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Introduction

1.1 Defining the Problem

Firefighting isan inherently dangerous profession. Working haaardous and strenuous
environment withseverely diminished senses adtenresult infirefightersbecomingdisoriented
and separated from each other. If firefighters are so separated that they cannot communicate
verbally with each other, they can often use their portable radios to communicate with each other
inside of the building, or outsidehile these raibs are quite literally a lifeline for firefighters,
like all components of firefighting protective equipment, these can experience catastrophic
failures.

While these radios may experience signal degradation in the built environment, the
hardware itselfs alsosusceptible to failures, especially when exposed to heat. Complicating this
issue, unlike most components of firefighting equipment, most portable radios that are in use in
the North American fire service were not designed for use in firefightngitons. Standards
such as NFPAL802 have been written to address this gap, but many fire departments have not
been fortunate enough to adopt radios that follow this standard due to the cost of modern portable

radios.
1.2 Carrying Methods

In addition to hardware itself, firefighter personal behavior can affert a portable
radi obs abilitOnet oftrtehresmmati n behaviors that
the way that the radio is carried. Due to the requirementrédiginters to utilize heavy equipment,
firefighters need their hands free. Therefore, the options to carry these radios are |sited.

many fire departments began to issue radios to each firefighter, a pocket specifically designed for
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a portable radiavas often addedWhile each fire department ordering protective equipment can

opt for these pockets to be placed wherever t|
chest. While this area was traditionally underused for pockets on fiesfigglmhout gear, it was

also |l ocated closer to the firefighterods f ace
respiratory protection, those using their portable radios can communicate more clEady.

position also allowed fortheemergeltyy t t on t o be | ocated cl oser t
in a stressfuémergencya firefighter would be able to activate this button with ease. Additionally,

if afirefighter were to fall through a hole in a weakened rodfiaor, ther radio woud not be

exposed to the heat belowlowever, as the fire departments arere frequentlyresponding to

types of incidents such as medical emergencitegr carrying methods were developed. One of

the most popular ways to carry a radio today was degdlépom these efforts: the radio strap.

Generally,a strip of leather or nylon, a radio strap is designed to be worn over a shoulder
with the radio hanging down at the firefighte
radio when not wearingirnout gear, such as on medical incidents. These straps can also be worn
in conjunction with the turnout ensemble, although variations do arise. Some firefighters prefer
to wear their radio strap beneath their turnout coat, so that the radio aspitker microphone
cord are protected by the protective equipment. However, other firefighters prefer to wear their
radio above their coadllowing for easier access to change channels and volume. Other
discrepancies arise as to the height of the radimeSoefighters prefer to wear their radio closer
to their waists, allowing for the entire radio assembly to be protected by the turnout coat if worn
under the coat. Other firefighters seek to wear their radios against their thighs, allowing for the
spealer miacdophonecord to be protected by the coat while also allowing for access to the radio

itself. Finally, some firefighters wear their radios facing backward, meaning that the screen and



the speaker diaphragm are worn facing the firefighter rathen facing the surrounding
environment.

While the radio pocket and radio straps are the most common ways to carry a radio, they
are certainly not the only way radios are carried. A firefighter from Australia stated that he
preferred to carry his radia ia similar location to a radio strap, but that his department would not
i ssue a radio strap because, i t Ocachiece thismer i cC :
positioning, he placed the radio in his turnout pants cargo pocket. He attacheakar sp
microphoneto the radio and has the cord run below his turnout coat and turnout pants. He has cut
a small hole in the outer lining of the cargo pocket backing for the cord to extend up toward the
collar where he allows trepeakemicrophoneto hangunsecured.

Finally, it is important to note the actions that firefighters must complete while operating
at an incidentand the positions in which these actions are completed. Operations such as
advancing hose lines, searching for victims and fire, @mdoving trapped occupantse all
generally best completed with a firefighter crawling. Firefightansuse large skeletal muscles
to advance hose lines and remove victims while also keeping them closer to the ground to find
overcome victims. This po&h is also taught to firefighters as the best position to use when
working in zero visibility conditions as a firefighter can possibly find a compromised floor and not
fall into a hole or down a staircase. However, firefighters can often crawl in difjgositions.

Whil e cr awlldwrgs @ nmailyalde the most common, usin
popularity. While different firefighters maghooseone method over the other due to personal
preference, it is important to note in this study tawiil mean that portable radios will be in

di fferent orientations. For example, t e fir

where the firefighter operates with his weight on one knee and his or her opposite foot in front of



him, will have a radio in a radio pocket held with the antenna pointing straight up. However, a
firefi gHtoaurr son widlll have his antenna pointing
vertically as desired by portable radio literature. The effecthade different methods will be

mentioned later in this report in the fire modeling chapter of this report.
1.3 Critical Incident Study

1.3.11999 Cherry Road, Washington D.C.

One of the most infamous basement fires in the American fire service occurred in
Washindon D.C. in 1999. This fire, located on Cherry Road, resulted in the deaths of two
firefighters and injured several oth¢t®]. Seven crews and a chief responded to the fire initially
before having four additional crews respond. When the fire crew arrived, they noticed smoke
showing from the front of the buildinghere they moved to attacketfire. As an additional crews
arrived, a sliding glass door at the rear of the basement was opened to provide both better access
as well asventilation to the fire. However, this allowed the fire to rapidly intensify, endangering
the crews who were alidy engaged in attempting to extinguish the fire. As another crew moved
to this area, they noticed that the basement had become completely involved in fire and they moved
to extinguish the fire. This crew requested permission to attack the fire, buteheylenied as
the incident commander ditbt know the locations of all the crews. However, for the crews inside,
the situation had become untenabige to an extremely rapid increase in temperature. One
firefighter was able to locate the nozzle of a hose line where he directed the stream of water at the
ceiling. This firefighter was able to evacuate from the building, but the other two firefigders
were with him were unable to evacuate.

In the National Institute of Occupational Safety and HedthOSH) report on the fire,

there are several recommendations to improve firefighter safety. However, several of these



recommendations are in direcksponse to the radio communication challenges that were
experienced on this fire. While the fire decg
with NFPA guidelines, sever al channels were c
other chanels. However, individual firefighters were not equipped with their own portable radios.
The practiceof equipping each firefighter with his or her own portable ragli@latively new, as
many fire departments have issued a single radio to a growmdiréefighters, or one radio per
crew as seen in this incident. Recommendati o
ensure that personnel equipped with a radio position the radio to receive and respond to radio
transmi ssi on sdationréfdranceshe tenesownen em incident commander called
interior crews who did not respondA lack of response was the reason that the crew that had
reached the rear of the basement was denied permission to attack the fire as the incident
commandecould not determine the location of interior crews and they did not answer his radio
transmissions. In the commentary for this recommendation, the report alsofstatefficer in
the photograph had his radio positioned in his front bottom pocket (apyriely waist level) of
his turnout coat. 6 This position is not very
to the prevalence of dedicated radio pockets. This position would likely increase the exposed
length of thespeakemicrophonecord,leaving the radio vulnerable to a failure.

Another issue with the radio system was the specific frequencies ¥ghie the radio
system was designed in accordance with the NEPZL guidelinesmany of the frequencies were
located close togeth§B3]. This was done to allow for a smaller footprint on the radio traffic in
the national capital region. However, because the frequencies were closer togethdttefisefig
often experienced a fAbleedoverodo where radio t

Firefighters also experienced interference from other agencies with the same problems. It is



believed that one of the officers who received a messageiemcident commander but did not
answer it never heard the message due to thi:
section that firefighters should receive a portable radio that is equipped with an emergency button.
This button can be fouhon nearly all fire service radios for the purpose of transmitting emergency

radio traffic. These can be programmed to do various tasks, but generally they will open the

f i ref i grophomeand allowrhincor her to transmit without holding the ptstalk (PTT)

button as normal. Some radios are also progdhto trigger emergency alarms at fire dispatch

centers so that dispatchers can communicate the emergency to an incident commander who might

be unable to receive the message. Finallymmdern digital radios, these buttons may be
programed to allow a user to bypass a fibusybo

operating at the fire scene. This issue will be discussed later in this section.

1.3.22007 Meadowood Court, LeeslguVA Fire

The first incident discussed after 2000 is the 2007 Meadowood Count Egesburg, VA
[43]. Firefighters were initially dispatched to a commerciad &larm, but while responding, some
units were redirected to a residential house fire. The first arriving engine and ladder amdved
operated alone for several minutes at a-sty house with fire evident. Two firefighters entered
the hause with ahose line while two others entered to search for potential victims. The firefighters
advanced to the second floor of the building, inadvertently passing fire burning on the first floor.
When attempting to open the ceiling to expose the fire burningeirattiic, the truck company
firefighters exited and reentered the house with longer hooks due to the tall ceilings. While a
second hose line was being brought to the crews operating in the zero visibility conditions, the
crews experienced an extremely thppmperature increasdé.hey also noticed that the fire was

extending from the first floor and onto the second floor. The crews retreated to a bedroom and



began to attack the fire that was blocking their egress. While this was happening, the engine
company officer attempted to notify the incident commander of the situation, but his portable radio
was inoperablepossibly due to a dead or degraded battery. In addition to the possible battery
i ssue, the department 6s isnoftleeradia dlso ievealesl thérina at i o
damage and a separation of [B3e | apel mi cropho
Therefore, while the engine company officer was unebifieansmit a MAYDAY ,the truck
company firefighter was able to transmit a MAYDAY message. In response, the incident
commander deployed the rapid intervention team to rescue the trapped firefighters. The engine
company attempted to open the hose lineot the area, but they immediately lost water pressure
due to the hose line being burned through. Therefore, the engine company abandoned the hose
line andsought refuge in a bedroom. However, there was a partial collapse, ipgptaeatruck
company fficer from the other three firefighters. The three other firefighters were able to evacuate
from the second floor via an external ground ladder. The truck company officer was also able to
evacuate from a different side of the building. It is reported t his truck compa
turnout gear was burning when he was rescued.
In response to this incident, a comprehensive review of the incident was conducted by the
fire department. Part of this analysis includedh the radio traffic as well as tpertable radio
themselves. Three of the trapped firefighters wore their radios in a radio strap while the fourth
firefighter wore theirs in a radio pocket. A
radio had failed. Thepeakemicrophonehad both separated from the radio and it had melted to
the turnout coat and the radio strap had melted to the@eléined breathing apparatus harness.
According to the reporthe radios carried in the radio straps all suffered thermal damiaitgee w

the firefighter who wore their radio in the radio pocket did not experience any thermal damage.



Obviously, with this thermal damage and the hectic nature of the incident scene, the radio
traffic was analyzed. lend tdhmn & orepcdavyverfed,edin
units attempted to transmit at the same time, making at least one message unintelligible. This
occurred four times during the initial confusion of which units would be responding as well as four
additional ones afteravr d . There were five fAgarbledo or o
units arrived at the scene and ten afterward. While the volume of units arriving and the complex
nature of the incident would justify these errors, there weweralmicrophoneclicks, meaning
thatthe radio attempted to transmit, either due to an inadvertent button push by the firefighter, or
as an equipment malfunction. None of theserophioneclicks occurred before units arrived at
the scene, but there were 74 roghoneclicks while units operated at the scenEhese four
firefighters were luckily able to escape the building. However, one of their cfittal f el i nes 0

their fellow firefighters on the scene failed these firefighters.

