Copyright © National Academy of Forensic Engineers (NAFE). Redistribution or resale is illegal.
Originally published in the Journal of the NAFE volume indicated below.

Journal of the

National
Academy o
Forensic
Engineers

®

sia

NATIONAL
ACADEMY OF

FORENSIC
ENGINEERS

PN

http://www.nafe.org
ISSN: 2379-3252




Copyright © National Academy of Forensic Engineers (NAFE) http://www.nafe.org. Redistribution or resale is illegal.
Originally published in the Journal of the NAFE volume indicated on the cover page. ISSN: 2379-3252

FE ANALYSIS OF AN EXPLOSION ALLEGEDLY CAUSED BY AN OVERFILLED PROPANE CYLINDER PAGE 81

Forensic Engineering Analysis
of an Explosion Allegedly Caused
by an Overfilled Propane Cylinder

By Jerry R. Tindal, PE (NAFE 642S)

Abstract

Analyzing the origin and cause of fires or explosions for the purposes of legal proceedings requires the
smooth integration of a reliable fire investigative methodology with sound engineering principles and prac-
tices. The origin of a building fire was first determined based on the methodology of NFPA 921 Guide for Fire
and Explosion Investigations. Engineering analysis was applied to witness observations, arc mapping, fire
dynamics, and the evaluation of fire patterns. The fire cause was then evaluated considering NFPA 921 and
integrated applied engineering analysis and calculations. The allegations of an overfilled propane cylinder
as the cause of the fire were considered. Spoliation issues, poor investigation methodology, and the lack of

sound engineering principles (vesulting in unreliable opinions) are also contrasted and discussed.
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Background

The property owner and eventual plaintiff, an elderly
gentleman, was working inside his small detached office
building adjacent to his residence when suddenly an ex-
plosion and fire occurred. Sometime during the incident,
he sustained serious burn injuries that required hospital-
ization, substantial treatment, and rehabilitation. At some
point after being discharged from the hospital, he collected
and retained a 100-1b propane cylinder, a 12-foot section
of copper tubing, and a wall-mounted space heater from
the incident scene. An unburned 20-Ib propane cylinder
was also later collected and preserved by the owner. The
owner concluded that the 100-1b propane cylinder must
have been overfilled, leaked propane gas, and caused the
explosion/fire incident. He then hired a plaintiff attorney
to represent him.

Approximately one month after the incident, the
plaintiff attorney hired an engineering firm to retain and
evaluate the artifacts collected by the owner for causation
purposes. At that point, the incident scene still existed;
however, the engineering firm made no request nor any
effort to examine, document, or process the scene. The

engineering firm simply procured the artifacts from the
owner, examined them, and then secured them at their fa-
cility.

Google Earth imagery indicated that the fire-damaged
structure was still standing approximately eight months
after the incident. Approximately 12 months after the
incident, the propane company that allegedly filled the
100-1b cylinder was first placed on notice of the incident
via a lawsuit filed against it. They had no prior notifica-
tion of the incident. In addition, prior to the lawsuit filing,
the fire scene and structure were substantially demolished
and disposed of without any form of proper examination,
documentation, or scene processing by a qualified party.
The insurance company for the propane company retained
a defense attorney, who subsequently retained this author
to investigate the origin and cause of the explosion/fire.

Description of the Office

Figure 1 depicts a general plan view layout of the
detached office building, which was derived from the re-
mains of the foundation, flooring, fragments remaining at
the scene, and a verbal description provided by the owner.
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Figure 1
Office plan view layout with the approximate location of a 20-1b propane cylinder with top-mounted heater.

The incident building had been constructed by the own-
er approximately 16 years before the explosion/fire. The
building had been a wood-framed structure, consisting of
one open room that measured approximately 16 feet by
20 feet. The office had a plywood floor and was elevated
above grade on concrete piers with an open crawl space
and no skirting. The office was located approximately
12 feet from the owner’s residence with an elevated plank
walkway (cross-over bridge) connecting the covered porch
of the residence to the entry door of the office building.

At the time of building construction, the owner pur-
chased and installed an interior wall-mounted, unvented
propane gas-fired heater, a 12-foot copper tubing gas
supply line, and an exterior set 100-1b propane cylinder
and regulator. The wall-mounted heater was installed
on the interior south wall of the building. The 100-1b

propane cylinder was set on patio bricks on the exterior
of the south wall near two window air-conditioning units.
One of the window air-conditioning units was installed in
the window of the south wall. A second unit was installed
through a cut-out opening in the south wall immediately
below the window. According to the owner, the gaps in
the wall openings around both air-conditioning units were
sealed to prevent air exfiltration and infiltration.

The entry door of the office was in the north wall,
which also contained a window. The west wall contained
a pair of 3-foot doors located near the southwest corner,
which were always closed and blocked closed by file cab-
inets. The east wall contained a window. The walls were
insulated and sheathed with exterior wood panel T1-11
siding. The interior portions of the walls were sheathed
with Oriented Strand Board (OSB). The ceiling was also



Copyright © National Academy of Forensic Engineers (NAFE) http://www.nafe.org. Redistribution or resale is illegal.
Originally published in the Journal of the NAFE volume indicated on the cover page. ISSN: 2379-3252

FE ANALYSIS OF AN EXPLOSION ALLEGEDLY CAUSED BY AN OVERFILLED PROPANE CYLINDER PAGE 83

sheathed with OSB and insulated above. The roof was
wood-framed and covered with metal.

Figures 2 and 3 depict the remains of the scene over a
year after the incident. Figures 4 and 5 depict the artifacts
collected by the owner after he was discharged from the

Cross Over
Bridge

Figure 2
View from the south side of the office adjacent
to the residence looking north.

Figure 4
View of the artifacts collected by the owner.

hospital.

Owner’s Description of the Incident

Around 3:30 p.m. on the day before the incident,
the owner disconnected the copper gas supply line and
regulator from his 100-1b propane cylinder. Then, with
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Figure 3
View from the northwest corner of the office looking from the
residence porch, southeast over the elevated cross-over bridge.
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Figure 5
View of the 100-1b propane cylinder collected by the owner.
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assistance from a friend, he reportedly took the cylinder
to a propane refilling store and had it filled. He brought
the cylinder home and reconnected the gas supply line
and regulator around 4 p.m. After turning the gas on at the
cylinder service valve, he indicated that he performed a
soap bubble test to verify there were no leaks at the made
connection points. He went inside the office, turned the
gas “on” at the heater, and lit the pilot, after which time
he retired for the evening to his residence. Reportedly, he
never operated the heater, but only lit the pilot — and
left the gas control in the pilot position the day before the
explosion.

At approximately 2:30 p.m. the next day, he was in
his office working at a drafting table and indicated that
all of a sudden there was an explosion. He looked to his
left, and realized “the whole (south) wall was burning.”
He went outside to turn off the gas and observed flames
around the top of the 100-pound propane cylinder. The
flames prevented him from turning the cylinder service
valve off. He then went to retrieve a water hose and heard
a second loud explosion. Upon returning with the water
hose, he began trying to extinguish the fire when there
was a third explosion that “tossed” him “20 feet.” The fire
department arrived, aided him, and extinguished the fire.

Plaintiff’s Proffered Expert Opinions

The plaintiff’s engineering expert did not prepare a
written report, and his expert disclosures were without
explanatory details or basis for his opinions. The plain-
tiff’s engineering expert file was large, with seemingly
scattered data, research, and various calculations. Part of
the assignment of the author of this paper was to prepare
engineering deposition questions for examination of the
plaintiff’s engineering expert to fully understand the opin-
ions and the basis of the opinions intended to be offered at
trial. To that end, extensive questions were prepared and
implemented in the deposition. In summary, the plaintiff’s
engineering expert offered the following primary opin-
ions:

1. The 100-lb propane cylinder was overfilled by
the propane store.

2. Atthe time the cylinder was exposed to heat from
the fire, it was near 96% liquid full.

3. The overfilled condition was conclusively deter-
mined based on the “vapor bubble” fire pattern
remaining on the cylinder after the fire.

