introduction

The circuit breaker is the basic means by which wiring is pro-
tected from both a short circuit and overload damage. Circuit breakers
have replaced the fuses of yesteryear, and are desirable for both con-
sistent performance and also for the fact that they can be reset.

A short circuit is different from an overload. NFPA 70E defines
an overload as:

“Operation of equipment in excess of normal full-load rating or
of a conductor in excess of rated ampacity that, when it persists
for a sufficient length of time, would cause damage or dangerous
overheating. A fault such as a short circuit or ground fault, is not
an overload.”

Practically speaking, plugging twenty 150 watt light fixtures
(3000 watts total) onto a 14 AWG branch circuit is an overload—we
have a current of 25 amperes flowing in cabling rated at 15 amps.
Shorting the hot lead to the neutral lead on this same branch circuit
will cause hundreds of amps to flow—this is a short circuit, and is
often accompanied by arcing and the splattering of molten metal.

The basic circuit breaker used in both residential and light com-
mercial applications is called the T-M or Thermal Magnetic Circuit
Breaker. Another term that is sometimes used is the MCCB, or Mold-
ed Case Circuit Breaker. The T-M circuit breaker has two independent
trip mechanisms: thermal and magnetic. The former reacts to over-
loads and causes the breaker to trip, while the latter responds to short
circuit fault currents.

the myths

There are several myths associated with circuit breaker opera-
tion. In this article, it is our intent to discuss each one, and explain
physically the reason that each myth is just that. These myths are as
follows:

1. T-M circuit breakers trip upon reaching rated current

2. T-M breakers trip immediately

3. A tripped breaker always means an electrical event has occurred
4. Breakers protect appliances and appliance cords

5. Breakers protect persons from electrical shock

6. Climate and ambient conditions have no effect on trip times

7. Circuit breakers prevent arcing

8. Circuit breakers can be used as on/off switches.
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basic breaker operation and design

In order to debunk the myths it is important to understand the
basic operation and design of the trip mechanisms in a circuit breaker.
The thermal portion of the circuit breaker works by use of a bi-me-
tallic strip which causes a spring-loaded latch to release and trip the
breaker. The deflection of the bi-metallic strip depends on the tem-
perature, thus the breaker has a trip temperature and it is the heat gen-
erated within the breaker that causes the temperature to rise, the faster
the heat rise, the faster the breaker reaches temperature and trips. Heat
is directly proportional to the power (watts), which is proportional to
the square of the current (P=I2 x R)

The first (and most TABLE 1

common)  misconcep- [BREAKER RATING | ALLOWABLE TRIP TIME
tion is that a breaker (Amperes) (Minutes at 200% rating)
trips when its nameplate 0-30 >

rating is exceeded. O.ne 31-50 4

fire text has stated (in-

correctly) that a circuit Y g

breaker will trip in sev- 101-150 8

eral minutes with a small 151-225 10

increase in current over 226-400 12

its rating!!. Actually, a 20 401-600 14

amp breaker must trip at 601-800 18

a sustained current of 27 801-1000 20

amperes (135 percent) at 1001-1200 24

less than one hour, and at

40 amperes (200 percent 1201-1600 26

p p
of wire rating) in less than 1601-2000 28
120 seconds—far differ- >2000 30

ent from what the cited

text implies. These two trip points (135 percent and 200 percent) are
defined in NEMA Standard AB-1, MCCBs and Molded Case Switch-
esi?. TABLE 1 lists the 200 percent allowable trip times for different
size (amperage) circuit breakers. MCCBs have characteristic ‘curves’
published by their respective manufacturers. A sample of such a curve
appears in FIGURE 1. Knowing the amount of current flow, as a mul-
tiple of the breaker rating, allows one to determine the minimum and
maximum trip times. Usually, the allowed times (per the manufactur-
er’s curves) are shorter than what the NEMA spec allows.

A circuit breaker is designed to open (trip) before the energy

passing through it creates enough heat in the branch circuit wiring to
cause damage to the wiring. As an example, a type #12 AWG NM-B
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FIGURE 1: ILLUSTRATION OF
CIRCUIT BREAKER TRIP CURVE
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with 40 amperes (flowing on it will not cause substantive overheat-
ing in the 2 minutes allowed for the breaker to trip. The caveats here
are that the wiring being protected is branch circuit wiring and the
breaker and branch circuit wiring are appropriately sized. A residential
circuit breaker is not intended to protect load wiring such as extension
cords or appliance line cords that may be subjected to overloads. For
example, if we assume that an extension cord is rated at 10 amperes
(#18 AWG) and is carrying a load of 25 amperes while connected to a
branch circuit wire that is protected by a 20 ampere T-M breaker, the
20 ampere breaker may never trip. At the same time, the extension
cord is grossly overloaded, and will become damaged. Similarly, a 40
ampere breaker protecting 15 ampere branch circuit wiring (#14 AWG
type NM, as an example) will allow damage to occur during sustained
overloads, because the breaker is inappropriately sized.