1.3.32007Marsh Overlook, Woodbridge, VA ia

In April of 2007, the Prince William County, Virginia, Fire Department responded to a
two-story house fire during shift change at just after 6:00 f2@4]. When firefighters arrived,
they saw fire showing from two sides of the building. The company officers of the first two
arriving units began to survey the entire scene by walking to the rear of the structure before
determining a plan of action and entering $itructure. Firefighters assigned tottliek company
entered the building and proceeded to the second floor to search for victims due to the presence of
a locked door and a vehicle in the driveway. The engine company deployed a 2 ¥z inch hose line
into the building and called for water. While the hose line was being charged with water, the
interior conditions deteriorated nearly instantaneously. The truck company firefighters on the

second floor began to move to the stairs in response to theseamnddimultaneously, an order



to evacuate the building was issued by the incident commanDee to the zero visibility
conditions, the officer of the truck company stumbled across the stairs and fell down a few steps.
He then directed the firefighterithr him tofollow him to the steps, but this firefighter was unable

to do so.

Now that the 2 ¥z inch hose line had been charged with water, firefighters began to direct
water upward toward the second floor to protect the truck company. Thectmngany officer
was able to exit the building but was stopped by the firefighters operating the hose lines. The
officer of a company assisting the engine with their hose line called a MAYDAY for the missing
firefighter. This transmission was then folladvey the missing firefighter himself calling a
MAYDAY. More hose lines were deployed to flow more water into the area to provide refuge to
the missing firefighter as well as other firefighters engaged in rescue efforts. However, due to the
intense heathese firefighters were driven back. The missing firefighter therefore could not be
rescued despite numerous attempts. The firefighter succumbed to his injuries at the scene.

In response to this incidenthe Prince William County Fire Departmediligently
researched the incident. Numerous recommendations were made regarding staffing and policies.
However, research was also conducted with thi
deceased firefighter 6s t urdpadyyaswegedhairsetonmined b ot h
breathing apparatus. However, of particular interest to this study was an analysis of the portable
radios carried by the firefighters.

During this incident, many firefighters, including the incident commandeedstaat they
were unable to communicate effectivéyough the duration of the incidentVhile a complete
radio transcript was not provided with this reportingeline referencing several key messages is

provided as an appendix to the referencedref@a r i ng t hi s incident, fir



on oficmr e threedtimes. Transmissions that did not have to contend with these challenges

al so became garbl ed, unintelligible, or uncl e
internal inwestigation, 26 transmissions were at least partially unintelligible. However, most
dramatic would appear to be whatareshans fimi ¢ cl i cks, 0 in the tra
been a firefighter who inadvertently pressed the PTT button, or it coultabéhe wires in the
radiocontactedne another, allowing the radio to transmit. There were 87 distinct repansoof

clicks,0 with manyrelaying Afsever al mic clicks, o |Iikely | ec

Several firefightersalsoexperiinc ed a r adi o pr ohi This signal s alsoa A bu

colloquially known as a fibonk, o6 and wil/l be
Further more, the report states, ANumerous pe
portabh e r adi os. 0 Si x problems were stated inclu
of ranged rramcdimd,t tdselgf radi os, dead batteries,

states that nine firefighters experienced radio failures) wiost of these firefighters either
involved in the rescue efforts or in the hose line operations.

Another radio problem mentioned in this report staie® or t abl e radi os ar
vulnerable to poor environmental conditions and interference ib@bigise from ambient sources
which negatively i mpact the ability o[R0 emer ge
The report states that this findingnminly linked to water damage, which was the inspiration for
the radio test conducted in conjunction with this report.

An appendix of this report describes the process of firefighters exposing their radios to
watersimulating a heavy rain. The firefighters wore their radios in a radio strap over their coat,
l'imiting the radiosdé pr ot e etoupedwith vadouspdakee wat e

microphons. Thespeakermicrophong due t o their unshielded po
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shoulder appear to have been matdcted by the water deposits. The testing evaludtdue

emergency button would work as desg and programmed, despite the damaspeehaker
microphone This was largely confirmed to operate on all operations channels. However, the open
microphonef eat ur e, designed to keep the firefighte
additional nput for a set duration, could not operate once the transmission capabilities were
eliminated. It was also determined that the radios operated effectively with an uspes&dr
microphone Partially developed from this study, more advanced and modemmaadios

generally have better water resistance than older radios.

As a final note of i nterest from this 1inci
examined. While the truck company officer was able to evacuate relatively quickly after the
emergency evacuation order, his gear was damag
far more damaged. However, the statements in the appendix of the referenced report states that
much of this damage | i kel yngo.ccuTrhreerde faofrtee,r itfh et
protective equipment could have received such significant damage, it is reasonable to state that the
radio would need to be protected, either in the bunker coat pocket or in a radio strap worn under
t he fir enoutgpéit.t er 6 s t u
1.3.42007 Deutsch Bank BuildingNew York, NY, Fire

In 2007, the Deutsch Bank Building fire in the Manhattan borough of New York City
experienced a fire while it was undergoing demolition resulting from the damage inflicted by the
September 1M attacks.[7] While responding to this fire, two firefighters were trapped and
succumbed to their injuries. In addition to these two firefightiel'S,others were injured. While
many building fire protection systems were in various states of disrepair, firefighters also had

significant communication challenges, leading to these injurie$aaaiities
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When firefighters arrived, there was a misconmigation as to which fire department
connection would supply Unforeinatelyi t thiendas | si agdpi
system was inoperable due to the demolition efforts. When the first companies ascended the
building, they found that #h stairwells had been blocked with hatches. Firefighters worked to
remove these hatches, and after a significant effort to remove these obstructions, firefighters
encountered an intense fire. Numerous other resources were summoned to attack thetiire, whi
spread downward via plastgheetingdesigned to separate portions of the building. These
obstructions made the building intdadoyrinthfor the firefighters. Firefighters were also cut off
by the downward spread of the fire. As conditions deteriorated, firefighters worked to establish a
water supply via a hose | ine on the buildingt
water supplyusingthis method, a fire attack commenced. However, the firefighters who were
operating this hose line ran out of air. While these firefighters called a MAYDAY for assistance,
others were called due to crews being separated. Additionalgfigfiters also declared
MAYDAYs due to difficulties navigating around the obstructions in the building. fiféfgghters
who ran out of air were eventually removed from the building and transported to hospitals where
they were pronounced dead.

While highrise fires pose immense logistical challenges, the conditions in this building
complicated this incidenturther beyond higkrise fires. Overall, there were 13 MAYDAYs
declared during the first hour and fofftye minutes of this incidentMany of thesavere unique
incidents, but some of these calls resulted from reports not being acknowlédgedhere were
several urgent communications regarding missing firefighters. Unfortunately, an incident with
this many emergency messages would be extrembbllenging for the best prepared and best

equipped fire departments. While these radio communication challenges were not related to radios
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failing, they do show how logistical challenges can dramatically complicate a fire response. Had
these firefightersot been able to communicate these emergency messages catastrophic
consequences would have surely followed. Furthermorerfggh typically pose immense
communication challenges, solely due to building construction features. Therefore, these
chdlenges will be dramatically complicated by the increased traffic resulting from similar
emergencies.
1.3.52008 North Carolina Incident

During this incident, two firefighters were killed and one severely inj[8pdFirefighters
arrived at a commercial millwork facility to find a large firklultiple crews entered the building
to extinguish the fire, but they were evacuated from the building due to the deteriorating
conditions. However, crews soon reentered the buildimgntain the fire within the building to
the office area rather than the production area. However, while these firefighters were working,
they experienced a radio failure. When the group did meivar multiple radio messages from
the officers outside, a rapid intervention team was dispatched to find and rescue the potentially
trapped firefighters. However, the group was not in danger, so the firefighter in charge of the
interior team a captainsent another firefighter out of the building to report the position and recall
the rapid intervention team. The chiefs and the firefighter sent outside met before the firefighter
reentered the building to rendezvous with the group. HowenNele the chef was instructing the
rapid intervention team that they were not needed, the firefighters inside noted that the fire was
spreading extremely rapidly. During this period, there were numerous unintelligible radio
messages. These messages could have lhe@merior crew requesting help, but this cannot be

determined.
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The two firefighters realized that they could not control the fire and they decided to
evacuate the building. However, the firefighters became disoriented and returned to the nozzle to
useits water for protection from the intense fire. While this was happening the captain again
attempted to call for assistance, but he could not determine if anyone heard his mé&ssage.
firefighter who had reentered the building attempted to call thaicepter the radio, but he could
not reach the captain. The captain who was attempting to release kinks in the hose line previously
called for the firefighter at the nozzle to follow him and exit the building. The captain also called
a MAYDAY requestingassistance again, but he did not receive a response toteatig@nission
The captain began to evacuate the building where he found that the hose lbegtiait leak.

Due to the intense heat, the captain laid down next to the hose line so that the leaking water could
cool him and provide protection fromighntense heat.

Luckily, one of these MAYDAYs was heard and one of the rapid intervention teams was
able to enter the building and rescue the captain. However, the intense heat prevented them from
advancing further along the hose line to rescue the other firefighters. One of the firefighters was
rescued in subsequent effortit the intense heat causedudstantial delay to reach the second
firefighter. Both firefighters were pronounced dead.

While there were several factors that lead to the untimely deaths of these two firefighters,

t he first factor menti oned i n intendttentNdiaddS H  r e
communication problems (unintelligibl@&Intransm
response to this factor, the report recommeéhdtradio manufactums should develop and refine

radio systems working with firefight@rotectiveequipment.
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1.3.62008 Ohio Incident

In a 2008 incident in Ohio, two firefighters were killed when they were trapped in a
basement while attacking a fii®. The firefighters arrived and found a homeowner who informed
the firefighters that the house was on fire. In response to this information, the firefighters advanced
a 1 % inch hose line into the building to combat the fire. Wirenof the firefighters called for
water, his message was not heard by the firefighter at the engine. However, after multiple attempts,
another firefighter was heard. When the captain aonther firefighter reached the basement, they
began to apply water to the fire while another firefighter assisted them moving the hose line. Two
other captains believed that they needed to reposition the hose line, but despite a radio call and one
of thecaptains yelling to the crew inside, they did not receive a response. Inside of the building,
one firefighter saw the captain attempting to call a MAYDAY due to the intense fire, but despite
3efforts,t he radi o gave a 0bus yransnstiing mearhessagpst dhee nt i r
captain then instructed the firefighter to evacuate from the building, and that she and the second
firefighter would follow. However, they did not. The firefighter who had evacuated attempted to
rescue his crew, but he wasable to reach their position due to the heat. He then reported the
situation to his incident commander who attempted to reach the irderwibutcould not. Crews
brought two hose lines with them to control and extinguish the fire, and when ametharicved,
another attempt was made to rescue the trapped firefighters. This crew advised the commander
that they believed that the f i ramdthatéhe hokedineng f u
that the crew had been using had burned aboutctis near the nozzle. These crews were able
to remove the debris from both victims, who were both pronounced dead at the scene.

While this incident had far fewer contributing factors than many of the aforementioned

incidents one of the issues listeslthe radio communication problems. To address this factor, the
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NI OSH report makes a few key recommendations.
that radio operability guidelines follow best practices recommended by the International
Associatin of Fire Chiefs. 0 The report also states
the equipment and procedures with the dynamics of the incident site, especially in terms of the
environment and t he hum@]n Thé epott alsosgivea thé sameé i n g
recommendation that radio manufactsrenust work with fire departments to improve radio
capabilities and designs.