10.

I1.

The temperature of the propane and cylinder at
any given time is essentially the instantaneous
ambient air temperature plus approximately 18°F
for solar loading (radiant heat effect from the sun
shining on the cylinder).

The gas leaking out of the regulator relief valve
pre-incident wasn’t caused by a failed regulator
diaphragm.

Before the initial explosion and fire — and as a re-
sult of the overfilled condition — liquid propane
had entered the regulator, rapidly expanded into
a gas, and created a pressure of approximately
4,000 psi that destroyed the regulator diaphragm
and leaked propane gas out.

The propane gas that leaked out of the regula-
tor relief valve accumulated (outside and several
feet above the ground) and then migrated through
the wall, through the air-conditioners, into the
office. It also migrated 7 to 8 feet up the exterior
wall surface due to convection currents and then
through the soffit into the concealed space above
the ceiling.

The explosion ignited the accumulated propane
gas that flashed back through the wall and the air
conditioners to the leaking gas at the propane cyl-
inder, igniting it and causing a continuous jet fire.

The propane cylinder became hot, and the relief
valve on the cylinder service valve opened, dis-
charging more gas into the fire.

One of the relief valve discharges and subsequent
burning propane gases impacted and injured the
plaintiff who had come outside to extinguish the
fire with a water hose.

The propane cylinder, while remaining 96% full
and connected to the copper tubing and regulator,
was knocked over by one of the relief valve dis-
charges and rolled away from the building. The
cylinder came to rest on a slope with its foot el-
evated above its top. At that point, the 96% full
cylinder was subjected to radiant heat impinge-
ment from the burning building that resulted in
the “vapor bubble” fire pattern forming on the
cylinder.
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12. An investigation of the origin of the fire was not
in the scope of the plaintiff expert’s assignment.
Note that there were no other investigators hired
by the plaintiff’s attorney.

13. The origin of the fire, however, became “self-re-
vealing” and “self-apparent” after he concluded
that the cause was an overfilled cylinder.

Fire Investigation Methodology

National Fire Protection Association (NFPA) 921
Guide for Fire and Explosion Investigations is well rec-
ognized in court systems as a peer-reviewed acceptable
methodology for the investigation of fires and explosions.
It provides comprehensive reliable scientific techniques
in the fire investigative profession for analyzing the origin
and cause of fires and explosions, including proper scene
documentation, scene processing, scene data collection,
evidence identification, collection and preservation, and
analysis methods. Engineers performing fire investigative
work must be familiar with and proficient in the appli-
cation of NFPA 921; otherwise, they can expect serious
court challenges to their opinions.

The subject case involved a multitude of blatant fail-
ures on the part of the plaintiff’s attorney and his expert in
properly investigating the incident. The extensive nature
of the failures prohibits a detailed listing and discussion in
the limited space available. However, some of the failures
will be discussed in this paper to illustrate their signifi-
cance.

In the 2014 edition' of NFPA 921, Chapter 4 Basic
Methodology incorporates some of the following excerpt-
ed relevant provisions [emphasis added]:

4.1% ... The use of a systematic approach often will
uncover new factual data for analysis, which may re-
quire previous conclusions to be reevaluated. With few
exceptions, the proper methodology for a fire or explo-
sion investigation is to first determine and establish the
origin(s), then investigate the cause... .

4.3 Relating Fire Investigation to the Scientific
Method

4.3.3 Collect Data. ...The data collected is called em-
pirical data because it is based on observation or experi-

ence and is capable of being verified or known to be true.

4.4.3.3 In any incident scene investigation, it is neces-

sary for at least one individual/organization to conduct
an examination of the incident scene for the purpose of

data collection and documentation... . The use of previ-
ously collected data from a properly documented scene
can be used successfully in an analysis of the incident to
reach valid conclusions through the appropriate use of
the scientific method... .

4.4.3 Conducting the Investigation

4.4.3.1 ...The fundamental purpose of conducting an
examination of any incident scene is to collect all of the
available data and document the incident scene. ... .

4.4.3.4 ... Improper scene documentation can im-
pair the opportunity of other interested parties to obtain
the same evidentiary value from the data. This potential

impairment underscores the importance of performin

comprehensive scene documentation and data collec-
tion.

4.6.3.1 The methodologies used and the fire science
relied on by an investigator are subject to peer review.

For example, NFPA 921 is a peer-reviewed document
describing the methodologies and science associated
with proper fire and explosion investigations.

Other relevant chapters of NFPA 921 (with provi-
sions that were extensively referenced as part of the au-
thor’s investigation into the incident and engineering re-
port) included: 16 Documentation of the Investigation; 17
Physical Evidence; 18 Origin Determination; and 19 Fire
Cause Determination.

Plaintiff’s Expert Origin Analysis

The proper fire investigation sequence most com-
monly involves first determining the origin of the fire and
then the cause of the fire. The plaintiff’s expert testified in
his deposition that he was not hired to perform an origin
investigation or origin analysis, was not going to give an
opinion as to the origin of the fire at trial, and therefore
no scene examination, processing, or documentation was
necessary for origin determination. Furthermore, no ad-
ditional scene data or evidence was necessary to evalu-
ate his opinions or test his hypothesis. In his opinion, the
fire origin became “self-revealing” and “self-apparent”
after he first determined the cause to be an overfilled cyl-
inder. He began with a cause and then inferred an ori-
gin. He concluded the origin was at the side of the build-
ing where the 100-1b propane cylinder was located. The
owner — the only witness interviewed by the plaintiff’s
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expert — initially reported an overfilled cylinder as the
cause, and the expert never bothered to examine the scene
or interview other witnesses. As such, expectation bias is
strongly implicated. NFPA 921, Chapter 4 Basic Method-
ology warns against such bias in Section 4.3.8 partially
excerpted below:

4.3.8 Expectation Bias. Expectation bias is a well-
established phenomenon that occurs in scientific analy-
sis when investigator(s) reach a premature conclusion
without having examined or considered all of the relevant
data. Instead of collecting and examining all of the data
in a logical and unbiased manner to reach a scientifi-
cally reliable conclusion, the investigator(s) uses the pre-
mature determination to dictate investigative processes,
analyses, and, ultimately conclusions, in a way that is not
scientifically valid. ... .

Origin Analysis Methodology

In origin area analysis, NFPA 921 incorporates in-
formation derived from one or more of the following:
witness information, fire patterns, arc mapping, and fire
dynamics. Fire dynamics, in part, involve analyzing the
initiation, development, and spread of a fire in the con-
text of, and consistent with, the data obtained from the
first three elements — namely witnesses observations,
fire patterns, and arc-mapping. Therefore, fire dynamics
is properly integrated into and considered in the analysis
and discussion of those three elements.

The plaintiff’s engineering expert failed to interview
any witnesses as part of his investigation other than the
owner. He also failed to obtain a copy of the fire depart-
ment incident report, which provided the response infor-
mation and the conclusions of the municipal investiga-
tion. As part of an attempt to settle the case, the author
did (with the permission of defense counsel) forward a
copy of the procured incident report and provided a sum-
mary of the information received during interviews of fire
department personnel to the plaintiff’s engineering expert
during the course of the litigation.

The first responding firefighter happened to be the
owner’s next-door neighbor and the assistant fire chief of
the responding fire department — who ultimately com-
pleted the municipal investigation and the incident report.
The assistant fire chief was at his home when he heard the
initial explosion, observed smoke coming from the plain-
tiff’s property, and immediately responded. Upon arrival,
he observed the owner coming out of the office with burn
injuries and inquired as to what happened. The assistant

chief testified, consistent with his incident report and in-
terview, that the owner told him he was attempting to light
a propane heater installed on the top of a propane cylinder
inside the office when the explosion and fire occurred.