The response of a conventional T-M circuit breaker is affected
by the temperature of its surroundings. This means that a breaker at
an ambient temperature of 110 degrees F (thermally) will trip much
faster than the same breaker will in an atmosphere of 20 degrees F.
TABLE 2 shows data from a Square D circuit breaker rated at 30 am-
peres at different temperatures.

When sufficient heat is gener- TABLE 2

ated in the bimetallic thermostat | TEMPERATURE TIME

the breaker opens. In this case, CF) )

the test current was 60 amperes. 20 30

36 27.9

The magnetic portion of 47 26

a circuit breaker is sometimes

called the instantaneous trip 56 24.5

portion. Rather than having an 69 21

inverse current/time relation-

ship, the magnetic trip level is characterized by the rate of change of
the current flowing (di/dt) that is, the faster the increase in current,
the faster the magnetic trip time. Once the instantaneous trip level
is exceeded, there is a sufficiently strong magnetic field to cause the
breaker to trip. Unlike the thermal trip mechanism there is no inten-
tionally induced delay. Furthermore, the magnetic trip level is not
affected by heat, such that ambient temperatures have no effect on
performance. Another difference between the magnetic and thermal
functions is that NEMA AB-1 does not specify a required magnetic
trip level. Rather, each manufacturer is free to specify at what range of
current the breaker will react to a perceived short circuit.

One might be quick to compare circuit breakers to fuses, how-
ever; there are several salient differences between the two. Fuses are
non renewable, while circuit breakers can be reset. If a fuse blows
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and someone does not have a ‘like’ replacement readily available,
on more than one occasion fuses have been replaced with larger size
fuses—this is obviously a fire hazard. In addition, fuses are very easy
to ‘bypass’; copper tubing, as an example, easily fits in a cartridge fuse
holder and provides no overload protection.

relocatable power taps

Relocatable power taps, more often called power strips, all have
circuit breakers present. In general, these breakers are thermal break-
ers, and have no magnetic trip level. They are intended to prevent
damage to wiring caused by having to many appliances plugged in
(i.e., too great a load), and are usually rated at 15 amperes. We men-
tion these breakers because they are common, and yet they are very
different from the T-M breaker used as a part of branch circuit wir-
ing.

T-M measurements

Given that there are two separate trip mechanisms in a circuit
breaker, we have heard the following question posed numerous times
in the past, as follows:

“If we test the thermal portion of a breaker, will that ensure that
the magnetic portion of a breaker is properly functioning?”

The answer is “No, the two internal mechanisms operate inde-
pendently.” The reason that the question is asked is because it is much
casier to test the thermal portion of a breaker than the magnetic por-
tion. To demonstrate the independent operation, we obtained a number
of T-M circuit breakers of varying sizes and various manufacturers.
We tested both the thermal characteristics (all at 75 degrees F, nomi-
nal), and then tested the magnetic trip levels.

Testing was done on a custom test set, using a computer to both
simulate fault currents and measure actual currents and time. Using
IEEE488 protocol and operating under Agilent VEE software the
computer controlled a programmable power supply (Agilent 6813A)
which in turn supplied power to a high current transformer (Unitrek
600 Ampere) in which the output was connected to the breaker being
tested. Current values were measured across the breaker via a digital
volt meter (Agilent 34401A) and fed back to the computer in order to
maintain a constant current. FIGURE 2 is a diagram of the test setup.

For the thermal characteristics, a 200 percent test current was
supplied to each of the breakers (i.e., 30, 40, or 60 amperes for the
15, 20, and 30 amp breakers, respectively) and maintained until the
breaker tripped. Current was continually monitored and adjusted (via
software) to ensure a constant load current. The same transformer was
then used for the instantaneous or magnetic trip levels testing for the
breakers. The power supply was programmed to send a pulse train of

FIGURE 2: SCHEMATIC OF CIRCUIT BREAKER
TESTING DEVICE
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FIGURE 3: MAGNETIC TRIP LEVEL vs THERMAL TRIP TIME FIGURE 4: MAGNETIC TRIP LEVEL vs THERMAL TRIP TIME
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FIGURE 5: MAGNETIC TRIP LEVEL vs THERMAL TRIP TIME
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6 constant current pulses (60 Hz sine waves, starting at zero degrees) . .