This specific incident was also referenced in an article from FireFightingNews.com. This
article, published in 2011, discussed how several fire departments have experiendeauezso
with digital radios that were new at the timEhese radios had been developed in the aftermath of
the September Mattacks with the goal of allowing several public safety agencies to communicate
with each other.However, the article statelsat firefighters are skeptical of the new technology
and even states, ADi gital radio failures cont
di sabling of a si xtl/[h3]. &hild seseraloncidents avefdiscoidsen ;mehisc a | |
articl e, many discuss i nci de muswsighals,aamedfartheir r e d
distinctive sound emitted from the radios, have been observeaiarous incidents. Specifically
referring to this incident, the article stat:
communications by firefighters. o
1.3.72010 Connecticut Incident

Two firefighters were killed in a fire in a two and half stonyltiple family dwelling in
2010 in Connecticytl0]. Firefighters arrived to find a building with a fire burning in a room on
the second floor. Firefighters iglaly extinguishedhe fire in the room, but quickly noted that the

fire had spread into the eves and into the attic space. Due to the difficult to extinguish fire and
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outside temperatures above 90°F, many firefighters quickly exhausted their air suply.
firefighters replenished their air, they reentered the building and resumed their firefighting duties,
often with firefighters from other companies. The fire, strengthened by the wind, eventually
caused interior conditions to deteriorate. Despitereffto ventilate the building, visibility
reducedand the heat built wup in the building.
became trapped and called a MAYDAY. However, this message was not acknowledged by the
incident commander or bhe dispatch center. More than three minutes after this message was
broadcast, another firefighter encountered one of the firefighters who called the MAYDAY
message. This firefighter called his own MAYDAY for help to remove the endangered firefighter.
This message was received by the incident commander, but not by the fire dispatch center. While
the rescuing firefighter eventually did receive assistance from other firefighters, it was quickly
determined that a second firefighter was missing. Anothefiditer found his missing coworker

and called a MAYDAY. This message was not acknowledged, so he called for a second
MAYDAY. This third overall message was acknowledged by the dispatch @miehis second
injured firefighter was removed from the structure. However, both firefighters were both
pronounced dead at the hospital.

While radio failures were not a factor in the deaths of these two firefighters, the failure to
receive their messagdikely did lead to their deathsThe NIOSH report does not contain a
comprehensive radio transcript, but rather summarizes important radio transmissions rounded to
the nearest minute to construct an incident timeline. This timeline provides a minifr2n o
messages that were either partially unintelligible or were not acknowledged. While the fluid and
hectic incident scene would certainly justify these missed messages, this problem will be greatly

magnified by damaged radiosTherefore, while radio flures may not be responsible for the
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deaths of the firefighters, this incident highlights how important radio communications can be and

how significant a failure in communications can be.

1.3.82011 San Francisco, CA Fire

Firefighters responded tdaur-storyresidential structure with two levels below grade and
two above at the front of the buildirigl]. When firefighters arrived, they found light smoke
coming from he first visible floor. The first engine company deployed a 1 % inch hose line into
the building to the Afirst floor.o This floor
arrived and had a fade-face conversation with the engine companyceffi The two officers
both believed that the fire was on the floor below them in the basement. The chief stated that
crews would attack the fire from a different side of the building before he retreated from the
building. The two firefighters on the heéine did not follow the chief. It was believed that the
crews advanced to the basement stairs, but after a basement sliding glass door was breached, the
fire rapidly intensified, and overcame the crew on the hose line. The two firefighters were
transpoted to a hospital, but both were pronounced dead.

The bui |l di andthesfiresldpartment tacticeplayed a large role in this incident.
However, the fire communication methods complicated the issue. The NIOSH report issued in the
wake of thisincident provides a recommendation that fire departments and radio manufacturers
need to work together to i mprove radio systen
incident, several issues occurred involving the radio, such as: garblechiatelligible radio
transmissionsieardby the IC; the Mayday from BC6 being walked on by the dispatch; and the
Victimsd remote microphones be[llphTherdpprotidgead by
state theway the firefighters were carrying their radios, but regardless of carrying method, the

speakemicrophonecord will be exposed to the fire environment. While the radio pocket method
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exposes less of tlepeakemicrophonecord to the environment than carrying the radio completely

unprotected, it exposes far markethe cord thaithe radio strap arrangement.

1.3.92012 Riverdale Heights, MD Fire

Firefighters responded and arrived to find a-starysinglefamily housg44]. An engine
and two firefighters from a truck company entered the house. Howetp the winebriven
basement fire, the firefighters on the engine company were forced out of the building. However,
the firefighters on the truck compadid not know that they were left alone in the building. These
two firefighters attempted to retuto the door, but they were unable to open the front door. One
of the two firefighters found a window and they attempted to climb through the window. However,
the first firefighter was unable to exit the window. While the two trapped firefightersdilad c
for the engine company several timiggey called for a MAYDAY at the windoy7]. To transmit
this message through the large volume of radio trafficyibditefighters activated the emergency
features of their radios to override amiper radio traffic. The two firefighters sheltered in place
for a short time, waiting for assistance to come from the firefighters outside the building. However,
when the nassage was not acknowledged, the second firefighter was able to climb through the
window and get help from the buildingbds exter
was able to move toward the front door. Eventually the second firefightetacheemoved his
respiratory protection to summon help in the front of the building, was able to force the front door
open and rescue the still trapped firefight@verall, seven firefighters were injured during this
incident, and while two of the firgfhters suffered near fatal injuried| the firefighters were able
to recover.

While the extreme heat in the building and the miscommunication between the truck and

engine companies were two of the main causes of the mjtiniere were also complicat® with
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the firefighteroés portable radios. During t

traffic. While there were numerodsst eal t h rejects, 0 there were
were garbled or otherwise ineffectivén the transcrifs of one radio channel used during the
incident, there were 50 electronic garbles and other failed messages. It should also be noted that
despite the recording of the emergency activations, the MAYDAY and the requests for the hose
line are not reflecteth the transcripts.

A second radio channel walksoneeded due to the emergency activations. In addition to
this complicationpne of the trapped firefighters had the sheathing osgeakemicrophonemelt
and the wires fuse together. This caused an open transmitter, meaning that other firefighters could
not transmit on this channel. This firefighter as well as the other trapped truck company firefighter
wore their radios in a radio strap over themat. In response to this finding, the report references
the National Institute of Standards and TechnoldbyST) report entitledTesting of Portable
Radios in a Fire Fighting Environmef8] which guides firefighters to wear their radios in the
radio pocket sewn into the turnout gear. This report will be reviewed in detail in a following

section of this report.

1.3.102014 Southwedtn, Houston, TX Fire

One of the most notable fires for radio traffic complications is the 2014 Southwest Inn fire
in Houston, Texaft5]. This fire in a hotel aased the deaths of four firefighters at the scene, with
a fifth succumbing to injury complications a few years later. Firefighters arrived to find smoke
showing from the front of the main hotel building. The crews progressed into the building with a
2 Y%2inch hose line They then requested that the next arriving engine company secure a water
supply while they fought the fire. As more crews arrived, they entered the building to support the

first crew on the hose line. One crew was also designed asdaimggrivention team while the
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crews worked inside. The first challenge to the radio system documented in this report was that
one of the firefighters working to attack the fire had a stuck microphone. However, just after the
incident commander attempteml contact the firefighter to alert them of the situation, there was a
significant building collapse. One of the crews inside called a MAYDAY for the now trapped
crew. Initially, there was confusion as to who the endangered crew were, as the crew that
transmitted the MAYDAY message was not the crew that was now trapped. The rapid intervention
team was activated to find the missing firefighters while other crews were used to form a secondary
rescue team. As other crews arrived on scene, some were us&té¢ovith the crews who had
been operating since the early portion of the incident while others were used to assist in the rescue
efforts. As firefighters worked to rescue their trapped comrades, one of the radios of the missing
firefighters was actived. This radio activated several more times, for a total of nine times. This
number is reflected in the transcripts, but the report later states that this sole radio activated over
twenty times. Due to this number of activations, it was believedtidirefighter had found an
area of refuge, so firefighters continued to search fofitefgghter. However, after this firefighter
was located and extricated from the building, the decision was masifttérom a rescue to a
recovery mode. Overafipur firefighters were killed and twelve were initially injured. It is likely
that had the errant radio activations not occurred, that there would have been fewer injuries to the
firefighters involved in the rescue effort.

In response to this incidenihet Houston Fire Department launched a rigorous investigation
into several aspects of the incident, including the firefigh#&dios. The radio system that the
fire department was using was new to the fire department and had only been operatioreaV for a f
months. Firefighters reported that they often experienced radio coverage issues, especially in

commercial buildings and those built with large amounts of concrete and steel. In response to the
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individual issues seen at the Southwest Inn fire speckificy ABonkso are addr ¢
report states that there were 83 such incidents infteeriiand a haliinutes before the collapse

and 496 in the first hour of the incider@verallt he r eport states that, 0l
fretherever e a total of 761 O6Transmission Bonkso6 s
t o t hi s [45] Meeinekeissue that was mentioned was a Digital Delay. Essentially, when

a user completes a transmission, there may be a one to one and a half second delay before other
users hear this traffic. Therefore, when multiple personnel try to key their radiog this delay,

the numbeo fBoinks o6 i s dramatically increased. The
are a short, and often inadvertent, activation of the PTT button. While the activation of the button

is short and no voice message is trangujteach incident can tie up the Talk Grouptifwee to

four seconds. To explain the significance of these activations, the report dfatesg the first

60 minutes of the Southwest Inn fire, there were approximatefp@k Key®which totaled 6

minutes and 24 seconds of possible usable talk time. efQoigteso approximately 11% loss of

air time in the first hour. These #Quick Key®also led to 111 transmissi@Bonk®which is

also estimated to be 19% of the total transmiséBonksdthat acurred at this fir@[45]. The

next issue mentioned regarded open and stuck microphones. To address these issues, the
department transitioned from a 60 sectndnly a 30 second maximum message length, with only

10 seconds if there is no voice or verbal transmission. Another interesting solution posed by the
incident reviewers isthatafe movi ng a fAstucko open radio and
channel. This would prevent other users from switching to a different channel while also clearing

that same channel. In addition, the monitoring also means that the radio can be monitored by
dispatchers rather than the incident command staff. Finally, disoussi® given to if certain

radios should be given preference over other radios.
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In addition to the radio components themselves, the reviewers also examined the system
linking the radios to the SCBA mounted microphoritewas determined that one of the seas
that the individual radio that activated twenty times was that the wires in this system had been
damaged by the radiant heat. The report then
radi o probl ems such [45 Howeuer, thekabiliky eoyogerate a portable ¢ u r .
radio once a firefighter has removed his or her gear was also examined. The report states that
Houstonfirefighters generally wear their radios in their radio pockets on their turnout coats and
that this SCBA integrated radio system dramatically improves communications. However, when
the firefighteroés turnout geaaneadresntegratedoothel, b o
turnout gear. The report states that when not wearing their turnoytge@darMo st f i r ef i g h-
the radio to their side usingthe belip at t a c h e d [4%].0As & fesponse @odhis assué
and to assist firefighter communications while the SCBA integrated radio system was being
repaired, the department would purchaspeakemicrophone for all radios. For short term Bxe
the report also mentioned that when a radio malfunctioned, the incident comroamcat for a
Aramamo to fix the radio or to provide repl ace
the Southwest I nn -hamé&,wareegamst 66) pdSlepadanbdid
As a final note, several changes were made to the Houston radio .sySperuifics relating
to the carrying methods for radiosiMoe discussed in a latsulsection.
1.3.112017 Texas Strip Mall Fire
The final and most recent incident to be examinedwsnd drivenfire that occurred in a
strip mall in Texaqd3]. Firefighters arrived and found smoke emitting from the front of the
building. The crews entered the building, with the truck company moving to find the fire in front

of the engine company. When the fire was found, the truck compafigtiters called for the
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engine company to advance the hose line to their position. However, one of the truck company
firefighters then transmitted a MAYDAY message. Firefighters attempted to rescue this firefighter
by deploying the rapid interventiadeam into the building. However, shortly after the firefighter
who had initially called the MAYDAY was rescued from the building, one of the rapid intervention
firefighters was lost. It was not recognized that this firefighter was lost until he wasetsdaon
the building. When it was recognized that this second rescued firefighter was not the missing
firefighter from the original truck company who had entered the building, efforts to recover this
firefighter were initiated. The firefighter was rengalvfrom the building and was pronounced
dead at the scene.