As part of his investigation after the fire, the assistant
chief observed a 20-1b propane cylinder with a portable
heater mounted to the top, located in the approximate cen-
ter of the office. He also observed that the windows of
the office building had been blown out from an explosion
occurring inside the structure. Some of the window glass
was lodged into the side of the adjacent residence. In ad-
dition to the observations of the assistant chief, the first
firefighter that made entry into the office to extinguish the
fire also observed the 20-1b propane cylinder with heater
mounted to the top of it in the approximate center of the
room. In his deposition, the owner denied the presence of
this propane cylinder and denied the account of the assis-
tant fire chief as to the cause of the fire.

At the time of the incident, the assistant chief con-
cluded that based on his observations and on what the
owner reported to him, the explosion/fire originated when
the owner attempted to light the space heater mounted to
the top of the 20-1b propane cylinder in the room. He con-
cluded that there was most likely an accidental release or
leak of gas into the room at the cylinder or at the heater
mounted on top of the cylinder. Upon the owner’s attempt
to ignite the heater, the accumulated gas exploded. Since
the assistant chief determined the incident was accidental,
there was no municipal documentation or processing of
the scene.

Failing to interview all relevant witnesses is a signifi-
cant error that is substantially compounded when there
are very different accounts, and a proper fire scene exami-
nation is not performed. NFPA 921, for example, notes:

18.3.3.15 Witness Observations. ...Witness state-
ments regarding the location of the origin create a need
for the fire investigator to conduct as thorough an inves-
tigation as possible to collect data that can support or
refute the witness statements. ...

Figure 1 depicts the plan view of the office with the lo-
cation of a 20-1b propane cylinder with top-mounted heater
as observed by both the assistant fire chief and the first-in
firefighter. Figure 3 is annotated to indicate the general lo-
cation of where the 20-Ib cylinder with top-mounted heater
was located. Figure 6 depicts an “exemplar” 20-1b propane
cylinder with top-mounted heater of a similar configuration
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Figure 6
“Exemplar” 20-1b propane cylinder with
top-mounted heater of the general type observed
by the assistant fire chief and first-in firefighter.

as observed by the assistant fire chief and first-in firefight-
er. Since neither the cylinder nor the top mounted heater
were recovered, the manufacturers are unknown — yet the
configuration and style were similar, according to the wit-
nesses.

As previously noted, fire patterns are recognized as
a primary tool in the investigation of a fire or explosion.
The contents of the office building were removed and dis-
posed of without systematic examination and documenta-
tion. The walls, ceiling, roof, windows, and doors of the
building were similarly demolished. The gas system com-
ponents were removed and not systematically excavated,
reconstructed, or documented in any fashion relative to
the fire scene or contents of the scene. There was no re-
construction of contents and building structure elements
and therefore no means to evaluate any fire patterns in

relation to available fuel loads and configurations. In fact,
there were no documented fire patterns of the scene to
evaluate particularly relative to the context of the site.
The isolated and alleged “vapor bubble” fire pattern used
by the plaintift’s expert to conclude the cause of the fire
will be discussed later. All the fire patterns should have
been comprehensively examined, documented, and ana-
lyzed during a proper joint scene examination, excava-
tion, reconstruction, and processing. The plaintiff’s attor-
ney and expert failed to perform or allow such work to be
performed.

As previously noted, arc mapping is recognized as a
primary tool in the investigation of a fire or explosion and
is potentially useful in aiding in the establishment of the
origin of the fire, in evaluating the spread of the fire and
potentially in evaluating the fire cause. The electrical sys-
tem of the building was demolished and discarded; there-
fore, there was no opportunity to properly excavate, ex-
amine, and document the electrical system. Furthermore,
the window air-conditioning units and all other electrical
devices within the office building were discarded, and no
opportunity to properly excavate, examine, and document
these components was provided. Arc mapping should
have been comprehensively performed, documented, and
analyzed during a proper joint scene examination and
processing. The plaintiff’s attorney and expert failed to
perform or allow such work to be performed.

Spoliation

Spoliation was a key issue in the subject case. There
were no factors or conditions that prevented the plaintiff
from following proper methodologies in this investiga-
tion. Included in the author’s engineering report was a
time line description of events related to the investigation
and the known conditions of the scene based on discovery
documents and research. The plaintiff and the plaintiff’s
expert became involved a few weeks after the incident
when the scene was still intact. Google Earth imagery,
depicted in Figure 7 and dated eight months after the in-
cident, indicated the burned structure was still standing.
There was simply no reason that the defendants could not
have been notified in a timely manner of the event by the
plaintiff and given an opportunity to properly jointly in-
vestigate the scene.

NFPA 921 addresses numerous issues related to spo-
liation, and the reader is encouraged to review those pro-
visions. Some of these were previously mentioned in the
citations of Chapter 4 as they relate to the impairment
of the opportunity of other interested parties to obtain
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South Wall

Figure 7
Google Earth image of incident site approximately eight months after the event.
Note: The south wall of the building is completely shaded beneath the trees.

evidentiary value from the scene and the need for per-
forming comprehensive scene documentation and data
collection. The definition of spoliation is found in NFPA
921 section 3.3.167. Other sections of interest include:
12.3.5.5 Documentation Prior to Alteration, 18.3.2.5
Avoiding Spoliation, and 29.3.1 Notice to Interested Par-
ties.

In addition to citing specific proper investigative
methodology infractions, it is often useful to provide
a list of evidence items that may have been of interest.
Figure 8 is an example of such a list that was provided in
the author’s report in the subject case.

Alleged “Vapor Bubble” Fire Pattern

The plaintiff’s expert determined the cause of the fire
based on his interpretation of a single, isolated, alleged
“vapor bubble” fire pattern on the surface of the 100-1b
propane cylinder. The “vapor bubble” fire pattern is de-
picted in Figure 9. He opined that the fire pattern conclu-
sively indicated the cylinder was overfilled. According to
the plaintiff’s expert, the propane cylinder at some point
during the event was knocked over by one of the cylinder

service valve pressure relief valve (PRV) discharges. The
cylinder then rolled away from the building on the slight-
ly sloped ground surface below the building and ended up
with the foot being elevated above the top of the cylinder.
In addition, he opined that the copper pipe and regulator
remained attached to the cylinder and uncompromised at
the point it came to rest. Radiant heat from the elevated
burning office building then impinged on the cylinder
lying on the ground below. Differential heat transfer in
the liquid and vapor regions of the cylinder produced the
demarcation lines (“vapor bubble” fire pattern) on the
cylinder. After measuring the dimensions of the “vapor
bubble” fire pattern (excluding the portion of the pattern
extending across the open foot ring), the plaintiff’s expert
then back-calculated the amount of liquid propane that
was in the cylinder. He concluded the cylinder had 96%
liquid propane in it at the time it was lying on the ground
and exposed to radiant heat from the fire (even after three
relief valve discharges during the fire event). Over the
course of falling to the ground and during the radiant heat
exposure, the regulator housing, regulator diaphragm, and
copper tubing remained intact and uncompromised, ac-
cording to his interpretation.
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20-Ib propane cylinder observed inside the office building

Portable space heater mounted to the top of the 20-Ib propane cylinder observed in the building

Remains of the regulator reportedly attached to the 100-Ib propane cylinder

AlwIN|—~

interior wall-mounted space heater inside the office building

Any securing brackets or bracing potentially associated with the soft copper tubing routed between the 100-Ib cylinder and the

Both window air-conditioning units installed in the south wall of the office and any components associate with them

Electrical wiring system for the structure including but not necessarily limited to the structural wiring, electrical outlets, switches, etc.