followed by 10 seconds of wait time. Then, the current level was dlscussmn

stepped up (increased) by 5 ampere increments and 6 more pulses Circuit breaker performance is one data point our lab often as-
were again applied. The wait time was introduced in order to ensure sesses in investigating a fire. Having said that, we have been able to
that the thermal portion of the breaker did not react and cause the identify only three fires in 24 years where we felt that breaker perfor-

breaker to trip. mance was a significant factor in a loss. Two of these losses are now
described:
FIGURES 3, 4, and 5 show the thermal characteristics (trip time)
for each breaker as the independent variable, and the trip level (in- (1) A homeowner had done wiring on a porch light, acci-
stantaneous) in amperes given as the dependent variable. As is read- dentally shorting the hot lead to the ground. The type NM
ily apparent, there is no correlation between thermal trip times and cable, when shorted, allowed about 90 amperes to flow on
instantaneous trip levels. the hot and return on the ground conductor. The light switch

to the porch light was turned on, and a resulting fire ensued.
The hot conductor (black lead of the NM) was “sleeved”
along its length in the breaker box. (Sleeving is a condition
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in which there is damaged insulation on a conductor caused
by excess current flow. A wire that is sleeved will have in-
sulation that is charred, bubbly, and has started to deform.)
The fire broke out in the attic, along the same run of NM.
The breaker serving the NM would not thermally trip when
tested in the lab. FIGURES 6 and 7 depict the breaker and
a portion of the load wiring. The breaker is a dual breaker,
and only one of the poles (the one serving the porch light)
shows evidence of the overload.

(2) A new house had its electric meter installed less than one
hour prior to a fire being discovered. A 20 ampere breaker
fed a length of type NM (12 AWG) that served a bedroom
and ran through the attic space. Fire broke out in the attic.
In the breaker box, the hot lead of the type NM was severely
charred, while the conductors serving other breakers had no
thermal damage. The exact fault in the attic was never iden-
tified. Regardless of the initial cause of the fault, however,
the breaker never cleared the fault. Lab testing confirmed
that the breaker would never trip.

A defective breaker, in and of itself, does not cause a fire. There
also has to be a fault condition (either overload or short circuit, that
the breaker should have cleared in a timely fashion) so as to cause a
fire. In our investigations of breakers, the telltale sign indicating such
a failure is an overheated branch circuit conductor (which we have
referred to earlier as ‘sleeved’), surrounded by conductors that are
intact. If, however, the fire has thermally attacked and damaged the
breaker panel, it will be very difficult to establish that a breaker was
malfunctioning, unless one can find a ‘solo’ overheated wire in an-
other part of the building that has not sustained fire/thermal damage.

The NEC requires that electrical components be used per their
listing (2002 NEC Article 110-3b)i). We have successfully argued
that this includes the installation of circuit breakers. As an example,
a 20 ampere MCCB with an instantaneous trip level of 180 amperes
was used to power an office cubicle located ~ 270 feet from the
breaker panel. The feed consisted of #12 THHN, 3 conductors. On
such a long run the resistance of the wire has considerable effects.
In this case, with a bolted fault (solid short), the current level was
measured at the cubicle as being ~ 130 amperes. It is clear that this
level of short circuit would never cause the instantaneous trip feature
of the breaker to be activated. Regrettably, a gentleman was electri-
cally shocked by the cubicle, when the hot conductor energized the
cubicle’s frame. The duration of shock was increased because of the
breaker’s inability to rapidly clear the fault. The fault was eventually
cleared by the thermal portion of the breaker, which in the opinion
of the neurologist, had a substantial effect on the man’s injuries. Had
the branch circuit wiring been appropriately sized, the breaker could
have cleared the fault much faster. The smaller wire (#12) and the
long distance prevented sufficient fault current to flow so as to allow
the instantaneous trip function to clear the fault. (Note: While a 20
ampere breaker is appropriate for protecting #12 wiring, the excess
length of the branch circuit run dictates a larger wire size)

One of the properties of breakers with thermal trip mechanisms
is that they can be tripped from the heat of a fire—even with no load.
Years ago, a fire occurred in a trash can in an office, brought on by
the careless disposal of smoking materials. The breaker panel for the
building was also in the same office, and its steel door protected the
breakers from direct flame impingement. One investigator noted that
all of the breakers were tripped, and concluded (erroneously) that a
large electrical event occurred, bringing on the fire. The reader is also
referred to the previous article by one of the authors, wherein ambient
temperatures and their effect on breakers is discussedt.

Even though we have seen breaker malfunctions on very few
occasions, our advice is to collect the breaker(s) at a fire scene, if it
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is supplying power to a suspect appliance or branch circuit wiring.
Moreover, we also ask that several inches of load wire be collected
from the panel. In this way, one could look at the conductor and de-
termine if it is appropriately sized, and also if it has received dam-
age from excess current values. Given that it is easy to inadvertently
move a breaker handle during an investigation, we also routinely
photograph and then mark (with a paint marker) the position of all
breakers prior to opening a breaker panel to inspect it internally.

myths dispelled

Having discussed basic breaker operation and having demon-
strated the independence of the thermal and magnetic mechanisms it
is now easy to step through the myths and the physical reason(s) that
each one is fiction.