While some of the main factors contributing to the loss of this firefighter wagititeand
the application of somewhat outdated firefighting tactics, radios partially contributed to the
confusia on this incident. The only MAYDAY message or indication that the firefighters were
missing came from the truck compd@ngirefighter mentioned aboveHowever, this firefighter
experienced his own radio issud@die report lists six distinct times that his radio is keyed, but two
of these entries to the timeline mentioned that the radio was keyed multiple times. A definitive
timeline is not provided in the report. This firefighter also possibly inadvertendgged the
channel on his radio. This change also could have been madacttsomeone on a different
channeldue to the radio traffic at the scemedthe firefighter knew that his radio was no longer
transmitting his voice. Inresponse to thisissub,e r eport st ates, M@ARadi os
positioned to allow the fire fi[@hter to moni't
1.3.120ther Near Miss Incidents

While there is a plethora of information available on the incidents above, there are

numerous more incidents that occur daily. Some of these have been reported to a website known
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as firefighternearmiss.com for various reasons. The first of interest disemssesdent when a

new firefighter experienced his radio fall from his pocket. This is a-kvellvn problem with

radios worn in a radio pocket and is docuredirt one of the definitive studies shown beloim.

response to the incident, the sedportigp  f i ref i ght er stated, A | h a
front/chest pocket of my bunker coat when it fell out as | was crawling over the bed. This happened

in the first 2 mi@dijtes of being in the fire.o

The second of these incidents ropponecord ed wh
became entangled in debris. The firefighter stated that he was holdsmehlseemicrophonein
his hand while his radio remaithén a radio pocket. The report states that the cord was entangled
in a dining room chair, and in the zero visibility, the firefighter was unable to free hinhsleds.
the previousncident, hisr eport goes on to statgpulleddutdfer a
my pocket and fell to the floor, and | was able to drag the chair and radio to an area with better
visibility aied]. Tihereporuconcladesgstatmglthadif theeakemicrophone
had been secured either to an integral loop sewn to the turnout coat or to the SCBA shoulder strap,
this entanglement would likelhot have occurred.

The third incident occurred in 2009 when a firefighter fell from a stairwell. This fall was
witnessed by the firefighters working in proximity who attempted to call a MAYDAY for this
firefighter. However, this message was not tratteay, so the company officer calling the
MAYDAY message activated his radiobs emergenc
the problem, forcing the officer foress the PTT button again. This action turned off the radio.

The report states thtdte department has experienced similar failures, especially when the radio is

wet. As a recommendation, the report goes on to, steb@ portable radio manufacturer [name

deleted] should investigate the issue with the portable radios and create hatditi hold up in
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theconditiord firefighters face. Even in routine situations. A radio that turns itself off because of
minor wetness is unsafe and unacceptald&9]. It is also possible that this issue would be
remedied by carrying the radio in the turnout coat pocket, or under the coat in a radio strap.

The final near miss incident of interest occurred only a month after the previous incident
when two radys failed while the incident commander was transmitting an emergency evacuation
order[42]. The report states that as the firefighters were moving to combatehenfithe third
floor after extinguishing the secoffidor fire, they were ordered to evacuate. However, the two
firefighters operating the hose line stated that they did not hear the evacuation order. Other
firefighters behind them began to help remtwe hose line from the building and the firefighters
were luckily able to evacuate. In response to this incident, the report provides several possible
recommendationsThe first of these recommendations states that when an emergency evacuation
order is gven, another source of alert must be given, such as sounding the apparatus airhorns.
Further mor e, t he report i ncludes the sentenct
communi cations on t hei [41]r Tahaeteforeswhie nod dirécty statingi mme d
it, otherfirefighters operating at the sceagpear to havendured radio failuresWhile a carrying
method may not completely prevent an incident of this type from occurring, it would greatly reduce
the chance of these failures resulting to the heat firefighters endure while operating inside of the
building.

1.4 Current Regul@ry Standard

1.4.1Introduction
There areelatively few standards governing fire service portable radios. Most portable

radios on the market are designed and buititdary specifications. However, the nd\ational
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Fire Protection AssociationNfFPA) 1802 standard g8 requirementsfor fire department

communication$35]. A discussion okachof these standardsincluded below.

1.4.2NFPA 1802: Standard on Tw&ay, Portable RF Moe Communications Devices for Use
by Emergency Services Personnel in the Hazard Zone

The 2021 edition of NFPA 1802 contains numerous comments on the design of fire service
portable radios and the criteria that these radios must be tested t@B&jeethis standard is
relatively new, with the only edition being published in 2021, one year before the release of this
document. For any device, including both portable radios and speakerophions to be
compliant with this standard, it must be testedyndependent third party. Twentyne samples
of each device need to be tested for the device to be certified under this st&tatéalle radios
must pass test;n speech quality, heat and immersion leakage resistance, vibration, impact
acceleration rgstance, corrosion, display surface abrasion,-tegiperature functionality, heat
and flame, product label durability, cable pullout, case integrity, water drainage, tdmble
vibration, TIA transmit power, TIA carrier frequency stability, TIA receivemssvity, power
source performance, electronic temperature staeskntenna VSWR swept frequenc@peaker
microphons mustalsopasanany of the tests above. These testhidespeech quality, vibration,
impact acceleration resistance, corrosioghtiemperature functionality, product label durability,
cable pullout, case integrity, water drainage, tundblgibration,andpower source performance.
However, the standard is written roghasaretm!| vy fn
be tesed.

In the chapter six of the standard, the design standard, tieesgegific requirements as to
the service life of the radi@gs well as the requirement that the radio must be designed to be

operated with a gloved hand. Further more, se
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prevent unintentional acti vat |35 bateridtlesxltapter,y at i o1
the document states that the timer must be set to one minute, as they were for the Houston Fire
Department during the Southwest Inn fifghe standard also states that if $peakemicrophone

fails, the portable radio must make an audible announcement that the device has failed.

Regardingnternal temperature, the radio must be able to deteramdendicatevhen it
is over temperature.This critical temperature is set by the manufacturer and will likely vary
between different models of radio§he announcements mustimadev i sual |y on t he
display as well as audibly once every five minutes until reset by a maintenanceigéechmlese
incidents must be logged by the device, and after ten minutes of continuous exposure, the radio
must audibly indicate that it, or an attached speakeropimne has been over temperature for a
longerperiod

Regarding durability, portable red andspeakemicrophona must not melt. While it
will be expanded upon in a later chapter of this document, several radios experienced some degree
of melting so severely that their internal components could be handled through the case.

Finally, the deument outlines testing requirements. In the interest of brevity, this
document will only discuss the quantities of interest to this study, namely temperature. The
elevated temperature conditioning procedure states that the device must be exposed to a
temperature of 71°C, or 160°F for four hours. The heat immersion test states that the radio must
be inserted into an oven kept at 22°C, or 72°F at the center of the oven. The oven will then be
heated to 177°C, or 350°C for fifteen minutes before beingvetnand inserted into a 22°C or
72°F water bath for fifteen minuteghis cycle is to be repeatsik times and the water leakage
into the power compartment is to be tested. If this test is passed, then the speech quality is to be

measured again. Thext test of interest is the high temperature functionality test. This test
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requires fourreplicatesto be placed into an oven heated to 260°C, or 500 the radios
mounted, fAas worno. The devices arymeéshredn t est
after the device is removed. Finally, the heat and flaméstdisticussed. The device is placed on

a mannequin over the protective clothing. The radio is then to be exposed to direct flame
impingement for ten seconds in the apparatus.

It should also be noted that NFPA 1802 speaks on portable radio specifics, but it is not the
only NFPA standard to speak on radio communications. NFPA 1221 contains guidance on
communications cent¢d3]. While these locations can be vital during firefighting operations due
to their responsibilities during the initial dispatch phase of an incident as well as MAYDAY
incidents, portable radios are not discussettiisistandard. Rather, the document focuses on the
design and staffing of these locations.
1.4.3MIL-STD-810H

This standard is a set of military testing specifications regulating the temperatures that
equipment must meet to be used by the United States yn{ldhr There are no provisions for
portable radios or for firefighters. This pglievas originally published in 1962 but has been
updated tats current versiorthat was published in 2019Vhile this family of standards includes
guidance on numerous other quantities such as impact and water resistance. In terms of
temperature, this standard requires equipment to be heated to 160°F, an equivalent of 71°C.

Many d the quantities mentioned in the NFPA 1802 standard were copied from this family
of military specifications.This decision was preferable for radio manufacturers as products can
be dual certified, meaning that a product can be sold both to the fireesaessiwell as to the

military. This consideration means that manufacturers can save design, production, certification,
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and overhead costs by streamlining their product lining while also meeting the demands of the fire
service.

While the NFPA 1802 standarcaptures a great deal of the quantities of interest in this
family of specifications, older radios were not designed in accordance with the NFPA 1802
standard. Currently, most firefighters worldwide use radios that were not designed in accordance
with NFPA 1802. Many manufacturers are still selling portable radios that do not meet the NFPA
1802 standard to fire departments, meaning that fire departments will likely continue to use non

compliant radios for several years to come.
1.5Fire Department Policies

While portable radio carrying methodse largely a personal choice agah vary from
firefighter to firefighter, some fire departments have issued policies on how firefighters are to wear
their radios. While this wasentralized to the national capitalgion, it has spread to several other
jurisdictions. However, it should be noted thatany fire departments do not have such
requirements in place.

The city of Annapolis, Marylandyrovided instruction to wear their radios in a radio strap
beneath théurnout coat to altheir firefighters This instruction iglespite the inclusion of a radio
pocket on the issued turnout gdaP]. According to adepartmentmembey the policy was
developed to maintain better accountability of radios. The officer stated that portable radios were
not al ways taken on fAr out i mhsaeveloprhentsvasduedoha a s
research study conducted ayfire department in the same region. This study, conducted by the
Fairfax County (VA) Department of Fire and Rescue will be discussed in detail in a following

section[38].
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The Anne Arundel County (MD) Fire Department occupies the same county as the
Annapolis Fire Department and has a similar policy. However, this policy stops short from
requiring firefighterdo wear their radio in one particular manner. kgbefers are issued turnout
gear with sewn in radio pockets as well as radio straps. The policy simply states that firefighters
must use gear that meets or exceeds the same stand&idgolicy is enforced with personnel
protective equipment, but not tiradios.