Electrical appliances including but not necessarily limited to, lights, lamps and electrical equipment inside the office

oINS |

scene or any artifacts) - photography and measurements

Fire pattern documentation of the structure, interior and exterior and potential artifacts of interest in-situ (prior to disturbing the

9 | Documentation of a systematic progressive excavation and reconstruction of the fire scene; including exposed fire patterns related
to the structure, contents and recovered artifacts-photography and measurements

10 | Construction details, documentation and measurements related to the walls, ceiling, insulation, barriers, roof, windows and doors

patterns

11 | Reconstruction and documentation of the gas system and gas system components; including but not necessarily limited to the
location and positioning of all propane cylinders, piping and heaters and subsequent documentation of the same relative to any fire

documentation of same

12 | Reconstruction of the 100-Ib propane cylinder, copper tubing, window AC units and roof, etc. with photographic and dimensional

mentation when the scene and evidence were destroyed.

*** It is not possible to state all the relevant or potentially relevant evidence items or data that may have been recovered, simply because
there is no way to know what may have been discovered during a properly conducted joint scene examination, scene processing and docu-

Figure 8
Examples of evidence items of potential interest***.

| Hollow
Foot Ring

Alleged “Vapor
Bubble” Fire
Pattern

Figure 9

A view of the 100-1b propane cylinder and the alleged “vapor
bubble” fire pattern. Note that the alleged fire pattern extends beyond
the cylinder wall in contact with propane across and to the end of the
hollow foot ring. Allegedly, the cylinder was lying on its side with the
foot higher than the top, still connected to the regulator and line, 96%
full, and the liquid/vapor bubble interface created the depicted pattern
during radiant heat exposure from the burning building.

The interpretation of a single, isolated, alleged fire
pattern, in particular relative to an undocumented and de-
stroyed fire scene, does not constitute a proper and com-
plete analysis of all or even most of the fire patterns of a
fire scene and is not consistent with the requirements of

NFPA 921. Such an evaluation is arbitrary and is simi-
lar to having a single piece of a puzzle without any other
pieces to the puzzle, or even a photograph of what the
completed puzzle looks like. As such, one can create any
picture they want from that single puzzle piece. NFPA
921 contains a number of relevant provisions that should
be reviewed related to proper scene excavation and recon-
struction including consideration of the effects of various
fuels on fire pattern production, including: 18.3.2 Exca-
vation and Reconstruction, 18.3.2.3 Excavation, 18.3.2.8
and 18.3.2.8.2 Contents, 18.3.3.2 Description of Fuels,
18.3.3.9 Fuel Gas Systems, and 18.4.1.1 Consideration
of All Patterns.

It was detailed in the author’s engineering re-
port that the history of the 100-1b propane cylinder and
local environmental conditions post-fire were unknown.
The 100-1b cylinder was not documented at the scene in
any fashion after the explosion/fire event. There was no
in-situ photographic documentation of the cylinder as it
was found after the incident. There was no reconstruc-
tion documentation or photographs of the cylinder rela-
tive to the structure, fuels, and other elements that were
present at the fire scene. Some significant questions to
consider included, but are not limited to: Where was the
cylinder located, and what was its geometric positioning
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relative to fuel loads, the structure immediately next to it,
and other fire patterns present after the fire? What were
the other fuel loads around the cylinder? What was the
orientation of the cylinder and any alleged burn patterns
on the cylinder in its as-found position? How long was
the cylinder on the ground outside after the fire? What
were the outdoor ambient and ground conditions over the
time period it was there? Where is the documentation of
the cylinder in each of the conditions it was originally
located, moved, and stored in?

Metals exposed to elevated temperatures, such as
very often happens in a fire, are subject to accelerated
oxidation. When left exposed to the elements, various
oxidation patterns can and do form post-incident on met-
als. For example, if the steel cylinder was lying on its side
in the moist soil, fire debris or in a puddle of water for a
period of time and later picked up, there can be an irregu-
larly shaped oxidation pattern on the side of the cylinder
reflecting where it was lying in the soil, debris, or water.
The pattern depicted on the side of the cylinder could be
just oxidation (rust) on a previously burned steel cylinder
left out and exposed to the elements.

Furthermore, as implied above, another important
question to consider is: What were the other fuels that
were burning around the cylinder and their orientation
relative to the alleged pattern on the cylinder? We know,
for example, that the propane cylinder itself relieved
gas through the relief valve multiple times as a normal
consequence of the fire during the event. The regulator
diaphragm (once quickly compromised by heat from the
fire) would also have rapidly released gas into the fire.
These events in themselves will create localized intense
burning in close proximity to the propane cylinder. Flame
impingement on the cylinder would be directionally de-
pendent upon the sequence of events that occurred during
the incident. In other words, localized intense burning can
create patterns on one portion of the cylinder surface rela-
tive to the rest of the cylinder surface.

Compressor oil contained in the pressurized refrig-
erant lines of the air-conditioning units are another fuel
source that can be released into the fire in close proxim-
ity to the cylinder and create areas of highly localized
intense burning and the production of irregular patterns.
Proper scene documentation, processing, and reconstruc-
tion as well as proper evidence identification, collection,
documentation, and preservation would have allowed for
a detailed and proper analysis of all the fire patterns and
fuel loads in context with one another. Some additional

relevant portions of NFPA 921 considered included [em-
phasis added]:

6.3.1.2.2. The patterns seen by an investigator can
represent much of the history of the fire. Each time an-
other fuel package is ignited or the ventilation to the fire
changes, the rate of energy production and heat distribu-
tion will change. Any burning item can produce a plume
and thus a fire pattern... .

6.3.1.2.1. The production of lines and areas of de-
marcation depends on a combination of variables: the

material itself, the rate of heat release of the fire, fire sup-
pression activities, temperature of the heat source, venti-
lation, and the amount of time that the material is exposed
to the heat. ... The investigator should keep this concept in
mind while analyzing the nature of fire patterns... .

10.1.2.1. During fire or explosion events, disrupted
fuel gas systems can provide additional fuel and can
greatly change or increase fire spread rates, or can spread
fire to areas of the structure that would not normally be
burned. The flames issuing from broken fuel gas lines (of-
ten called flares) can spread fire and burn through struc-
tural components.

There was no reliable scientific basis for opining that
the isolated alleged fire pattern on the 100-1b cylinder was
conclusively caused by differential heat processes primar-
ily involving the liquids and vapors inside the cylinder
and heat exposure. Aside from the absence of the history
of the cylinder post-incident as previously described —
and the unknown nature of other fuel packages, locations,
quantities, positions, and the fire patterns associated with
them — the observations in the following paragraphs are
also relevant.

The allegation includes that the “fire pattern” formed
while the cylinder was exposed to heat from the fire, after
it fell over, rolled away, and was lying on the ground on
its side — all the while still in a near liquid filled state
with the bottom of the cylinder elevated above the top of
the cylinder. Such conditions are not justifiable. The cyl-
inder was reportedly connected to a soft copper pipe and
installed in a vertical position adjacent to the office south
wall. The cylinder service valve was open to the connect-
ed aluminum regulator and copper piping. The windows
were blown out by the interior explosion, and the vertical-
ly oriented cylinder would be subjected to convective and
radiant heat from the fire venting from inside the structure
out through the breached window. The venting fire would
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rapidly heat the cylinder, causing it to normally vent pro-
pane, as designed, through the pressure relief valve (PRV)
to prevent overpressure and catastrophic failure of the
cylinder.