1. T-M breakers trip upon reaching the rated current.
T-M breakers trip according to a trip curve, which includes
both 135 percent and 200 percent trip times. At 135 percent
of rated current, the breaker must trip in 1 hour or less.
The trip curve is non linear as loads approach the breaker
ratings (FIGURE 1), therefore, at even 5 percent above trip
rating, there is no guarantee that the breaker will ever trip.

2. T-M circuit breakers always trip immediately.
These breakers trip thermally in seconds to minutes (de-
pending on current level), per the published trip curve, in
overload situations. In short circuit situations, trip times
can be several cycles.
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3. A tripped breaker always means an electrical event has occurred.

A T-M breaker reacts to overloads or short circuits. Cur-
rent produced by the overload causes the breaker to heat
internally and then trip. An external fire that places enough
thermal energy into the breaker can also cause the breaker
to trip.

4. Breakers protect appliances and appliance cords

T-M breakers used in buildings are rated for the size of the
branch circuit. Often times the appliance wiring being fed
by the branch circuit is smaller, thus has the same level of
current flowing in it as in the branch circuit. Since the wire

conclusions

The intent of this article is to dispel some of the myths regarding
circuit breakers, as well as give examples of how a circuit breaker is
intended to function. What we have seen is as follows:

1—A circuit breaker is only intended to protect branch
circuit wiring

2—A circuit breaker has two separate mechanisms,
thermal and magnetic

3—There is no correlation between thermal and mag-

is smaller it has a higher resistance and will create substan-
tially more heat in this cord that could cause failure of the
cord.

netic performance for a given breaker

4— A breaker does not trip necessarily once its rating is

marginally exceeded, nor does it trip immediatel
5. Breakers protect persons from electrical shock. g y ’ P y

A 15 ampere breaker, as an example, will trip in less than 2
minutes when 30 amperes is flowing. Electrical shock can
occur with current in the .010 to .030 ampere range, with
cardiac function being altered in less than 1 second. T-M
breakers are not sensitive to currents this small.

5—Thermal portions of breakers are affected by ambi-
ent temperatures

6— A breaker is not intended to prevent electrical shock

7— A breaker does not prevent arcin,
6. Climate and ambient conditions have no effect on trip times. P %

T-M breakers work (in part) by the generation of heat inter-
nally. In a cold atmosphere, breakers will trip slower from
overload situation; just the opposite is true in a warm at-
mosphere.

8 — Circuit breakers are not to be used as on/off switches.
9—Breakers can trip from external heat

We are hopeful that our readers can use this information as part of

7. Circuit breakers prevent arcing. their investigation into fires that possibly have electrical aspects. @

T-M circuit breakers can react to the currents associated
with arcing, but will not prevent the arcing. A short between

a hot and a neutral in branch circuit wiring can easily allow REFERENCES
several hundred amperes to flow, with resultant arcing. The E% ﬁél\%%i?ff\/%é I\B/faHUgl I\f/(l)rlcljw_:jpé 921 ,82001h. Page 77.
i i 7 ; -1, s and Molded Case Switches.
M breakef will then trip in several cycles (depenc.img on [3] NFPA 70, National Electrical Code, 2002,
breaker rating and amount of current), but the arcing will [4] Goodson, M.E., Circuit Breaker Performance in Depressed Temperatures,
have already occurred. Fire & Arson Investigator, July 2001.

8. Circuit breakers can be used as on/off switches.
T-M breakers are complex mechanical devices, not meant
for tens-of-thousands of operational cycles. However, there
is one class of T-M breaker that can be used as an on/off
switch, and this breaker will always be labeled as SWD
(switching duty). SWD breakers are often used to control
fluorescent lighting in offices and factories.
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ABSTRACT

Corrugated Stainless Steel Tubing (CSST) represents a relatively new technology for
delivering fuel gas within aresidential or commercia structure. The main benefit of CSST is
brought about by a savingsin installation time, relative to black pipe. However, the flexible thin
walls of CSST also present a problem in terms of the propensity of CSST to fail when exposed to
electrical insult, particularly lightning. We outline here the some of the theoretical basis for
CSST failures caused by lightning, as well as investigative techniques to be used when
examining afire scene.

INTRODUCTION TO CSST

Corrugated Stainless Steel Tubing (CSST) is a relatively new building product, and is used to
plumb structures for fuel gasin lieu of conventional black pipe. The advantages that are offered include a
lack of connections and a lack of threading - in essence, it is a materia that results in substantial labor
savings (relative to black pipe). CSST is recognized by ANSI / IAS LC-1 -1997" CSST consists of
stainless stedl corrugated tubing that is sheathed by a polymer conformal coating. Each manufacturer
seems to have a proprietary system for achieving couplings / connections, but in general, the CSST (in
that it conformsto ANS| LC-1) can be thought of as a commaodity.