Firefighters in Montgomery County, Maryland, must wear their radios in a radio pocket.
Fire Chief ds -0Ge netratl e sOr didPREigwbrnfduringeall firegighting r
operations, the portable radiwstbe carried insidethesewo n br east pocket of t
[40]. The policy includes a link to the NIST study this topic and states that the study is the
reason for this policy Originally issued on February 23, 20Xfhe policywas rescinded on July
220d 2015. However, after speaking with a member of the department, this policy has yet to be
replaced and therefore firefighters do follow thisgdancg26]. The same firefighter also stated
that the department issues the firefighters radio straps for responding to medical emergencies and
other incidents.

The city of Ocoee, Florida, maintains a policy that their firefighters musttivearadios
on departrent issued radio straps. A firefighter for the department statedrbstt of the
firefighters on the department regularly respond to medical emergencies and find it much easier to
wear their radios on radio straps anyway. The firefighter was new &gérey and could not
provide a justification for the policy2]

The Pasco County, Florida, Fire Department also requires their firefighters to wear a radio
strapWhi |l e the depart men waystoqgaro theiraadios| thestateméidi,e ve n o

supplied with a commercial radio hol¢rs i c | [ r BB iAdirefighter farghle agency
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statedthat each of the department radios are equipped with a radio strap, requiring firefighters to
wear their radios in a radio strggd]. Finally, regardless of carrying method, the policy also states
that the lapel microphones should not be removed from the radio.

The final fire department that has a radio policy that will be examined in this report is the
Houston Fire Department. As mentioned above during the discussion of the Southwest Inn fire,
the department has endured significant challenges with its radersy#éccording to a firefighter
with the department, there is not a set policy on how firefighters are to wear their radios. The same
firefighter mentioned that the department did issue radio straps a few years after the Southwest Inn
incident, but thathe department membership did not find the straps comfortable or pradtieal.
firefighter also stated that the chiefs coll e
gar age s J3te Mowever,ahisdirefighter stated that the department has a provision for
radios within its ATwo Minute Drill .o This d
to be able to don their turnout geadaespiratory protection from his or her station uniform within
two minutes. The Houston Fire Department has gone a step further and requires firefighters to
have their radios turned to the correct channel and on the maximum power setting. For the
purpases of this drill, the radio is to be worn in the radio pocket. The firefighter could not provide
the departmentds justification for this posit

carry a radio.
1.6 Review of Previous Studies

1.6.1Introduction
This report is far from the first research into this topic. While most research on firefighter
radio communications is mainly geared to the portable radio or the system itself, there are a few

that consider carrying methods. These will be examined below
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1.6.2NIOSH/Tri-Data Report

This report igeferenced numerous times in the NIOSH reports that were referenced above.
This study, theCurrent Status, Knowledge Gaps, and Research Needs Pertaining to Firefighter
Radio Communication Systems dated as Septemb2003 and therefore predates numerous
upgrades in radio technolo@6]. However, while the report mainly focuses on the ragisiems,
it does contain informatioan specific fire departments as well as some behaviors thaiffesn
radio communications While a carrying method is not one of the behaviors examined in this
report, the report doementionthat having the radicob far ortoo close to the mouth or rek
mounted voice amplifier can reduce the quality of a transmission. It also mentions the difficulties
of operating a radio while wearing full protective equipment, especially gloves. The final two
factors mentioned in this report is potential inadeqtrateing on radio features as well as the fire
service cultural reluctance to declare a MAYDAY and other emergency traffic.

Regarding the specific challenges found by individual fire departments, most of the
departments mentioned had either recently erenn the process of upgrading to an 800 MHz

radio system. None of the fire departments specifically mentioned radio carrying methods.

1.6.3NIST TN 1477

There are two documents published by NIST relating to firefighting portable radios. The
first, titled Testing Firefighting Portable Radios in a Fire Fighting Environnmentsisted of seven
radios tested in an apparatus specifically designed for thigtgst The radios were positioned
both inside a turnout coat radio pocket and they were left exposed. No other carrying method,
including radio straps, were tested. The radios had their signals analyzed without an antenna. Only
the portable radios themsek were tested initially. Some damage was noted to the antenna when

tests including it were conducte#iowever, these tests did not have their signals examined.
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The document first states that the tests were conducted in a Class Il thermal environment,

with a maximum temperature of 260°C ang@ a[fQ(bd maximum heat flux. These thermal

classes were defined Tthermal Environment for Electronic Equipment Used by Firefighters
previous NIST study22]. However, they are summarized in the early stages of this report and
are shown in Tabl&.1 below.

Table0.1: Thermal Classes as Reprodu@enin NIST TN 1474 and NIST TN 1477

Thermal Class Maximum Time (min) Maximum Temperature (°C) | Maximum Flux KW/m?)
I 25 100 1
Il 15 160 2
1 5 260 10
v <1 >260 >10

Radios were obtained from three differemnufacturers for this study, all of which stated
that their maximum operating temperature was 60°C, as seen in the military specification
referenced above.

The report also outlines the specialized testing apparatus assembled for this test. Named
inther eport as the Fire Equi p me doop, recralhtingawind r t h
tunnel designed to simulate ther mal condition
air temperatures up to 300°C and flow velocities froén é‘j [ tog8rt é‘j i . A diagram of the

apparatus is provided in Figutel
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Figure0.1: Fire Equipment Evaluator (FEE) Schematic from NIST TN 1477

The radios tested in the simulated turnout coat paekgtriencedemperatures inside of
the pocket on average of 76 lower than the ambient temperatures when the radio was subjected
to a forced flow ofr[&)dj { and 57°C with aq dj i - While not stated in the report, it is assumed
that the ambient temperature was 20%e study found that the radio protected by the turnout
coat pocket could survive the Class lll thermal conditions listed earlier, bisettemn of the
exposed radm all failed at various points during the Class Il thermal condition tests. Three of
these damaged radios did not return to their normal functioning after returning to the ambient

temperature.The results shown as Talen the report are also shown herelablel.2
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Table0.2: NIST TN 1477 Class lll Thermal Soak Results

Radio | Survive Soak Notes

A No 9.5mini no transmit or receive

A No 8.5mini no transmit or receive

B No Transmission signadhift, increased noise

B No Transmission signal shift, power loss and increased noiseg
C No Transmission signal shift, no transmission on cool down
C No Transmission signal shift, no transmit or receive on cool d

This study also examined tepeakemicrophone designed for each of these radios. Two
of the threamicrophonegould not survive a 26°C temperature while the third experienced melting
and visual deformation while also exhibiting a volume decrease.

Included in the conclusions semtiof the report is the statement A Si nce firefi gh
gear is designed to protect firefighters exposed to Thermal Class Il conditions, handheld radios
should be construct e d22t ©he teport cbhclides ly statirg thatohe d i t |
Anext stepo would be for NFPA to develop a s
radios should be designed to meet as this 2006 report far precateBRIA 1802 standard. Only
NFPA 1221 had been published which did not provide these requirements.
1.6.4NIST TN 1474

The information from the study above was included in the NIST study knowheamal
Environment for Electronic Equipment Used by Firefightehsch waspublishedust priorto the
previously presented studg22]. This study mainly examined firefighter Personal Alert Safety
Systems (PASS), but radios walso examined. The document outlines the apparatus that is used

in the 1477 study as well as the thermal classes to which the radios were tested.
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An interesting note in this study is the decibel reduction of PASS devices in different
thermal classes. As mentioned with one of speakermicrophones in the above study, as
temperatures increase, the volume tends to decrease. This result can be attributed to multiple
effects, but the thermal damage to internal components would be signifit&86 devices from
two different manufacturers were testadd in the Class Ill thermal environment outlined above,
decibel reductions from 13 dB to 17 dB were observed. While a PASS device is simply designed
to make a distinctive and loud sound, portable radios are designed to transmit intelligible traffic.
Therefore, while these reductions might be acceptable for PASS devices, reductions of this severity

in portable radios can be catastrophic to a portable radio.

1.6.5Fairfax County (VA) Fire and Resciepartment Study

The most recent study examined in this ré@® one that is published from the Fairfax
County Fire and Rescue Department in Northern VirdBgd In contrast tadhe NIST study, this
report did not consel portable radios themselves, but rathenly examined the radio pocket in
comparison to the radio strap. While the previously referenced studies focutesittoermal
environment and the radios themselves, this study focuses more on firefightc bpaaviors.

This study is also written from the point of view of a single, large fire department. Therefore,
manufacturer names are listed in the report and mention is given to department specific equipment
and locations. These will be omitted farst report.

ThePortable Radio Placement in the IDHmmediately Dangerous to Life and Health]
begins by stating that some fire departments, including the authoring agency, issued policies that
radios can only be worn in the turnout coat pocket. Theument states that this policy was
written in 2009 while also making mention that Montgomery Coultgiryland,has a similar

policy. Based on the dates of publication, this policy is the one examined earlier in this report.

37



The study then offers the secb n AThree Critical Reasons why
this section, radio signal degradation, ejection from the radio pockemeltidg of the speaker
microphoneare the three reasons that are listed in this section.

The signal degradation afradio pocket exceeds all other carrying methods according to
testing conducted with the delereparstatds thathis adi o
reduction could be as much as 30 dB, hermtuci ng
purpose®f the TriData report discussed earlier, underpowered radios may be unable to transmit
through obstructions such as wdB§]. Therefore, with only 0.0 as the document states,
firefighter may have significant difficulties, or even be prevented from, transmitting messages to
other firefighters on an incidentThe reduction was likely due to the positioning explained earlier
with the fir ef ifgohu rise.radiorsteagvdedibel ¢pssdsisted as brily 15 dB for
a crawling firefighter a few pages later. The report goes on to state that &faefign expect to
experience a 11 dB loss while standing with the radio worn in the radio pocket with only a 7 dB
loss when worn in a radio strap.

Next, the report discusses a portable radio ejection as a reason to not use a radio pocket.
While these pokets are closed by a hook and loop style closure, this material can melt or be
degraded with the introduction of water. These closures also degrade with multiple openings and
closings. The report states that due to the weight of the radio, this ctasuret be trusted to
contain a radio, making it possible that it will be ejected from a pocket. A radio ejection would
equate to the exposed radio mentioned above in the NIST 1477 report.

The final justification for the shift away from the radio podkdhe melting of the speaker

microphonecord. This issue has been mentioned in the critical incidents adodehe report
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also states that this is the weakest and least protected portion of the radio assembly. The report
states that the safest waywtear the shoulder miophoneis under the turnout coat.

In addition to removing these deficiencies, the report also states that the speaker
microphonewill generally be in approximately the same position as seen with the radio pocket,
with the added beffieof placing a second PTT button, the one on the portable radio, located near
waist level. This is seen as a benefit as it may allow a firefighter to request assistance if he or she
is entrapped and unable to access the device at his or her chestadibth&nobs were also
measured, and it was found that the radio strap moved the critical knobs nearly two feet lower on
a standing, six foot tall, firefighter.