At the same time, the heat and flames would rapid-
ly compromise the rubber diaphragm and rubber orifice
seat inside the regulator (attached to the top of the 100-1b
propane cylinder at the open service valve), as well as
the regulator aluminum housing, allowing high-pressure
propane gas to rapidly free flow from the cylinder into
the atmosphere through the regulator vent and housing.
It is well known in the fire investigative industry that gas
systems exposed to heat from fires are normally compro-
mised and release their fuel contents into the fire, creat-
ing localized intense fire as a normal consequence. First
responding witnesses also indicate there was no line or
regulator attached to the cylinder service valve when they
arrived at the scene. Evidence indicates that the regula-
tor did, in fact, melt, and the connection to the cylinder
failed. The rubber diaphragm would have failed sooner
than the aluminum housing.

It is highly unlikely that the regulator diaphragm and
housing were not compromised by the heat of the fire
prior to the 100-Ib propane cylinder falling over (resulting
in the free flow of high pressure gas from the cylinder to
the atmosphere). The cylinder was witnessed upright and
venting through the PRV during the event, indicating that
it was subjected to substantial heat before falling over.
If the cylinder was subjected to high heat, so was the at-
tached regulator at the top of the cylinder.

Furthermore, it is highly unlikely that the cylinder fell
over with the cylinder top down and bottom sticking up
without further compromising the heat damaged regulator
and piping system, increasing the free flow of high-pres-
sure propane to the atmosphere. Under such conditions, it
is highly unlikely that the cylinder would still be in a state
near liquid filled and exposed to fire while lying on the
ground with a compromised attached piping and regula-
tor system. Therefore, it would be unlikely to create an
alleged “vapor bubble” fire pattern.

Finally and very significantly, the alleged “vapor bub-
ble” fire pattern, purportedly formed by differential heat-
ing between the liquid filled regions and the vapor regions
of the cylinder, extends into and across the foot ring. The
foot ring is hollow and completely open to the atmosphere
(i.e., is 100% air/vapor space and has no liquid in it), yet
the pattern (with demarcation lines) continues completely

across and to the bottom edge of the foot ring. By the
plaintiff’s expert hypothesis presented, there ought to be
liquid propane present and contained in portions of the
open to atmosphere foot ring, which is nonsensical.

Near the beginning of his deposition, the plaintiff’s ex-
pert claimed he knew that the cylinder was overfilled be-
cause of the “vapor bubble” fire pattern and that the mere
presence of the pattern precluded a pre-fire failure of the
propane regulator rubber diaphragm. Had the diaphragm
failed pre-fire, the contents of the cylinder would have
been rapidly evacuated. Therefore, there would be no dif-
ferential liquid/vapor space to create the observed pattern
upon heat exposure. However, several hours later in his
deposition, he contradicted himself when he opined that
the regulator diaphragm failed pre-fire due to the introduc-
tion of liquid propane into the regulator chamber from the
overfilled cylinder. In his opinion, when liquid propane
entered the regulator chamber, it vaporized and produced
a pressure of approximately 4,000 psi, which would have
destroyed the rubber diaphragm and regulator.

Overfilled Cylinder Engineering
Analysis Methodology

The plaintiff’s expert examined the weather data for
the day before the incident when the cylinder was alleg-
edly filled as well as the weather data for the date of the
incident. He concluded that the cylinder was filled at the
refill station when the ambient temperature was 55°F;
therefore, the propane in the 100-1b cylinder started at
55°F. He then concluded that at the time of the incident,
the ambient temperature was 71°F; however, to account
for solar radiation heating of the cylinder, an additional
18°F needed to be added. As a result, he opined that the
temperature of the liquid propane in the cylinder (ending
temperature) was at least 89°F at the time of the incident.
Assuming a 100% liquid full cylinder, using a temperature
differential of 34°F (i.e., 89°F to 55°F), multiplying that
by a coefficient of thermal expansion interpolated from
a rough graph, and then subtracting the gas volume con-
sumed by the operating pilot on the heater, he concluded
that the cylinder expelled a total of 0.91 gallons of liquid
propane through the pressure relief valve of the regulator.

From this, he calculated that 0.91 gallons would
convert to 28.2 ft* of pure propane gas and — when
mixed with ambient air — form an explosive volume of
between 294 ft* to 1,311 ft* outside and adjacent to the
wall. He reasoned that this was more than sufficient vol-
ume to diffuse through the wall and be ignited inside. Al-
though he estimated a discharge amount and calculated
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corresponding explosive concentration volumes, his anal-
ysis did not compute any rates of discharge, which as will
be discussed later are a significant factor in determining
the potential for an explosion and fire to occur.

The Google Earth image depicted in previously ref-
erenced Figure 7 indicates that the south wall, including
the 100-1b propane cylinder, is well shaded in the after-
noon due to the nearby stand of trees. The propane tank at
the refilling store where the cylinder was allegedly filled
was not significantly shaded, but substantially exposed to
direct sunlight most of the day. Figure 10 depicts the re-
filling station. The cylinder was allegedly filled near the
end of the day.

When the plaintiff’s expert was asked in his deposi-
tion why he did not factor in any solar heating of the tank
at the refill station to his calculations, as he had done with
the 100-1b cylinder, he deflected the question and ulti-
mately ended up stating that the starting temperature was
really irrelevant to the problem. Obviously, that is not true
in the calculation that he performed. See Equation 1.

Equation 1: AV = Vip(T-T)

Where AV = change in volume
V. = initial volume
B = volumetric temperature expansion coefficient
T, = final temperature

T. = initial temperature

Clearly, the closer the initial and final temperatures are to
each other, the less change in volume there will be — and
correspondingly the less potential exists for expelling any
propane due to an alleged overfill condition.

In addition to ignoring any solar heating on the fill-
ing supply tank at the refill station, the plaintiff’s expert
assumed that the temperature of the liquid propane in the
100-1b cylinder was essentially the instantaneous outdoor
temperature plus 18°F for solar radiation heating at any
given time. For example, as the outdoor thermometer
ticked to 71°F, the propane inside the cylinder at that in-
stant was 71°F + 18°F = 89°F. He reasoned that this was
true because of the high thermal conductivity of the steel
cylinder, which would, in his view, more or less instantly
heat the liquid propane inside to the same temperature.

.
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Figure 10
Refilling station and supply tank. The refilling tank and pump station is circled in red.
The pump station had a rain canopy. The vast majority of the tank is exposed.
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It is well established that many engineering heat
transfer problems are transient in nature and involve
non-steady-state heating and cooling processes. For ex-
ample, Holman® (page 139) notes the following:

..If a solid body is suddenly subjected to a change
in environment, some time must elapse before an equi-
librium temperature condition will prevail in the body...

In other words, objects do not generally heat up and
cool down instantaneously, matching the immediate am-
bient environmental temperature into which they are
placed. There is an initial temperature lag between the ob-
ject and the environment it is placed in. The temperature
difference will gradually approach zero over time as the
object remains in the ambient environment and warms up
or cools down to match the ambient temperature.

Transient heat transfer engineering problems associ-
ated specifically with propane cylinders have been stud-
ied and determined mathematically/experimentally to re-
liably follow and be predicted by the classical “Lumped
Heat Capacity System™. For example, Petersen® per-
formed experimental testing and mathematical “Lumped
Heat Capacity System” modeling calculations on propane
cylinders placed in an outdoor environment with results
indicating less than a 5 percent difference between the
calculated and actual temperatures of the cylinder and the
propane it contained.

Lumped Heat Capacity System engineering analysis
addresses the transient heat transfer process and predicts
resultant temperatures when placing a propane cylinder
(including the liquid mass within) of a given temperature
into an environment with variable ambient conditions
(such as the outdoors). The analysis can include evaluat-
ing the diurnal cycle effects (i.e., evaluating the hourly
ambient temperature, solar, and nocturnal radiation effects
occurring during daylight and nighttime hours). These
effects can include, if justified, the addition of degrees
of temperature to the hourly ambient air temperature to
model the overall complex heat transfer processes that oc-
cur at the air/surface and liquid/surface interface of the
cylinder and mixing that goes on with the cylinder. The
heat transfer and fluid mechanics occurring is more com-
plex than simply looking at the thermal conductivity of
the shell of the vessel. The general equation for Lumped
Heat Capacity System analysis is expressed below. How-
ever, De Nevers* and Petersen® thoroughly cover the ap-
plication to propane cylinders; therefore, the development
and methodology will not be repeated.