The authors have investigated several fires wherein CSST has failled when damaged by lightning. We
outline here the theoretical issues regarding CSST, as well as results of fires we have investigated.

CSST DEVELOPMENT

The introduction of CSST into the United States was brought about by a firm called Foster-
Miller. This engineering firm developed CSST as an alternate to black pipe. Our own reading of various
pieces of literature shows that the driving issue is one of economy?. However, we caution the reader to
review the literature and draw his/ her own conclusions. CSST is made by 6 manufacturers, and each
manufacturer requires a potentia installer to take a several hour ingtalation course. The ingtalation
courses are required as part of ANSI LC-1, and are an attempt to insure only qualified installers make use
of CSST®. This arrangement will likewise prevent CSST from being available at home improvement
stores.

CSST was first recognized by the NFPA in the Fuel Gas Code (NFPA 54) in 1988*. The IAPMO finally
approved CSST in 2003°. It is interesting to note that in 2000, the IAPMO rejected CSST for reasons of
safety®. The Foster-Miller documentation submitted in 2000 to the IAPMO states that there had been 50
million feet of CSST installed without one reported failure”. Now that there have been numerous reported
failures, IAPMO action on CSST will be of interest.



In analyzing CSST, it is important to note that we can find no evidence of testing for lightning resistance
during product development. The NFPA has stated that when CSST was first considered in 1988,
lightning was given no consideratior?’.

CSST UTILIZATION
CSST isdifferent from black pipe, in a number of ways. On a CSST system, gas enters a house at

about 2 psi, and is dropped to ~ 7 WC by aregulator in the attic (we are assuming a natural gas system).
The gas then enters amanifold and is distributed via ‘home runs' to each separate appliance. Unlike black
pipe, a CSST system requires one separate run for each appliance. (See Figure 1 for a typica manifold)
As an example, a large furnace and 2 water heaters in a utility closet will require 3 separate CSST runs;
with black pipe, the plumber may have just used 1 run of 1" pipe and then teed off in the utility room.
The redlity of this design isthat now there is atubing system carrying 2 ps of NG in part of the residence;
in addition, the requirement of one home run per appliance increases dramatically the number of feet of
piping in a building.

Figure 1. Manifold and regulator leads of CSST setup

CSST is sold in spools of hundreds of feet, and is cut to length in the field for each run. In this regard,
CSST has no splices / joints behind walls that might fail. CSST can be identified by its bright yellow
jacket. Test pressures are higher for CSST than black pipe, and the industry touts this as a selling point;
we find this somewhat of a ‘red herring’. We know of no need to increase the Factor of Safety (FS) for
black pipe — pipe tested at 20 psi and carrying 77 WC has provided satisfactory services for years. CSST
does offer an advantage over black pipe in terms of structura shifts; with black pipe systems, the
accommodations for vibrations and / or structural shifts are handled by appliance connectors.

THEORETICAL CALCULATIONS
CSST is extremely thin, with walls typicaly less than 10 mils in thickness. This lack of mass,

necessitated by the desire for easy routing of the tubing, has resulted in a materia that is easily punched
through by eectricity. Once the tubing has been perforated, it is possible for the escaping gas to be ignited
by the metallic by-products of the arcing process, by auto-ignition, or by adjacent open flames.

The theoretica energy level required to melt a specimen can be compared by using both heat capacity and
melting temperature. The heat capacity is the amount of heat needed to raise the temperature of either
sample one degree Celsius. Changing the temperature from an initial temperature to the melting
temperature requires the heat capacity to equal:



g=Cxm>xDT_+ mxH, [1]

where C is the specific heat, H; is the heat of fusion, m is the mass of the specimen, and DT ,, is the change
in temperature from the initial temperature to the melting temperature.

Our own field data indicates that lightning damage to black pipe is sometimes so small that it is often only
visible with microscopic analysis and limited to a small pit that does not leak; lightning strikes involving
CSST create leaks that vary from pinhead size to almost ¥4” “orifices.” For comparison sake we show the
heat capacity for equivalent sized holes in specimens of black iron, CSST, aluminum, and copper tubing.
Table 1 lists the relevant properties for al four samples.

TABLE 1
Material C(BTUIbF) Tn CF) H;BTU/b Density (Ib/in®) \wall thickness (in)
CSST (304) %" OD 0.119 2589 128.7 0.285 0.008
Black Iron Pipe %" OD 0.116 2575 122.7 0.284 0.12
Aluminum Tubing %" OD 0.21 1166 167.3 0.098 0.035
Copper Tubing %" OD 0.092 1981 88.05 0.323 0.04

For an equivalent 100 mil diameter hole, we can derive theoretical values for heat capacity based on the
aforementioned equation.