The report also goes further than just stating that the radio strap is the preferred way to
weda a portable radio. The report states that the radio strap should be worn under the coat to protect
the speaker mrophonecord with the radio exposed below the coat line. This consideration is
made to allow the firefighter to access the knobs andeceictt with the radio with only one hand.
Wearing the radio above the coat line would mean that the firefighter would need to move the coat
with one hand and interact with his or her portable radio with the other. The same can be said for
the radio pocket

Comparing the thermal protection directly, the report stéldee reality in the NIST report
is that while the radio pocket provided some level of protection, the pocket is not designed with
the same thermal protection foundranst ofthe coatThesame level of thermal protection, if not
more, can be gained when the radio is covered with leafB&}. The report also states that when
a speaker mrophoneis melted in such a way that a short circuit is created, the radio can be
Al ockedo open, prohibiting other firefighters

The report states that the best way to prevent an incident of this nature is thensad beneath
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the coat, rather than being prepared to remove the speak®phooeand using the portable
radio. The report states that the Washington D.C. Fire Department was in the process of evaluating
a sheath to protect the shoulder mphonecord, but that wearing the radio under the coat would
still be the preferred method. The report statdswever, the other issues associated with wearing
the strap over the coat include: entanglement, less protection than wearing it under the coat, and
the antenna does not cant away from the body in the same manner as when you wear the radio
strap under the coat[38]. This report also mentions the study condudigdhe Prince William
County (VA) Department of Fire and Rescue in the wake of the Marsh Overlook incident
mentioned earlier in this report. The Fairf a
not have a policy on radio strap carrying method that firefighters are instructed to wear their
radios on a radio strap beneath their coat with the radio exposed.

As a final note, the report describes a set of training exercises that Fairfax County
firefighters complete, including an exercagsignedo train afirefighterto rapidly evacuate from
a room that ipproaching flashover. The firefighters must breach a wall and crawl into a second
room. However, the report states that multiple recruits experience their radios being caught on the
wood stul and prohibiting them from exiting the room. Another exercise trains firefighters-o self
extricate from a wire entanglement. However, instructors found that avhesio isworn in the
radio strap, recruits operating in simulated zero visibility camktcould not distinguish between
the wires and their radio components.

As a final note on the discussion of this report, it should be noted that the report itself
mentions that radio straps of any material were not tested during the eéNEJation. It is
therefore the goal of this study to evaluate the radio strap versus the radio pocket to determine the

optimal way for firefighters to wear their portable radios.
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Radio Strap Solutions

1.7 Introduction

Before comparing a spemf carrying method, it is important to provide some more
information on radio straps. Again, as previously mentioned, radio straps have dramatically
increased in popularity in the last decade and a half. With this rise in popularity, there have been
many updates and advancements in radio straps. This section will discuss many of these

advancements and some of the typical ways that different firefighters wear their radios.

1.8 Radio Strap Carrying Configurations

While some fire departments require theirffghters to wear their radios on radio straps
in specific ways, many firefighters are allowed to wear their radios in their preferred method. Also,
even fire departments that require their firefighters to wear their radios on a radio strap may allow
theirfirefighters to choose the height and orientation of their radios.

One of the main decisions that firefighters must make is the location where they will wear
their radios. Some firefighters may choose to leave their radios exposed, as seen in the Fairfa
study, while others may choose to wear their radios beneath their coats. Some firefighters may
choose this |l ocation as the radio wildl be cl c
preferred when the firefighter is responding to medicalrgereies or other incidents when the
firefighter is not wearing a full complement of protective equipment.

Firefighters are also allowed to choose the side where they choose to wear their radios.
This is generally a personal choice made based on theifrght er 6 s handedness.
also be made based on the preference when a firefighter is crawling. Firefighters are often taught

that in the case of a wire entanglement that they should crawl on their left side. Therefore, a
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firefighter may chose to wear his or her radio on the right side so that they are not lying on their
radios. However, firefighters who are commonly driving fire apparatus may choose to wear their
radios on their left so that it does not get tangled with the seatbeltradibeconsole inside of the
apparatus.

Another choice that firefighters can make is to wear their radios forward or backward.
Depending on the radio model, this will change the orientation of the speaker microphone and the
radi ob6s gr apwevet, fol onedof tree pnbscgmmon nedwe models of radio, the display
is |l ocated at the rear of the radio. Firefig
with the intention of moving the portable rad

As mentioned earlier, cheimg to wear the radio strap above or below the coat is also a
choice that firefighters must make. For firefighters to wear their radio straps under the coat they
must put the radio strap on before leaving the station and putting on his or her turout coa
However, firefighters who wear radio straps above their coats can put the radio strap on while
responding to the emergency or after arriving at the scene. Some firefighters prefer to wear their
radios over the coat so that they will have access terkiee radio assembly. With complete
access, firefighters will be able to turn their radio to the correct radio channel and be ensured that
they are monitoring and transmitting on the correct channel. Other firefighters may choose to wear
their radios Blow their coat to provide the speaker mic with the additional protection as mentioned

in the previous chapter.
1.9 Commercial Off the Shelf Solutions

While firefighters can often decide their preferred locations for their radios, firefighters
and fire departments have choices when it comes to radio straps. While there are numerous

vendors in the industry, a principal difference is the material oftthp.sThe main two materials
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on the market are leather and nylon. Leather radio straps still hold a large majority of the market,
but many agencies that are providing all their firefighters with radio straps are choosing to purchase
nylon radio strap§32] [28].

First, for leather straps, there are numerous suppliers. &wtimercially made and
handcrafted straps are made and in use across the country. While some fire departments may
purchase personalized radio straps for their firefighters for fire scene accountability purposes,
many departments simply purchase the consrally available products due to the lower cost.
Personalized radio straps are often purchased by individual firefighters. Also, much of the
handcrafted market is produced by firefighters themselves. Leather has been used for various
pieces of ancillaryprotective equipment such as glove retaining straps, suspenders, flashlight
holders, and even helmets. The reason for the widespread use of leather is both its durability and
its history. Many firefighters may work an entire career with the same |datmeet, with some
even passing it down to their children when they become firefighters. As leather is also a natural
material, i1t chars rather than melts. Theref
use for fire protective equipmentiowever, leather has been challenged in recent years on two
key aspects. Leather radio straps, especially handcrafted ones, are generally heavier than nylon
straps. In a quick test conducted with a nylon strap, a commercially produced leather dtaap, an
personalized strap, the nylon strap was the lightest with a mass of 337.3 grams. The commercially
produced leather strap followed with a 36@ram mass and with the personalized strap finishing
with a 64tgram massFigures2.1shows a comparison tife nylon strap on the left, a handcrafted
leather strap in the center, and a commercially made strap to the right. Figures 2.2, 2.3, and 2.4

show the masses of these three straps as discussed earlie
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Figure0.2: Commercially Produced

Leather Radio Strap Mass

—————— o =

Figure0.3: Handcrafted_eather Radio Strap Mas  Figure0.4: Nylon Radio Strap Mass
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However, while the weight of a radio strap is negligible when compared to the weight of
other protective equipment, synthetic stratd have one large advantage over their leather
challengers. Synthetic radio straps can be decontaminated simply by inserting them into a turnout
gear extractor. Because the radio straps are made from fabrics, they can be cleaned with a
f i r ef iugndutgear. . sathdr radio straps can only be cleaned with a manual soap and water
scrub. Therefore, as cancer prevention efforts increased in the fire service, nylon radio straps have
grown increasingly popular. However, the synthetic radio strap tipdis predominantly
controlled by a few companies. Yet, the costs for these devices are competitive to their leather
counterparts. However, these synthetic straps, often made from nylon or plastic, do melt, rather
than char. This possibility has oftsteered firefighters away from these devices due to the belief
that the strap will melt when exposed to high heat.

While each of the materials has its own benefits, one of the main practical justifications for
each radio strap is its cost. While mostioadtrap vendors will provide discounts to fire
departments for bulk orders, a single commercially made leather radio strap can be found for
$50.00 from at least one source. Handcrafted leather and nylon straps can be found within the

range of $100 to $Ibgenerally.
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Computational Fire Dynamics Modeling

1.10Introduction to FDS

Developed by NIST, Fire Dynamics Simulator, or FDS, is the preemptive fire modeling
software used by Fire Protection Engind26. These models allow for the evaluation of various
fire scenarios without spending large sums of money on physical testing. Parameters such as room
size, heat release rate, fuel packages, and more canadtétasl with a few keystrokes. A series
of calculations are conducted at certain time stamps for a particular region of space. Each of the
regions constitutesagrAdi ke arrangement known as a fimesh. o
was used for eqicsimulation, regardless of the size of the modeled compartment.

Full-scale testing has already been conducted to verify and validate the veracity of the FDS
calculations. Information regarding these validation efforts can be found in the FDS Verification
Guide. These calculations are forms of the NaSigkes equations and are mainly focused on
the movement of fluids, especially heat and smoke. More information on these calculations can
be found in the FDS Technical Reference GUiid.

In this study, FDS Version 6.7.5 and Smokeview Version 6.7.15 were used. While not
mentioned above, Smokeview is the program used to create a graphical representation of the
modeled environment. This program is used to show visualizations of the model geometry as well
as the smoke movement. Instrumentation used in these simulations included virtual heat flux gages
placed into the model to determine the heat flux that eadio would receive when worn in a
certain position. Assuming a Aworst caseo0 scC
from the fuel package with the firefighter not entering or exiting the space. Therefore, the

firefighter remained in @onstant location and was not subject to different flow or temperature
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gradients. In addition to the heat flux gage, thermocouples were also placed in the same locations
to evaluate the temperature that the radios would receive so that the resulteaouitphared to

the NFPA 1802 and NIST TN 1477 studies. Finally, it should also be noted that while fire
modeling is an invaluable tool, emphasis is also placed on the empirical testing of multiple radios.

These results are presented in the following arapt
1.11Radio Positions

1.11.1Pocket versus Strap

Multiple firefighters were surveyed to determine a variety of quantities. Firefighters were
asked their preferred method to wear their radios so that emphasis could be placed in the
appropriate areas. Nextettneights of these radios were measured to determine the location of
the virtual heat flux and virtual thermocouples in the models. These heights were taken for a
standing and for a crawling firefighter. The positions in which firefighters crawled soe a
evaluated. These results are listed in T8ble As a note, the names and fire departments of those

surveyed were removed.

Table0.1:Radio Positioning Survey

Firefighter | Preferred Carryingylethod | Crawling Position | Crawling Standing
(Strap vs. Pocket) ( Al'l 406 s | Height (m) | Height (m)
vs. One Knee)
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Firefighter 1| Strap with Radio Over Coa Tripod 0.25 0.89
Firefighter 2| Strap with Radio Under Cog Al l 46 0.51 0.91
Firefighter 3 Pocket One Knee 0.73 1.30
Firefighter 4| Strap with Radio Under Cog Al l 46 0.33 0.94
Firefighter 5| Strap with Radio Under Coa Tripod 0.51 0.86
Firefighter 6| Strap with Radio Under Coa Al | 406 0.53 0.97
Firefighter 7| Strap withRadio Over Coat Tripod 0.25 0.97
Firefighter 8 Pocket Al l 4 0 0.81 1.04

1.12Fire Scenarios

Four fire scenarios were conducted to best simulate a firefighting environment. Previous
experiments conducted measuring the heat release rates of various target fuels were used to choose
these vital quantities. Both studies can be found in the Uniyersib f Mar yl andds Bu
Database. Each of these are summarized below.

It is also important to note that these scenarios were not conducted for any of the case
studies outlined in the previous chapter. These scenarios were deemed to be spimfic to
incidents. Also, the specifics of the structure interior, such as the fuel packages and their locations,
have proven to be indiscernible. Additionally, several of the incidents such as the 1999 Cherry
Road[21] and 2007 Marsh OverlodRO0] fires have already undergone a thorough FDS analysis.
Finally, as the focsiof this report was not on the compartment fire dynamics that lead to the deaths
of these firefighters, but rather only to provide a heat flux that a firefighter could expect to

experience, the FDS simulations were kept as brief as possible.