Equation 2: (T -T)/(T-T ) = e“"4™* where:

T = ambient temperature [°F]

T = temperature at the end of the time period [°F]

T, = initial temperature for the time period [°F]

h = heat transfer coefficient [Btu/(HR-°F-{t?)]

A = container area, (exposed to liquid) [t*]

m = mass of propane and container [Lbm]

¢ = combined specific heat for propane and the container
t = time period, [Hr]

Mathematical Modeling Considerations for the
Incident Case

Factors that may have impacted predicted tempera-
tures of the cylinder and the mass of propane within the
cylinder in question include the orientation and geometry
of the 100-1b propane cylinder relative to the two window
air-conditioners, roof overhang, and wall of the building,
as well as the numerous surrounding trees. The dimen-
sional measurements of the cylinder relative to the air-
conditioning units, wall, and roof overhang of the build-
ing were not documented or preserved.

However, based on reported information, the 100-1b
cylinder was located somewhere near the window units,
which would likely provide some degree of shading effect
for a period of time on the cylinder surface and reduce
any potential overall solar heating effects. In addition to
the air-conditioning units, the wall and roof overhang of
the building also provide a shading effect from the sun
for periods of time. Furthermore, there are considerable
trees surrounding the area, which would also impact and
substantially reduce any potential solar heating effects for
periods of time (see Figure 7, depicting the trees and the
corresponding shading of the building’s south exterior
wall where the cylinder was located).

The initial temperature of the propane in the 100-1b
cylinder that would correspond to the temperature of
the propane in the supply tank is also an important fac-
tor to consider as previously discussed. The temperature
of propane in the supply tank is dependent upon several
elements, including the quantity of propane in the tank,
corresponding wetted surface area of the tank, the heat
transfer coefficient, and diurnal cycling accounting for
solar and nocturnal radiation before the 100-Ib cylinder
was filled. The amount of propane and temperature of the
liquid propane that was in the supply tank at the time of
the 100-1b cylinder filling is unknown. Commonly, such
data is easily and reliably collected shortly after an inci-
dent by documenting the fill level gauge on the tank and
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obtaining the tank pressure. There was no opportunity to
document the condition of the supply tank within the im-
mediate time frame of the incident. Again, it was over a
year after the incident before the propane store was placed
on notice via a lawsuit.

Thermal Expansion Modeling and Rates of Dis-
charge for the Incident Case

Since there was an absence of some important data,
an attempt to model the precise conditions of the incident
was not performed. However, demonstrative modeling
using the “Lumped Capacity Heat System” can still pro-
vide some useful information for analysis and opinions.

The heat transfer process associated with a liquid pro-
pane mass warming and cooling inside a cylinder located
in outdoor ambient conditions is slow and gradual; there-
fore, the thermal expansion and contraction rates of the
liquid propane in the cylinder are also slow and gradual.
The “Lumped Heat Capacity System” model previously
described can be used to reliably demonstrate the slow
nature of the temperature changes and the corresponding
expansion and contraction rates of the liquid propane over
a normal diurnal cycle. Two demonstrative models were
utilized to aid in the subject incident.

For both demonstration calculations, properties of lig-
uid propane were obtained from the National Institute of
Science and Technology (NIST), Material Measurement
Laboratory database. The database is available free online
at the NIST website. In addition, the hourly outdoor ambi-
ent weather conditions, as reported by the U.S. Department
of Commerce, National Oceanic & Atmospheric Admin-
istration (NOAA) at the nearest observation station, were
used. Some of the hourly weather data for the incident case,
on the date of the incident is shown in Figure 11. The day
prior is not included here to preserve space.

For purposes of the first demonstration, variables
were selected in such a manner as to attempt to produce a
forced expansion of liquid propane in an assumed liquid-
full cylinder; such that, roughly, the quantity of propane
alleged by the plaintiff's expert to have been released
(0.91 gallons) would be discharged into the atmosphere.
However, instead of simply determining a total quantity
of gas released over an undefined time, the model places
the release in the context of time and therefore provides an
estimated average release rate. As previously mentioned,
release rates are one critical factor in determining whether
flammable gases will create conditions that may produce
an explosion or fire hazard. Release rates are discussed

Date | Time | Station Sky Visibility | Weather Dry Bulb Wet Bulb | Dew Point Rel Wind | Wind | Wind
(LST) Type Conditions (SM) Type Temp Temp Temp Humd | Speed Dir Gusts
A © [(A](@© [(A](© | % |(MPH (MPH)
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
15 0056 | 12 CLR 10.00 40 | 4.4 32 | 0.2 19 | -72 |43 3 290
15 0156 | 12 CLR 10.00 35 | 1.7 30 | -1.0 | 21 | -6.1 57 0 000
15 0256 | 12 CLR 10.00 33 | 0.6 29 | -15 | 22 | -5.6 64 0 000
15 0356 | 12 CLR 10.00 31 | -0.6 29 | -19 |24 | 44 |75 0 000
15 0556 | 12 CLR 10.00 29 | -1.7 27 | -2.6 | 24 | 44 82 0 000
15 0656 | 12 CLR 10.00 30 | -1.1 28 | -2.2 |24 | -44 |78 0 000
15 0756 | 12 CLR 10.00 41 | 5.0 35 | 1.7 26 | -3.3 55 3 180
15 0856 | 12 CLR 10.00 48 | 8.9 39 | 3.7 25 | -39 41 5 190
15 0956 | 12 CLR 10.00 51| 105 |43 | 5.9 32 | 0.0 46 7 220
15 1056 | 12 CLR 10.00 57 | 13.9 | 45 | 7.3 31| -06 | 37 10 230 16
15 1156 | 12 CLR 10.00 62 | 16.7 | 48 | 8.7 31 |-06 |31 8 250 20
15 1256 | 12 CLR 10.00 66 | 18.9 | 50 | 9.9 32 | 0.0 28 14 230 22
15 1356 | 12 CLR 10.00 68 | 20.0 51| 10.7 | 34 | 1.1 29 15 250 22
15 1456 | 12 CLR 10.00 70 | 21.1 53 | 114 | 35 | 1.7 28 18 240 24
15 1556 | 12 CLR 10.00 71 | 21.7 53 | 11.8 | 36 | 2.2 28 16 230 29
15 1656 | 12 CLR 10.00 71 | 21.7 53 | 11.8 | 36 | 2.2 28 17 240 24
15 1756 | 12 CLR 10.00 69 | 20.6 |53 | 116 | 37 | 2.8 31 13 220 22
15 1856 | 12 CLR 10.00 65 | 18.3 52 | 10.8 | 38 | 3.3 37 9 220
15 1956 | 12 CLR 10.00 62 | 16.7 51| 103 |39 | 3.9 43 9 210
15 2056 | 12 CLR 10.00 61 | 16.1 | 50 | 10.0 | 39 | 3.9 44 8 210
15 2156 | 12 CLR 10.00 62 | 16.7 51 | 10.3 | 39 | 3.9 43 10 210
15 2256 | 12 CLR 10.00 61 | 16.1 |51 | 10.2 | 40 | 44 46 14 220
15 2356 | 12 CLR 10.00 60 | 15.6 | 50 | 10.0 | 40 | 4.4 48 16 230
Figure 11

Some of the hourly weather data for the incident case.
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Time of Day (Clock) Out Door Ambient |F| [With