Figure2 isaplot of the respective values for each material. It is clear from

Figure 2 that the amount of energy to create a 100 mil diameter hole is much larger for black iron pipe
then for any of the other three specimens. Thus we can now see why the thickness of the pipe plays such
acritica role. Infact for this particular case, the amount of energy for a conventional ¥z black pipe will
require ~15 times the energy that would be required to smilarly melt CSST,  ~10 times the energy for
aluminum, and ~5 times the energy for copper.

Energy vs Material
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Figure2: Comparison of heat capacity for 100 mil diameter holein CSST, Aluminum Copper &
Black Iron






LIGHTNING CHARACTERISTICS

How ‘strong’ is lightning? The data from Uman indicates that lightning strikes vary in current
(amperes) from 10,000 to 20,000 pesk (typical) to 200,000 amperes peak (maximum)®. Uman aso lists
the ‘bottom’ end of lightning strokes as having peak currents of 1,000 to 5,000 amperes'®. Mechanical
damage caused by heating is a function of current squared multiplied by time. Thus, the current is the
dominant factor in creating the melting of the gas tubing.

FIRE INVESTIGATION
As of October 2004, we have encountered 4 fires in which we believe that lightning damaged
CSST. We describe two of these fires here.

Firel

The fire occurred in the wood framed chimney space that had a metal chimney insert. CSST ran through
the chimney space to feed the gas igniter. Four perforations were found in the CSST, ranging in size from
a pinhole to a hole about 125 mils along its mgjor axis. A STRIKE FAX lightning report showed that 4
hits within 0.1 mile of the house were recorded™. Figure 3 shows 2 adjacent holes that were created in
the CSST.

Figure 3. Adjacent perforated holesin CSST from Fire 1

Fire2

The fire occurred in an expensive house (construction not finished) with a value in excess of 6 figures.
The house was a 2 story house, and plumbed with approximately 95% black pipe. Two runs of CSST,
each serving a fireplace, comprised the CSST piping in the house. A perforation with its major axis
measuring approximately 200 mils was found in one run of the CSST (Figure 4). An interview with a
neighbor confirmed that the audible and visua components of the strike were sensed simultaneoudy. A
positive lightning report was obtained, showing 11 strikes within 0.5 mile. Regrettably, the house was
razed before the investigation was complete. Figure 5 shows the failed CSST run to the fireplace.



Figure 4. Perforated CSST pipefrom Fire 2

Figure 5: CSST tied to Black Iron pipe from fireplace

DISCUSSION
It would be easy to list our findings as just ‘peculiarities and ‘vagaries of Mother Nature.’

Indeed, one of the CSST designers has stated that the phenomenon seems to be isolated to Frisco, Texas'™.
However, arecent article in the Journal of Light Construction outlines similar findings of an engineering
firm in the Midwestern US™. In a recent presentation the authors gave to a fire investigators group, we
found other fire investigators who have had similar fires in their jurisdictions.



The 'Frisco’ experience is noteworthy, and was in fact the impetus for our research. In short, the Frisco
(Texas) Fire Department noted a relationship between lightning and CSST fires. They thereafter sought to
ban CSST in. A report generated by the City of Frisco states that the continued use of CSST would not be
prudent™. In a newspaper article in the Dallas Morning News, a fair reading would show that the
resistance to the ban was brought about for reasons of economy™. We would, however, urge the reader to
obtain this article and draw his or her own conclusions.

As part of our research, we interviewed the Fire Department officials in Arlington, Texas. At the time of
our research, the FD in Arlington was aware of 4 firesin their jurisdiction where lightning caused CSST
failures'®. We aso reviewed a report issued by Donan Engineering, where again multiple fires were
described that involved Iightning and CSST. These extent of the fires reviewed were located in the
Midwestern United States'”.

One of the underlying issues with CSST isthat it is part of the grounding system. Purists will argue that
that gas piping is not to be used as a ground, and they are correct'®. In redlity, however, the gas piping
system is per se part of the grounding system, and this is recognized by the National Electric Code
(NEC)®™. Per the Fuel Gas Code, metalic gas piping is to be bonded to ground?®.

For reasons of electric shock prevention (and also elimination of sparks associated with static electricity),
it is desirable to have al exposed metal within a structure bonded so that there are no differences of
potential. Here, however, lies one area where applying DC circuit theory (or even 60 Hertz steady state
phasor theory) has limitations. Lightning energy is known to have fast wavefronts. Testing of devices for
transient responses has typically involved an 8/20 uSec pulse, as defined by the IEEE. Another
variation is the 10/350 uS pulse, as recommended by the IEC?*. While the reaction of large wires and
irregular surfaces is predictable at 60 Hertz, the fast wave fronts associated with lightning may cause
substantia problems with CSST, given its corrugated surface. Moreover, new house construction we have
observed has shown very tight bends and routing of CSST immediately adjacent to large grounded
surfaces. Testing of CSST under actua installed conditions using transient waveforms may well show
further limitations that conventional bonding and grounding cannot accommodate.