1.12.1Living Room
The first simulation that was completed was a fire in a living room. This small room only

contained a couch which served as the target fuel. As this simulation was based on the example
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Figure0.1: Couch Example Simulation Heat Release Rate Curve

A couch was chosen as modern couches are often composed of synthetic materials such as

polyurethane foam, which often equate to higher heat release rates. While these more volatile

fuels have often proved challenging for firefighters, they are quite leréva the United States.

Therefore, because most modern homes contain at least one couch, generally of these synthetic

materials, a simulation containing a couch was analyzed. The firefighter was placed so that the

radios would bd..6 meters awafrom the couch when the firefighter was positioned in the tripod

position, approximately 1.35 meters away when the firefighter preferred to crawl on one knee, and

approximately 1.1 meters away when the firefighter used tHewal position. These positions

were only in the »plane, with all the radios being positioned in the saméage. The heights

presented above were used as tidane.
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The room and fuel arrangement can be seen below in Bi§w2eand & while Figure 3.4

shows the overhead vies¥ the compartment.

Figure0.2: Living RoomExterior Corner Figure0.3: Living Room Door View

View

3.1

|5

3

Figure0.4: Dimensioned Living Room Simulation Overhead View

5C



A single door and window were inserted into the room with the room only containing the

couch. No curtains or floor coverings were included, whth walls, ceiling, and floor made of

gypsum plaster. While this is a common material found on walls and ceilings, gypsum plaster was
also used for the flooring material for simplicity. The simulations were also based on the example
FDS simulation packpe d

wall material was not of particular interest, and neither was the spread of combustion byproducts.

wi t h

FDS

entit]l

ed

ficoucho.

Table3.2below shows several of the material propentissd in this simulation.

Table0.2: Living Room Simulation Important Material Properties

Material Specific Heat Conductivity Heat of Combustion
QU w , QU
orap a0 ("o

Fabric 1.0 0.1 20,000

Foam 1.0 0.05 30,000

Gypsum Plaster 0.84 0.48 N/A

While many homes may have larger living rooms, a smaller room was chesan
example where conditions would develop more rapidly than in a large Also. because the

main goal of this modeling was to evaluate the conditions a radio would be exposed to a short

distance from the target fuel, a simulation of a smaller ro@wighes the vital information.

Images of the simulation are presented below. Screenshots were taken of the simulation in

Al

SO

Smokeview at 30 second intervals, beginning 30 seconds into the simulation. These are presented

below as Figures 3through 3.2.
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Figure0.5: Living Room Simulation 30 Figure0.6: Living Room Simulation 60
Seconds Seconds
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-

Figure0.7: Living Room Simulation 90 Figure0.8: Living Room Simulation 120
Seconds Seconds

1

I |
-

Figure0.9: Living RoomSimulation 150 Figure0.10: Living Room Simulation 180
Seconds Seconds
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Figure0.11: Living Room Simulation 210 Figure0.12: Living Room Simulation 240
Seconds Seconds

1 1

——m—————
Figure0.13: Living Room Simulation 270  Figure0.14: Living Room Simulation 300
Seconds Seconds

. .
p— —

Figure0.15: Living Room Simulation 330 Figure0.16: Living Room Simulation 360
Seconds Seconds
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Figure0.17: Living Room Simulation 390

Seconds

Figure0.18: Living Room Simulation 420
Seconds

.

I —— |
Figure0.19: Living Room Simulation 450
Seconds

.

Figure0.20: Living Room Simulation 480

Second

Figure0.21: Living Room Simulation 510
Secondg

Figure0.22: Living Room Simulation 540

Seconds
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Figure0.23: Living Room Simulation 570 Figure0.24: Living RoomSimulation 600

Seconds Seconds

Before the radio positions are analyzed, a virtual thermocouple tree was installed in the
room to track the temperature throughout the space. In addition, the smoke layer height can also
be tracked through these devic&hermocouples were placed@aB80meterincrements from the

floor to the ceiling. Figure 3%shows the temperature versus time curve for all the thermocouples

in this simulation.
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Figure0.25: Living Room Thermocouple Tree Temperature versus Time Curves

While not labeled in the graph, T1 represents the thermocouple 0.30 meters above the floor,
T2 measures 0.61 meters above the floor, and so forth.

From this analsis, the smoke layer depth versus time can be meastioatktermine this
value from the temperatures obtained from the thermocouple data, some equations will first need
to be solved.More information can be found in theferenced Atrium Smoke Control Thefi$.
First, the convective portion of the heat release rate is needed. This valbesfoand in the FDS
generated HRR [Heat Release Rate] diteis shown below as . This quantity can be plugged
into Equation 1 below to determine tiriting elevation, shown below d@s. Figure3.26is also

below showing tIs calculated quantity.
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Figure0.26: Living Room Simulation Limiting Elevation
With this limiting elevation, the axisymmetric mass flow rate can be calculated using
Equation 2 belowWhile there are two possible equations that can be used to calculate this

guantity, Equation 2 is presented below as the héigtite base of the smoke laytceeds the
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limiting elevationfor much of the simulatianHowever, near the end of the smokgeladescent,
the limiting elevation exceeds the smoke layer height. Therefore, Equation 3 is presented below
to chronicle the mass flow rate after this time. This point was identified as 164 seEandas.

3.27 below also shows these variations withéiand theequation alteration
a mrxlp a mngy 2

G T18toq a (3)
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Figure0.27: Living Room Plume Mass Flow Rate
The final equation that must be solved is to determine the smoke layer temperature. The
equation to calculate this value is shown below as Equétid&ssuming the ambient temperature

of 20°C, Figure3.28 below shows this smoke layer temperature graph.

NV @
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Figure0.28: Living Room Smoke Layer Temperature
With this temperature, the smoke layiaterface temperaturean now be calculated
Equation5 below calalates for this interface temperature and Fidlig® below shows a graph
of this analysis.
Y O Y YooY (5)
Where:
“Y= Smoke layer Interface Height
Temperature (°C) “Y = Smoke Layer Temperature (°C)

0 = Smoke Layer InterfacEonstant (0.85) “Y= Lower Layer Temperature (°C)
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Figure0.29: Bedroom Simulation Smoke Layer Interface Temperature
Finally, the smoke layer height can @eculated. Because both the smoke layer and the
measured thermocouple temperatures changed, an effort was made to decrease the sensitivity of
each individual measurement. Therefdoedetermine the smoke layer heighve consecutive
thermocouple meairements had to exceed this interface height. These findings are shown below

as Figure 0.

N w

Smoke Layer Height (m)

o = I ¢
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o

Figure0.30: Living Room Smoke Layer Height
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The final analysis conducted before reaching theflweator each individual firefighter is
the heat release rate of the couch. While the couch presented at the beginning of this section was
for the example case without any ventilation, the heat release rate curve presented below as Figure
3.31is for theroom that was modeled for this analysiis graph also shows the heat release rate
from the example simulationThe curves report similar curves, but the heat release rate data
decreases at the end of the curve presented below. This is likely thieedtecteased ventilation

available in the compartment as it moves closer to flashov

1000.00
800.00
600.00
400.00

200.00

Heat Release Rate (kW)

0.00 ¢
0.00 100.00 200.00 300.00 400.00 500.00 600.00

Time (s)

* kW Calc_ HRR -« kW Input_HRR

Figure0.31: Living Room Simulation Heat Release Rate Curve

The heat flux versus time graphs for each offttefighters is presented in Figur8s32
through3.34. Figure3.27 shows the differences between a crawling and a standing Firefighter 1,
Figure 3.39 shows the difference between a crawling and a standing Firefighter 8pdodh

Again, the measurements for each of these firefighters can be found above i8.Table
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Figure0.32: Living Room Heat Flux for

Figure0.33: Living Room Heat Flux for
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Figure0.34: Living Room Heat Flux for

Figure0.35: Living Room Heat Flux for
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Figure0.36: Living Room Heat Flux for
Firefighter 5
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Figure0.37: Living Room Heat Flux for
Firefighter 6
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Also, to approximatehe heat fluxesghat would be used for testingfforts were taken to
conduct hand calculations using previously determined equations. While many of théiemgqua
were designed for pool fires, an analysis was also conducted for both simulations. Also, because
the cases are much simpler than the analysis for a solid fuel package, a simplified equation could
be drawn. These equations can all be found in H®SEPE Handbook of Fire Protection
Engineering s F i f t[16] aRddinFireiDynamic® s S e c o n[14]. Bath refaremaes
can be found in the References Section of this report for further information. Starting with an

empirical equation, Equatidghwas used.

n° pa (6)
Where:
O is the distance from the fire to the source (m)O is the pool diameter (m)
Also, before EquatioB, Equation? is used to determine the applicability of this test.
8
™ — (7)

Using the firefighterso6 distanc@wludandom t he

the width of the couch as tf@ value, equabn 2 was calculated. All calculations were found to
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be within this suitable range. From this data, Equation 1 was calculated. The findings for this

living room analysis can be found below in Tablg 3However, it is important to note that before

thefinal heat fluxes can be determined, a safety factor of 2.0 is to be afdglied’herefore, the

final heat fluxes are determined in the farthest right coluntheofable.

Table0.3: Living Room Simulation Equatio Analysis for Radiative Heat Flux

Simulation Firefighter

Distance to Fire

Calculated Heat

Calculated Heat Flux with

(0) (m) Flux (Q® 4 Safety Factor QO &
Crawling Firefighter 1 1.60 3.6 72
Crawling Firefighter 2 1.10 57 11.3
Crawling Firefighter 3 1.35 44 89
Crawling Firefighter 4 1.60 3.6 7.2
Crawling Firefighter 5 1.35 44 89
Crawling Firefighter 6 1.10 5.7 11.3
Crawling Firefighter 7 1.60 3.6 72
Crawling Firefighter 8 1.10 5.7 11.3
Standing Firefighters 1.35 4.4 89

The standing firefighter heat fleswould appear to be a bit lower than expected with the

crawling firefighterodds heat

fl ux woul d

appear

proximity to the burning fuel package. Firefighters wearing a radio strap were positioned further

from the fire than those wearing their radios in the turnout gear pocket. This is also based on the
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weareros preferred method of crawling. Firef

have their radios lower to the ground, which is not accauiatein these calculations.

The next hand calculation analysis that was conducted is the point source radiation model.
Again, many of the same parameters from Equali@above are presented again here, but this
model does account for the heat release of the fuel package. Therefore, the peak heat release
rate was used. The same pool diameter, taken as the width of the couch, was used in this analysis.

This equation is presented below as Equaiion

e ——— (8)
Where:
® is the Radiative Fraction of the Fire 0 is the Peak Heat Release Rate (kW)

However, as with the previous equation set, Equaioannot be used before calculations
are conducted for thé& value. The calculation provided for this equation is shown below as
Equation 4.

O T p TS O 9)

Using the same pool diameter, the 0.8m couch diamete&) thalue is found to be 0.207.
Additionally, the peak heat release rate is calculated through the heat of combustion. The heat of
combustion from the input file, multiplied by the density foumdhe input file, divided by the
total simulation time, and multiplied by the volume of the couch produced a value of 1568 kW.
Now, using these values to determine the Equaicalculations, Tabl8.4 is produced.

Table0.4: Living Room Simulation Equatio& Analysis for Radiative Heat Flux

Simulation Firefighter Distance to Fire@) (m) | Calculated Heat |:|ux'§@(bd
Crawling Firefighter 1 1.6 6.5
Crawling Firefighter 2 1.1 115
CrawlingFirefighter 3 14 8.4
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Crawling Firefighter 4 1.6 6.5
Crawling Firefighter 5 14 8.4
Crawling Firefighter 6 11 115
Crawling Firefighter 7 1.6 6.5
Crawling Firefighter 8 11 115

From this analysis, the standing heat fluxgas oTQ(bd while the average heat flux for

crawling firefighters isy@® 1 T1&) SQ(bd . Again, these values would appear to be more

appropriate. Additionally, because this equation uses a heat releaseitadeterminations, it
should be considered more accurate than the previous equation.