Applied Solar but No Nocturnal

Ending Temperature of the
Propane and Cylinder |F| at the

Total Volume of
Liquid Propane in

Liquid Propane (expansion or deficit)
Beyond the Fixed Cylinder Volume =

Radiation] | To| end of the time period Cylinder |+ or -| [Veyl-Vf] inn3
Incremental
Change in Volume
4:00 to 5:00 PM 55 57.37 6594.6000 0.00
5:00 to 6:00 PM 53 56.44 6584.1274 -10.47
6:00 to 7:00 PM 53 55.72 6570.6106 -23.99
7:00 to 8:00 PM 49 54.30 6557.3080 -37.29
8:00 to 9:00 PM 45 52.34 6533.7613 -60.84
9:00 to 10:00 PM 41 49.94 6505.4156 -89.18
10:00 to 11:00 PM 45 48.90 6492.3363 -102.26
11:00 to 12:00 AM 45 48.08 6479.4705 -115.13
12:00 to 1:00 AM 44 47.22 6466.6094 -127.99
1:00 to 2:00 AM 40 45.69 6448.9535 -145.65
2:00 to 3:00 AM 35 43.44 6426.5073 -168.09
3:00 to 4:00 AM 33 41.23 6399.6925 -194.91
4:00 to 5:00 AM 31 39.07 6377.8899 -216.71
5:00 to 6:00 AM 30 37.16 6356.3045 -238.30
6:00 to 7:00 AM 29 35.44 6339.5160 -255.08
7:00 to 8:00 AM 48 38.09 6359.3551 -235.24
8:00 to 9:00 AM 59 42.50 6398.5248 -196.08
9:00 to 10:00 AM 66 47.46 6443.7028 -150.90
10:00 to 11:00 AM 69 52.01 6485.3257 -109.27
11:00 to 12:00 PM 75 56.86 6533.5734 -61.03
12:00 to 1:00 PM 80 61.75 6583.2502 -11.35
1:00 to 2:00 PM 84 66.44 6629.1678 34.57
2:00 to 3:00 PM 87 68.74 6619.4026 24.80
(1/2 hr)
| Total in"3 59.37
Gallons 0.26
Figure 12

Part of the spreadsheet calculations for the first demonstration.

along with other important factors later.

The manufacturer’s fixed tare weight and water ca-
pacity data permanently engraved on the collar of the
100-1b cylinder were used to obtain the propane liquid
volume of the cylinder, assuming 100% liquid filled, and
the weight of the filled cylinder. The calculated combined
mc term of Equation 2 for the case in question was con-
sistent with the calculated value for 100-1b propane cylin-
ders referenced by De Nevers®. The calculated hA values
of Equation 2 were also likewise consistently compara-
ble with De Nevers* and Petersen’.

In the first demonstration calculations (Figure 12),
for all daylight hours (beginning 30 minutes before sun-
up), an extremely unrealistic scenario, an assumed 18°F
solar effective temperature addition was added to the
ambient hourly temperature. As a point of reference to
the unrealistic nature of the assumption in the incident
case, in one experimental test performed by Petersen’
in Texarkana, Texas during the summertime, he added
only 3 to 10 degrees for the incremental hours between
10 a.m. and 6 p.m. to adjust the model for solar loading
gain to match the field experimental data. The case in

question occurred during the winter time in South Car-
olina. Nevertheless, nocturnal radiative cooling was ig-
nored, although likely significant, given the very cold (as
low as 29°F) and clear night that had transpired. Shading
was also ignored, although it was most likely a significant
factor. A starting temperature of 58°F was used for pro-
pane from the supply tank (3°F above ambient), although
it was substantially open and exposed to sunlight through-
out the day.

Even with the extreme unrealistic conditions forced,
the model calculates that only 0.26 gallons (as opposed
to 0.91 gallons) would be released over a period of 1'%
hours. Figure 12 depicts a small part of the spreadsheet
layout for the calculations performed. Figure 13 depicts
the model’s predicted average vapor release rates and the
total quantity of released gas vapor associated with the
extreme unrealistic first demonstration. As can be seen,
the discharge rates are extremely small, as is the total
amount of gas discharged. Figure 14 further illustrates
and characterizes the extremely small quantities repre-
sented. Slow discharge rates provide substantial time
for gas to disperse harmlessly, particularly in the outside
open air. The propane cylinder regulator was several feet
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above grade. There was wind movement around the time
of hypothetical gas venting. Furthermore, there was plen-
ty of air cross flow in the absence of underpinning. These
factors are discussed in further detail below.

For purposes of the second demonstration, a baseline
model was produced. In the baseline model, both solar
and nocturnal radiation (for the cold clear night) assumed
gains and losses are ignored, and simply the ambient air
conditions are utilized. The initial starting temperature of
the propane is assumed to be 55°F. Results of the baseline
model indicated the predicted average vapor release rates
associated with the demonstration calculations are zero.
Beginning with an assumed liquid filled cylinder at 55°F
— and allowing it to pass through the diurnal ambient
temperature cycle that occurred during the incident case
— the cylinder will retain a vapor head space (0.33 gal-
lons) and not release any gas to the outside. This demon-
stration (like the first) also includes the gas consumption
of the pilot. An analysis of any assumed solar gain (and/or
losses via nocturnal radiation) beyond the baseline model

would necessitate field testing an actual propane cylin-
der and its propane mass contents at the site for precise
validation purposes. However, it is noteworthy that the
cold ambient temperatures alone that night would have
substantially cooled the cylinder and its propane mass
contents down.

Dispersion Rate Factors and Migration of Gases

As discussed above, discharge rates are only one of the
important considerations in analyzing a hypothesis related
to an alleged gas leak or release potentially causing a fire
or explosion hazard. For example, in discussing gas leaks
that occur inside of buildings, Kennedy® notes additional
factors that must be considered [emphasis added]:

Spread and Diffusion of Fuel Gases

When_any fugitive fuel gas leaks into a struc-
ture, it will mix with the air by one or more
of the following actions: turbulent jet mixing,
the natural buoyancy of the gas, the turbulent
action of building ventilation, or molecular

Unrealistic Demonstration #1: Average** Exterior Vapor Gas Release Rates
(assuming a continuous discharge) Associated with (unrealistic) Demonstration Calculations; and Total Quantity Released to the Outside Air

Time Period Vapor Gas Discharge Rate CFH Vapor Gas Discharge Rate CFM
1200-1300 0 0
1300-1400 5.44 0.0907
1400-1430 7.81 0.1302
Total Quantity in Cubic Feet | 9.345 CF 9.345 CF
over 1.5 hrs (90 min.)

not instantaneous nor massive.

*** Any alleged releases through the internal relief of the regulator would most likely be intermittent as opposed to a continuous release, as
thermal warming under ambient conditions is slow and subsequently the incremental expansions of the propane is also slow and gradual,

Figure 13
Vapor gas release rates.

Unrealistic Demonstration #1: Average*** Liquid Propane Inlet Rates into the Regulator and total quantity discharged.

Time Period Liquid Propane Inlet Rate Milliliters per | Liquid Propane Inlet Rate Milliliters per Second (ml/s)
Minute (ml/min)
1200-1300 0 0
1300-1400 9.4 0.157
1400-1430 13.5 0.226
Total quantity flowed over the | 0.26 gallons over 1.5 hours 0.26 gallons over 1.5 hours
elapsed time period

not instantaneous nor massive.