CURRENT TRENDS

One manufacturer (Omegaflex) has recognized the problems that lightning poses for CSST. In
response, Omegaflex has developed a jacketing material (the yellow polymer coating) that contains
conductive materials; the role of the conductor is to dissipate the charge over larger areas of metd,
thereby reducing current density and increasing chances for survival. Witnessed tests of the new materia
were described in the July 2004 Journal of Light Construction®. The reports indicate a much greater
tolerance for lightning.

Correspondence received from Foster-Miller indicates that Franklin lightning rod systems will protect
CSST from lightning insult**. However, we have not seen CSST-equipped houses being outfitted with
lightning rods. The same correspondence also shows that the CSST industry is becoming aware of the
problem, and will propose fixes to the other Codes (ie, NEC or Fuel Gas Code); no mention was made of
fixes to the standard LC1. A further item that should be mentioned is that Foster-Miller believes that the
problem does not exist in Florida, even though Florida is prone to substantial lightning activity; Foster-
Miller attributes this difference to greater adherence to lightning-related Code provisions (bonding,
grounding)®.



INVESTIGATING CSST FIRES

Investigation of a fire caused by CSST and lightning is a straght forward process. One of the
characteristics of CSST that makes this a smple investigation is the high melting point. Stainless stedl is
not prone to melt during a fire. If a hole is found in CSST, there is a good chance that the hole is from
electrical current. One would need to reasonably eliminate other sources of the leak, to include eutectic
melting (alloying) and mechanical damage. Microscopic work would be necessary to insure that the
orifice was created by an arcing condition. As with copper wire, one is looking for sharp delineations
between fused and non-fused areas. If there appear to be other metals present at the arc site, one should
conduct EDX (Energy Dispersive XRay) to see if the metal being examined is stainless, or if it has other
metals present (such as Cu, Zn, Al, Sn). If copper is present, one might reasonably attribute the problem
to an ongoing fire attacking both the CSST and nearby NM electrical wiring — when the NM faulted to the
CSST, a perforation was created. Figure 6 shows a photo taken under a scanning electron microscope
(SEM) of a section of CSST that failed when touched by an energized 120 VAC copper wire.

Figure 6. Hole caused by energized 120 VAC copper wire

To find holes, we recommend an instrumented leak test at ~ 77 WC air. One end of the CSST should be
plugged, and each hole sequentially plugged (modeling clay seems to work the best) until the CSST no
longer leaks. One of the holes we found in CSST was in an area of tubing where the polymer coating had
no pyrolysis (See Figure 7). Also, Figure 8 is a microscopic view of this smal lesk. Asin any fire
investigation, the leaks and subsequent flame development must support the area of origin, or the leaks
would appear to be of little consequence.



Figure 7. Photo of perforated CSST without pyrolysis

0.148”

Figure 8: Microscopic View of Perforated CSST

The Frisco Fire Department Report lists escaping gas from the end connectors during lightning events as
aso being possible sources of ignitior™. In a previous article written by one of the authors (MEG), this
very phenomenon was described on appliance connectors’’. The fact that a gas line fails at a connection
is no surprise, in that gas lines are chosen for mechanical integrity at their junctions, and not necessarily
electrical conductivity. Figure 9 shows the end of a failed appliance connector that has arced and caused a
fire due to dectrical current flow. We might expect to see similar manifestations with CSST at its

connectors.



Figure 9: Bottom and siderespective views of failed gas line from appliance connectors

In all of our investigations, we have obtained positive lightning reports via STRIKE FAX. The City of
Frisco, in their investigation, also made use of STRIKE FAX reports. We must state, however, that in our
opinion, the perforated gas line can normally stand on its own in terms of evidentiary value; we know of
no other phenomenon that would create a clean arced hole other than lightning. If a copper wire arced to
the stainless steel tubing, there should be copper remnants found. Likewise, the melting point of SS will
not be reached in most fires. While the lightning reports are useful, we would add that they might add ‘too
much’ information, if that is even possible. The reports list strike magnitude, polarity, distance, and time.
If there are multiple strikes, there is a question of which strike is causative. Likewisg, is it possible that
one strike induced multiple perforations? We are not certain that these additional questions can be
answered accurately, nor do we know to what extent these answers may be helpful. In the end, the CSST
failed from lightning, or it did not — we have not been concerned as to which of multiple strikes brought
on the failure.

In one of our fires, afield examination reveaed the hole in the CSST. The STRIKE FAX sent thereafter
to the O& C investigator was negative. And yet, a neighbor was awitness to the lightning. The request for
alightning report was re-submitted, and this time the report received was positive for lightning events at
the location. In this fire, the physical evidence was very clear and helped to serve as the basis for a
requesting a new lightning report.

