels were all below 2 %/ft in this analysis (most below 1 %/ft if two #satkided).

This data is similar to the data obtained in the 2008 repdPt8ftentile values of 1
%l/ft or lower) and suggests that the obscuration guideline for non-flamingdinés c
reasonably be 2.5 %/ft for ventilation rates ranging from 6 to 12 ACH.

The minor differences in these two analyses may be attributed to a number of
factors even though they follow the same trend. These potential differetides wi

explained in the following section of this thesis.
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Part 3: Explanation of Improved Results

The spot photo-electric detector sensitivity was set at 2.5 %f/ft, which corresponds
to the obscuration levels for smoke inside the sensing chamber associaté with t
response of the detectors. With the detector sensitivities set to thisilpambscuration,
it was expected that the detectors would not alarm until the obscuration outside the
detector reached at least this level. The results of this analysis and {fssac@iducted
in the 2008 report did not display this result for many reasons. However, the results from
this analysis displayed improved results when compared to the analysietzzhplthe

2008 report as shown in Figure 7.3.

Table 7.3: Mean spot photo-electric detector obscuration levels obtainedandhjsis
and the 2008 report for the flaming and non-flaming incipient fire sources at the 3

different ventilation conditions (0, 6, 12 ACH)

12
0 ACH 6 ACH ACH
Non- Non- Non-
Parameter Flamingflaming Flaming | flaming Flaming| flaming
Obscuration %/ft
Expected Result 2.5 2.5 2.5 2.5 2.5 2.5
Mean (This
Analysis) 6.37 1.62 2.53 0.5 2.41 0.44
Mean (2008
Report) 9.52 1.32 2.55 0.28 1.9 0.4p

From this data, it can be concluded that the readings obtained from the aspirated
smoke detectors (VESDA) in this analysis are closer to the expectedov@ibe%!/ft

than the readings obtained from the obscuration meters used in the 2008 report.

66



The improved readings from this analysis are based on two major factors. The
first reason for the variation in spot photo-electric detector response hdtvigeanalysis
and the 2008 report is the presence of ambient light in the test room. In the tests
conducted in the ventilated room, fluorescent lights were left on during the tésts. T
photocell used in the 2008 report for the light obscuration measurements was not shielded
from this fluorescent lighting. As a result, the photocells could have receivenbaaldit
scattered light from the smoke particles created by the incipient fireesouf his
additional scattering of light could have yielded a lesser smoke obscura&asurament
than what was actually present [1]. This ambient light effect was neigatthis
analysis by the use of the aspirated smoke detectors (VESDA) to measure thationsc
level in the test room. As discussed earlier in the literature survey, thateg@moke
detectors (VESDA) take a sample of the air in the room to a test chaméer ambient
light is not present. The other major contributor to the improvement of the results in this
analysis is the use of light scattering technology to determine therabsoudevel in the
test room at the spot photo-electric detector response time. The aspirated smoke
detectors (VESDA) use the same light scattering technology to detehminescuration
level as do the photo-electric detectors. This technology similarity wasesetpin the
2008 report considering obscuration meters were used to record the obscuration levels i
the test room. This use of the same technology to determine the obscuration égvels m
have eliminated some of the error associated with the tenuous relationshiprokgive
obscuration and light scattering.

There are many reasons why the experimental results from thisiarsadgithe

2008 report differ from the expected value of 2.5 %/ft for spot photo-electric detector
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responses. One of the reasons is that light scattering responses from the spot photo
electric detectors are not directly related to the obscuration oflggtiescribed in the
literature survey section of this report. The smoke detector sensuti\atp %!/ft for spot
photo-electric detectors are ascertained through tests conducted in 1§ Jensitivity
Test Smoke Box with a single smoke source which produced a light gray smoke. This
test enables a relationship to be developed by the detector manufacturexte tigrel
obscuration to light scattering (light scattering is “measured” cilyliby recording the
detector output signal). The relationship established by this test is augmeto a
particular smoke with specific characteristics relating to colorigadize, distribution,
and wavelength of light used to make the measurement. The incipient fire amedes
in this experiment were created with many different materials that coadteanany
different types of smoke. As the detector is exposed to all of these diffgrestaf

smoke with different characteristics, the relationship established hiLtRké7

Sensitivity Test Smoke Box breaks down [1]. This relationship breakdown is tdme of
major contributing factors to the disparity in the obscuration levels obtained at phot

electric detector response in this analysis and the 2008 report.
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Chapter 8: Conclusion

The use of aspirated smoke detectors (VESDA) in this analysis has provided
improved experimental results of the obscuration level (%/ft) at the restioesef spot
photo-electric detectors. These results were evident in all vemtilednditions for
flaming and non-flaming incipient fire sources utilized in this experiment. Menyvéhe
results from this analysis still show a relatively large deviatioherepected
obscuration level of 2.5% at photo-electric detector response. This error is mainly
attributed to smoke characteristics created by each of the differgriemtdire sources,
the smoke transport, and the characteristics of the detectors.