“** Any alleged releases through the internal relief of the regulator would most likely be intermittent as opposed to a continuous release, as
thermal warming under ambient conditions is slow and subsequently the incremental expansions of the propane is also slow and gradual,

Figure 14
Liquid propane inlet rates.
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diffusion. Mixing by molecular diffusion is ex-
tremely slow when compared to the others. Al
of the mixing actions dilute the gas with air
more and more the farther from the gas leak
source. Gases once mixed with air tend to

remain _mixed with air and not separate due
to density differences. If the gas is escaping
under pressure from a small source such as
an_open pipe or hole in a pipe, air will be en-
trained into the sides of the gas plume created
by the turbulent jet. ...If the gas is heavier than
air, the plume will be less buoyant than the
surrounding air and tend to settle downward
in a three-dimensional flattened fan shape... .

In the incident case, the allegedly small gas leakage
(from the regulator vent) is on the exterior of the structure
occurring in the outside open air, and, as a result, disper-
sion and dilution of the gas with air can be expected to be
rapid. The alleged small leak rates of propane gas into the
open outside air will be subject to mixing with the out-
side air. Mixing occurs as the gas is discharged out of the
vent opening of the regulator and immediately entrains air
into the discharging plume, diluting the gas. The diluted
gas/air-mixed plume is then subject to additional dilution
in the outside open air via molecular diffusion, thermal
diffusion, and natural convection air currents around the
localized discharge area. Molecular diffusion involves
the natural mixing of gas molecules due to different con-
centration gradients between the gases®. The gases will
diffuse together until the concentration gradient comes to
equilibrium. Thermal diffusion (e.g., due to temperature
differences between the gases or thermal gradients) accel-
erates the mixing process. Natural convection currents are
present even in assumed still air conditions. For example,
thermal gradients on different objects can induce small
localized air currents. These air currents will further act
to dilute gases in the ambient.

The above processes exclude any mixing due to air
movement related to air breezes (forced convection cur-
rents). The open crawl space with no underpinning pro-
vides a clear avenue for substantial cross flowing airways.
The weather data indicates wind speeds of 8§ mph with
gusts of 20 mph around 12 p.m. out of the west/south-
west; wind speeds of 14 mph with gusts of 22 mph around
1 p.m.; wind speeds of 15 mph with gusts of 22 mph
around 2 p.m.; and wind speeds of 18 mph with gusts of
24 mph around 3 p.m.

Sophisticated Computational Fluid Dynamics (CFD)

models (e.g. NIST Fire Dynamics Simulator [FDS] or
FLACS?) have been developed, tested and validated for
use in evaluating the complex nature of gas discharge,
dispersion and migration problems. The alleged leak rates
and quantities for the case in question, however, were
very small. More importantly, they occurred in the out-
side open air; therefore, there is no justifiable mechanism
by which to produce a flammable concentration of gas
inside the building.

Pressure relief valves (PRVs) incorporated with cyl-
inder service valves and relief valves built into gas regu-
lators are designed by manufacturers to release propane
in a controlled manner under overpressure conditions.
With the exception of the window, which was closed and
sealed, there were no openings in the wall. Window air-
conditioning units are intentionally designed not to com-
municate unconditioned air from the outside of a building
to the inside.

Window air-conditioning units are installed in a win-
dow or through a wall and sealed around the perimeter to
prevent outdoor unconditioned air from infiltrating inside,
or indoor conditioned air from exfiltration to the outdoors.
The owner stated that his installed air-conditioning units
were sealed, which is the appropriate, ordinary, and com-
mon method of installing and using these units. The units
simply draw air from inside the room, circulate it through
the evaporator heat exchanger coil, and then discharge it
back into the room. No outside air is drawn into the evap-
orator heat exchanger coil. In fact, it is separated from the
outside by an internally sealed air (gas) barrier to specifi-
cally prevent such an occurrence.

The exterior wall of the office was reportedly con-
structed of overlapping T1-11 siding with the inner cavi-
ties being insulated and the interior side covered with
OSB. No windows were open, and no other wall openings
were reported; nor were the wall or window air-condition-
ing units made available for examination or reconstruc-
tion. Exterior walls are intended design barriers to mini-
mize the migration of air or other gases through the wall
in either direction. The purpose behind ordinary construc-
tion is to keep unconditioned air (gas) outside and condi-
tioned air inside. Air and propane vapors gas are gases,
and both would likewise be substantially kept outside by
ordinary construction barriers.

There was no scientific basis (including any mathe-
matical modeling, CFD, or experimental testing) that was
presented in the incident case by the engineering plain-
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tiff’s expert to support his opinions.

The regulator, or remnants of the regulator, were not
available for examination, identification, or potential test-
ing (i.e., of exemplars), and the make and model of the
regulator was unknown. However, design standards’ re-
quire that regulator relief vents operate in a manner such
as to maintain the outlet pressures at or below approxi-
mately 2 psi, with start-to-discharge settings occurring
when the pressure climbs to 19 to 33 inches water col-
umn (0.685 to 1.19 psi). For example, the Fisher Emerson
Process Management Bulletin LP-15"" regarding LP gas
regulators provides:

...the regulator vent will exhaust LP-Gas when the
internal relief valve opens. Every second stage domestic
and light commercial LP-Gas regulator reducing pres-
sure down to appliance pressure must have an internal re-
lief'valve. An open internal relief valve can exhaust small

bubbles of gas or large volumes of gas depending upon
the condition that caused the overpressure situation...

...UL 144, Standard for LP-Gas Regulators requires
that the second stage regulator internal relief valve must
open (begin-to-bubble) between 170% and 300% of the
regulator outlet setting.

The regulator that was connected to the cylinder ser-
vice valve outlet was designed to receive high inlet pres-
sure propane — most have a maximum input pressure
rating of 250 psi. Any alleged liquid propane dripping
or “sputtering” into the piping connected to the regulator
and into the regulator inlet would immediately convert to
vapor in the regulator chamber and as soon as sufficient
gas pressure had built up in the chamber, the internal re-
lief vent would operate and discharge (or bubble out) the
gas vapor to the open outside air. Once the internal regula-
tor pressure dropped below the start to discharge setting,
it would close until the pressure built-up again.

The average discharge rates previously presented in
Figure 13 were used to estimate and illustrate the average
liquid propane inlet rate into the regulator, which are pre-
sented in Figure 14. As shown, the rates are very small.
The volumetric flow rates are comparable to a children’s
medicine dropper or a small graduated medicine dosage
cup.

Fire Origin and Cause Conclusions
A complete independent origin and cause investiga-
tion could not be completed by the author due to the de-

struction of the scene and gross absence of any scene ex-
amination, documentation, and processing. The assistant
fire chief was the only municipal authority to make an ex-
amination of the fire scene prior to its destruction as well
as directly witness portions of the event itself. In addition,
the chief spoke directly with the owner regarding the cir-
cumstances of the incident at the time it was occurring.
Furthermore, the chief and the first-in firefighter both ob-
served the 20-1b propane cylinder with the top mounted
heater in the office. This information was ignored and
then claimed to be false by the plaintiff.

The 20-1b propane cylinder and top-mounted heater
located within the enclosed room was a valid and sub-
stantial potential source of explosive fuel to consider in
the investigation of this explosion and fire. Connections
between a heater and cylinder can potentially leak (e.g.,
due to a loose connection, damaged threads or seals, bro-
ken or cracked fittings, etc.) Likewise, damaged or defec-
tive gas-carrying portions of the heater connected to the
cylinder may have been leaking gas and resulted in an
explosion. Neither the propane cylinder nor a heater was
available for laboratory examination. The 20-1b propane
cylinder and top-mounted heater that was located in the
office could not be ruled out as a potential source of fuel
and an ignition source for the explosion and fire, or as the
point of origin of the fire. The heavily damaged unvent-
ed wall heater could also not be ruled out as an ignition
source for the explosion.

The explosion originated in the one-room office. The
correct cause of the explosion and fire for this case is
undetermined; however, a detailed engineering analysis
eliminated an overfilled cylinder as a potential cause of
the incident.
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