An analysis was also made of the temperatures received at the radio via the virtual
thermocouples. This analysis was undertaken to equate the modeled environmtre WIBT
1477 and NFPA 1802 processes. As shown with the heat flux versus time graphs above, the
temperatures were also measured for each firefighter. RBgt@shows this data for Firefighter
1, Figure3.41 for Firefighter 2, and séorth. Again, itshould be noted that these temperatures

were the air temperatures where the radios would be worn as no protective equipment was

prescribed for this experiment.

5 600 S 600
© 400 © 400
5 : 5 :
2 200 2 200
o} o}
Q 0 2 0
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Figure0.40: Living Room Temperater Figure0.41: Living Room Temperature

versus Time for Firefighter 1 versus Time for Firefighter 1
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Figure0.42: Living Room Temperature

versus Time foFirefighter 3

Figure0.43: Living Room Temperature

versus Time for Firefighter 4
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Figure0.44: Living Room Temperature

versus Time for Firefighter 5

Figure0.45: Living Room Temperature

versus Time for Firefighter 6
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Figure0.46: Living Room Temperature

versus Time for Firefighter 7

Figure0.47: Living Room Temperature

versus Time for Firefighter 8

Figures 348 and 349 below show the temperature comparison between a radio strap and

radio pocket position.
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Figure0.48: Temperatures when Crawling

with a Pocket and with a Strap

Figure0.49: Temperatures when Standing

with a Pocket and with a Strap

As with the heat flux cases presented above, Fig@rg8 through 3.51 show the

comparison of the temperature experienced by a firefighter crawling versus a standing firefighter.
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Figure0.50: Crawling and Standing

Temperatures with a Strap

Figure0.51: Crawling and Standing

Temperatures with a Pocket

For this analysis, it can be noted that the temperatures remained relatively close regardless
of positioning. This can be attributed to thek of thermal insulation. While radios worn in the
radio pocket are less protected than those worn under the turnout coat, this was not evaluated in

this report. Fire departments often specify and purchase turnout gear through a variety of sources
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and n a variety of styles. Fire departments may have radio pockets sewn in various positions.
Generally, the radio pocket is only a layer of the turnout coat outer shell, but some fire departments

do have a layer of insulation as well.

1.12.2Bedroom

The same metidology was conducted as above for a bedroom. A room with a window
and a door, as was the case above, was designed with-sizedgmattress. No other furniture
or flammable materials were placed in the room. The {singd mattress was used again as a
Aworst caseodo scenario, with a | arge fuel I n t
firefighter could be expected to receive was the focus of this analysis, and therefore the room
was left to be just large enough to contain the fuel packageell as the firefighter. The
mattress used in this simulation comes from the referenced Boras 2004 Swedish National Testing
and Research Institute test that can be found in the University of Maryland Burning ltem
Databas¢47], which provided the heat of combustion, which is used to determine the heat
release rate, and by extension the heat flux. The heat release rate curve reproduced from this test

can befound below as Figure 35
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Figure0.52: Reproduced Heat Release Rate Cuvith Simulation Heat Release Rate

While the ventilation arrangement wéke the living room simulationan additional
window wasadded. This window was includéd allow for more ventilation, and therefore a
higher heat release rate. The inclusion of this additional window was made so that combustion
across the larger fuel surface would be possible. Furthermore, a burner eréedimsto the
simulation, rather than a fuel package symbolic of the mattress itself. This inclusion was made so
that heat release rate could be maintained at the levels depicted in the test. tR@nsihg of the
room was changetb accommodate thiarger fuel. Therefore, Figur&s53 through3.56 show
the external arrangement of tbempartmenta view through the door, and an overhead \asw

with the living roomsimulationabove.

|
!

Figure0.53: Bedroom Simulation Exterior  giq,re0.54: Bedroom Exterior Right Cornel

Left Corner View View
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201m

Figure0.55: Bedroom Door Viev —— .

Figure0.56: Dimensioned Bedroom
Simulation Overhead View
As with the examples before, the important material properties used in this simulation are
listed below in Tabl8.5.

Table0.5: Bedroom Simulation Important Material Properties

Material Conductivity Heat of Combustion Specific Heat
® , QU QU
®azo ("o O R

Gypsum Plaster 0.84 0.48 N/A

In addition to the screenshots above, screenshots are included below to show the virtual
heat and smoke. These begin with Figur&@ B&low at 30 seconds and continue to Figuré &t7
600 seconds. These views are shown through the front door, aseviiirtg room simulation

above.
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Figure0.57: Bedroom Simulation 30 Seconc Figure0.58: Bedroom Simulatio®0 Seconds

Figure0.59: Bedroom Simulation 90 Seconc

Figure0.60: Bedroom Simulation 120
Seconds

Figure0.61: Bedroom Simulation 150 Figure0.62: Bedroom Simulation 180
Seconds Seconds
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Figure0.63: Bedroom Simulation 210 Figure0.64: Bedroom Simulation 240
Seconds Seconds

Figure0.65: Bedroom Simulation 270 Figure0.66: Bedroom Simulation 300

Seconds Seconds

Figure0.67: Bedroom Simulation 330 Figure0.68. Bedroom Simulation 360
Seconds Seconds
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Figure0.69: Bedroom Simulation 390 Figure0.70: Bedroom Simulation 420
Seconds Seconds

Figure0.71: Bedroom Simulation 450 Figure0.72: Bedroom Simulation 480

Seconds Seconds

Figure0.73: Bedroom Simulation 510 Figure0.74: Bedroom Simulation 540
Second Second
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Figure0.75: Bedroom Simulation 570 Figure0.76: Bedroom Simulation 600
Seconds Second

Again,as conducted earlier the thermocouple tree was placed in the room to determine the
temperatures at various points in the room. The thermocouples on this virtual thermocouple tree
were also placed 0.30 tees apart. Figur8.77 below shows a graphical representation of each
of these thermocouples in a temperature versus time curve. Again, the T1 thermocouple represents

the temperature 0.30 meters from the ground, T2 represents the temperature 0.61 meters from the

ground, and séorth.
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Figure0.77: Bedroom FDS Simulation Temperature versus Time Curves
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Also, the smoke layer heights are presented baldvigures3.82 Additionally, the same

figures that were produced for tieng room can be found beloas Figures 3.78 through 3.82.
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Figure0.78: Bedroom Simulation Limiting Elevation
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Figure0.79: Bedroom Simulation Madslow Rate

75



C 450.00
2 400.00
T 350.00
‘é 300.00
8 250.00
5 200.00
%‘ 150.00
¢ 100.00
50.00

0.00
0.00 100.00 200.00 300.00 400.00 500.00 600.00

Time (s)

Smok

Figure0.80: Bedroom Smoke Layer Temperature
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Figure0.81: Bedroom Smoke Layer Interface Temperature
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Figure0.82: Bedroom Simulation Smoke Layer Height from Temperature Data
The heat flux versus time graphs are also found below for each firefighter. Again, Figure
3.83 shows the differences between crawling and standing Firefighter 1, Bi§drehovs these

differences for Firefighter 2, and &arth.
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Figure0.85: Bedroom Heat Flux versus Tim Figure0.86. Bedroom Heat Flux versus Tim
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Figure0.87: Bedroom Heat Flux versus Tim Figure0.88. Bedroom Heat Flux versus Tim
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Again, hand calculations were conducte@dpproximatehese heat fluxes. The findings
for the Equatiorb analysis can be found below in TalBl®. While the distances to the fire are
the same, the main difference is the diameter of the mattress. rftnergoortion of the mattress
was used as this diameter, equating to 1.932 meters. Therefore, because the diameter is double the
couch diameter, the heat flux would understandably be double, and a factor of four when the safety
factor of 2.0 is applied.

Table0.6: Bedroom Simulation EquatidhAnalysis for Radiative Heat Flux

Simulation Firefighter| Distance to Fire Calculated Heat Fluy Calculated Heat Flux with
(0) (m) (Qw g ) Safety Factor R0 &)
Crawling Firefighter 1 1.6 9.8 19.6
Crawling Firefighter 2 1.1 13.8 27.7
Crawling Firefighter 3 14 11.5 23.1
Crawling Firefighter 4 1.6 9.8 19.6
Crawling Firefighter 5 14 11.5 23.1
Crawling Firefighter 6 1.6 13.8 27.7
CrawlingFirefighter 7 14 9.8 19.6
Crawling Firefighter 8 1.1 138 27.7
Standing Firefighters 1.6 11.5 23.1

As above, the point source radiation model, shown as Equaiamsi 9 earlier were
conducted as a second way to determine the heat flux, especialthevitinger heat fluxes shown
above. The same pool diameter, taken as the width of the mattress, was used in this analysis. The
@ was found to be 0.203 while the heat release rate was determined to be 1900 kW. This equation

is presented above as Eqaat3 while calculated values are found below in Ta&ble
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Table0.7: Bedroom Simulation EquatidhAnalysis for Radiative Heat Flux

Simulation Firefighter Distance to Fire®) (m) | Calculated HeaElux ('Qd)d )
Crawling Firefighter 1 1.60 7.8
Crawling Firefighter 2 1.10 13.9
Crawling Firefighter 3 1.35 10.2
Crawling Firefighter 4 1.60 7.8
Crawling Firefighter 5 1.35 10.2
Crawling Firefighter 6 1.10 13.9
Crawling Firefighter 7 1.60 7.8
Crawling Firefighter 8 1.10 13.9
Standing Firefighters 1.35 10.2

Again, these values would appear to be more appropriate. Additionally, because this
equation uses a heat release rate in its determinations, it should be considered more accurate than
the previous equation.

One of the reasons for these much lower modeled heat fluxes is the lower heats of
combustion. The heat of combustion, measure&zﬁeb'ds a measure of how much energy is

released per kilogram of fuel combusted. Thereforen @¢lieugh there is more fuel in the
bedroom, the amount of energy released per kilogram is far lower. Additionally, the bedroom is a
larger room. With the same ventilation openings, there is still more volume in the bedroom for
the dispersion of the com$tion byproducts.

The same temperature analysis was also determined as above. First, the temperature values
for each firefighter are shown below. Fig®1shows the temperature diffecasbetween a
crawling and a standing Firefighter 1, Fig:82 shows these differences for Firefighter 2, and

soforth.
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Figure0.91: Bedroom Temperature versus

Time for Firefighter 1

Figure0.92: Bedroom Temperature versus
Time for Firefighter 2
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Figure0.93: Bedroom Temperature versus

Time for Firefighter 3

Figure0.94: Bedroom Temperature versus

Time for Firefighter 4

& 300.00 $ 200.00
© 200.00 o 150.00
2 2 100.00
S 100.00 S 50.00
g 0.00 g 0.00
© 0.00 200.00 400.00 600.00 i 0.00 200.00 400.00 600.00
Time (s) Time (s)
e FF5Crawl_TC < FF5Stand_TC * FF6Crawl_TC -« FF6Stand_TC

Figure0.95: Bedroom Temperature versus

Time for Firefighter 5
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Figure0.96. Bedroom Temperature versus

Time for Firefighter 6





































































































































































































































