A particular level of obscuration does not uniquely describe the characteristics of
a particular type of smoke from an incipient fire source. There are srigatihere a
smoke can have the same obscuration level at different particle sizes asedisoube
recent Smoke Characterization Project [8]. Even though the level of light diimtusa
the same for a particular smoke, its detect ability by a light sicafteéetector would vary
given that the detection technology is dependent on the square of the particlediamet
[1]. This information, along with the increased ventilation rates may be another
significant contributing factor in the disparity between the obscuratiorslesgbrted for
the spot photo-electric detectors by the aspirated smoke detection sy&8DAYV

The error in this experiment could be reduced by further study. The calibration of
the SG photo-electric smoke detectors in the UL 217 Sensitivity Test SroakerBall
of the smoke types created by the 8 incipient fire sources could improve resudts. Thi
calibration would provide an expected obscuration level at response for the SG photo-

electric detectors for each incipient fire source (i.e. 2.5 %/ft. will nokpeated for all
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types of smoke). However, even with these calibrations completed, therestitbblel
substantial error due to the ventilation conditions in some of the tests and tiatfact
smoke properties can change as the smoke moves away from the incipientriee s

This previous statement leads into another recommendation for further stwas |

evident in this analysis and others covered in the 2008 report that the obscuration levels
reported by the obscuration meters (and now the aspirated smoke detectors¢desreas
the ventilation in the room increased. An investigation into the impact of mechanical
ventilation on smoke properties and photo-electric detector response is wariGoneel.

of the details of this investigation could address the following questions:

-Does increased ventilation aid in the agglomeration of smoke particles and how
does this agglomeration affect the obscuration level reported by the photazelect

detectors at activation?

-How does increased ventilation aid the photo-electric detectors in responding to
low obscuration levels? Does the increased ventilation force the smokéepartic
into the detectors for sensing? Does the ventilation affect the scatteligigt of
inside the detector mechanisms to cause detector activation at low obscuration

levels?

The answers to these questions could improve the understanding of how spot photo-

electric detectors respond to incipient fire sources at higher ventilatalitions.
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Appendix

Tables of SG Photo-Electric Detector Activation Times and VESDA OhaSounrLevels

Table Al: SG Photo-Electric Activation Times and VESDA Obscuration Levels

Obtained from this Analysis at 0 ACH for Ventilated Room Tests

VESDA VLC|VESDA VLC
002 (%/ft) @| 004 (% /ft) @ VESDA
SG-1/2 SG-3/4 | SG-1U/2Avg | SG-3/4Avg |Test| Offset
Incipient Fire Source Avg(s) | Avg(9) Time Time # | Time(s)
Shred Off. Paper (Flame) 63/98 114 No data/Q.639 8.03 73 570
Shred Off. Paper (Flame) 112 85 1.95 7.07* (84s) |74 1250
PU Foam/MF Fab (Flame) 169 223 2.08 2.44 75 650
PU Foam/MF Fab (Flame) 150 204 1.83* (149 s) 2.15 76 2130
2.0*
0.78/0.8* | (3561s)/2.131

PU Foam/MF Fab 3046/3083560/3606 (3083s) (3607s) 77 2700

0.433/0.433* 0.59*
PU foam/MF Fab 3156/3188600/3691 (3181s) | (3599s)/0.71] 78 2000/850
Ponderosa Pine 2100/2159047/3072 1.36/1.43 3.68/5.03 79 3700
Ponderosa Pine 2204| 2888/3060 0.86 1.78/2.01 8( 500
Cotton Linen Fabric No AlarmNo Alarm| No Alarm No Alarm | 81 2800
Cotton Linen Fabric 4539/4638682/4742 0.84/1.75 1.25/2.82 82 1700
PVC Wire No Data| No Dats No Data No Datsg 83 0
PVC Wire No Data| No Dats No Data No Datg 84 0
Computer Case (Flame) 164 328 No data 13.5 85 1200
Computer Case (Flame) 126 286 12.5 11.2 86 40
Print Circ. Board (Flame) 56/228 107 No data/8.5 7.5 87 200
Print Circ. Board (Flame) 50 106 8.4* (493) 7.8* (107s) |88 2185/200

*Denotes a data point at a different time than SG-1/2 Avg and SG-3/4 Avg, atieiah parenthesis
Data points with two values indicates additional activation tiresr(obscuration level (%/ft)
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Table A2: SG Photo-Electric Activation Times and VESDA Obscurationlieve

Obtained from this Analysis at 6 ACH for Ventilated Room Tests

VESDA VESDA

VLC 002 | VLC 004

(/ft) @ | (%/ft) @ VESDA

SG-1/2 SG-3/4 SG-1/2 SG-3/4 | Test Offset

Incipient Fire Source Avg (9) Avg (9) AvgTime | AvgTime | # Time(9)
Shred Off. Paper (Flame 96 232/270 1.44 0.88/Q.72 |25 1050
Shred Off. Paper (Flame 62/117 No Alarm  4.93/1.34 No Data 26 814
Shred Off. Paper (Flame 44/88 No Alaim 3.6/1.34 No Data 27 285
PU Foam/MF Fab
(Flame) 147 No Alarm 1.76 No Data 28 5000
PU Foam/MF Fab
(Flame) 142/215| No Alarn 2.42/2.22 No Data 29 350
PU Foam/MF Fab
(Flame) 160 No Alarm 2.41 No Data 30 320
PU foam/MF Fab 3415/3440No Alarm | 0.065/0.07| No Data| 31 770/850D
PU foam/MF Fab 3300/3388No Alarm | 0.17/0.21 No Data 32 300
PU foam/MF Fab 3312/3556N0 Alarm | 0.074/0.103 No Data 33 4300
Ponderosa Pine 2928/2969213/4602| 0.153/0.146/ 0.335/0.73] 34 300
Ponderosa Pine 3138/3184144/4199 0.57/0.59 1.92/1.82 35 1200
Ponderosa Pine 3114/3178780/3866| 0.039/0.037 No Data 36 0/3900
Cotton Linen Fabric 4762 No Alarm 0.795 No Data 87 1500
Cotton Linen Fabric No Alarm  No Alarm No data No Data 38 3700
Cotton Linen Fabric 4722/4765No Alarm | 0.841/0.798 No Data 39 900
PVC Wire No Alarm| No Alarm No data No Data 40 0
PVC Wire No Alarm| No Alarm No data No Data a1 650/850
PVC Wire No Alarm| No Alarm No data No Data 4p 0/98(
Computer Case (Flame) No Alarm  No Alarm No da No Data 43 9650
Computer Case (Flame) No Alarm  No Alarm No daE No Data 44 N/A
Computer Case (Flame) No Alarm  No Alarm No da No Data 45 850
Print Circ. Board (Flame 45 No Alarm  4.84* (44s) No Data A6 840/890
Print Circ. Board (Flame 45 No Alarm  3.09* (46s) No Data A7 3980
Print Circ. Board (Flame 54 No Alarm 5.85 No Data 48 1280/1290

*Denotes a data point at a different time than SG-1/2 Avg and SG-3/4 Avg|, thoeiin
parenthesis

Data points with two values indicates additional activation tirgeer(obscuration level (%fft)
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Table A3: SG Photo-Electric Activation Times and VESDA Obscurationlieve

Obtained from this Analysis at 12 ACH for Ventilated Room Tests

VESDA VESDA
VLC002 | VLCO004
/ity @ | (%/ft) @ VESDA
SG-1/2 SG-3/4 SG-1/2 SG-3/4 Test Offset
Incipient Fire Source Avg (9) Avg (9) AvgTime | AvgTime | # Time(s)
Shred Off. Paper (Flame) 70 208 | Nodata No data 49 0
Shred Off. Paper (Flame) 78 211 | Nodata No data 50 0
Shred Off. Paper (Flame) 75 199/210 2.5 1.64/1.37| 51 500
0.979*
PU Foam/ME fabric (190s)/0.94| No data 52 830/870
(Flame) 178/224 | No Alarm 9* (250s)
6.88*
PU Foam/MF fabric (224s)/7.0*| No data 53 2800
(Flame) 202/253| No Alarm  (246s)
0.17*
PU Foam/ME fabric (220s)/0.17] No data 54 0
(Flame) 232/327| No Alarm 6* (334s)
0.475/0.37
PU foam/MF fabric 3243/3336 No Alarm 6/ No data 55 2000/85¢
PU foam/MF fabric 3242/3478 No Alarm 0.053/0.09 No data 56 1500
0.003/0.00
PU foam/MF fabric 3166/3214 No Alarm :13/ No data 57| 1200/168p
Ponderosa Pine 3310/3370 No Alarm1.78/1.67 No data 58| 3000/4000
Ponderosa Pine 3263/3336 No Alarn®.026 (avg), No data 59 0
Ponderosa Pine 3270/3319 No Alarm 0.15/0.17 No data 60 2200
Cotton Linen Fabric No Alarm| No Alarm No data No data 61 2150
Cotton Linen Fabric No Alarm| No Alarm No data No data 62 0/5650
Cotton Linen Fabric No Alarm| No Alarm No data No data 63 0
PVC Wire No Alarm | No Alarm| No data No data 64 0/2700
PVC Wire No Alarm | No Alarm| No data No data 65 650
PVC Wire No Alarm | No Alarm| No data No data 66 550
Computer Case (Flame) No Alarm  No Alarm No data No data 67 1520
Computer Case (Flame) No Alarm  No Alarm No data No data 68 850
Computer Case (Flame) No Alarm  No Alarm No data No data 69 1685
Print Circuit Board (Flame) No Alarmm  No Alarrn No data No data 70 4650
Print Circuit Board (Flame) No Alarm  No Alarrh  No data No data 71 630
Print Circuit Board (Flame), No Alarmp  No Alarm No data No data 724600/4400

*Denotes a data point at a different time than SG-1/2 Avg and SG-3/4 Avg, tatieiah parenthesis
Data points with two values indicates additional activation tirmeer(obscuration level (%/ft)
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