We have not spoken of spoliation, but it is of course advisable that potential adverse parties be given
notice of ingpections if litigation is anticipated.

THE ULTIMATE QUESTION:

The ultimate question is whether or not CSST is safe as currently installed. We would offer initially that
there is one similar product that reminds us of CSST. Aluminum wiring was approved by the NEC and
by a recognized testing group — UL. Aluminum wiring was installed for reasons of economy, in that it
was less expensive than copper. Aluminum wiring was aso never adequately tested before being placed
on the market. We later learned about creep, dissmilar thermal coefficients of expansion, and the
insulating properties of oxidized aluminum. When adequate testing was conducted, it was realized that
aluminum had numerous problems not posed by copper. Wiring on the inside of houses and business is
now all copper, which does not pose the risks associated with aluminum,

In the case of CSST, we know of one manufacturer diligently trying to ater the product so as to prevent
losses. We are also aware of the industry proposing changes to codes so as to make CSST less of athreat
during lightning. These alterations, combined with mounting fire losses involving CSST and lightning,
would suggest that it has deficiencies. The underlying issue, however, is whether or CSST is as safe as
conventional black pipe. In this regard, reported fire losses indicate that it is not as safe as black pipe in



regards to the issue of lightning. While we cannot state that black pipe will never fail from lightning, we
have yet to see such afire.
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BY MARK GOODSON, PE AND GLENN
HARDIN, PE, DENTON, TEXAS—One
of the cardinal rules about fire
investigations is that an open
mind must be kept. We must
state, however, that we have a
difficult time in being com-
pletely open when investigating
fires believed to have been
caused by el ectric cooktops. Our
‘usual’ pre- investigation advice
to the client is to the effect that
the unit was probably left unat-
tended and thus caused the fire.
We can aso state that cooktops
with conventional ‘infinite’ con-
trols do not turn on by them-
selves. Outlined herein we show
how cooktops work, as well as
their modes of failure.

In analyzing acooktop, one
must first realize that this appli-
ance is unlike most other cook-
ing appliances. In aconventional
oven, the temperature is set, a recipe followed, and baking takes place
for a predetermined time. In this regard, an oven requires minimal at-
tention from the user. A cooktop, however, often requires much super-
vision, in that the user is part of a‘control’ and ‘feedback’ system. In
its simplest form, cooking is merely a heat transfer issue—it is desir-
ableto transfer sufficient heat flux Q to the mass of food such that the
mass will rise in temperature to a desired point. The variables, how-
ever, include:

Available heat from the burner

Mass and shape of the vessel (pot or pan)
Vessel material (copper, aluminum, stedl, iron)
Mass of food, as well as shape

Heat capacity of food

Amount of water present

Cooktop burner surface material

Rate of heat transfer from the burner.

When cooking, the user (chef) must consider all of these variables

(with some dependent upon others), and adjust the burner heat output
until the desired result is achieved. Thisisavery complex control sys-
tem, with the user providing feedback. Taste, smell, and visual sensa-
tions received by the chef allow him/her to adjust the cooktop setting
until the food is cooked properly—this is the feedback that is taking
place. If the cooktop is unattended and the burner is on low, the food
may never reach the right temperature—here, the
feedback system can be considered ‘ open’, but with
‘gain’ lessthan 1. Theresult isunder cooked food.
If the cooktop is unattended but the burner is too
high, the food will burn—here, we have open loop
(zero) feedback with gain greater than 1—such a
systemis ‘unstable’ (an engineering term) and re-
sultsin disaster. For both the engineer and non-en-
gineer, this long explanation is the reason that
cooktop knobs (unlike an oven) do not have tem-
perature settings present. Rather, the cooktop re-
lies on feedback (user attention and control) in or-
der to insure that the overall system works prop-
erly.

There are predominantly three types of elec-
tric cooktops in use—heater element, coiled hesat-
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ers, and halogen lighting (we ./
areignoring therareinductive
type of cooktop). The heater element is simply a metal tub-

ing (such as copper) that houses an insulator (typically Magnesium
Oxide (MgO) and aresistance heating wire such as nichrome. General
Electric invented this type of heating element, and it is often referred
toasa‘Cadrod;’ wewill refer toit asa‘ sheathed heating element.’ The
pot or pan sitsdirectly on these elements. These same types of sheathed
heating elements are also used on electric water heaters, in dishwash-
ers, and in hot tub heaters.

The next two types of cooktops often make use of aglass-ceramic
(Ceran®) that is made by the Schott company. The glass-ceramic is
very rugged, and is transparent to infrared energy. A coiled nichrome
wire heater or a halogen lamp is placed beneath the glass-ceramic in
each of the burner positions. When the element is powered, heat is
transferred upwards to the pan, and heating takes place. The desirabil-
ity of these Ceran® glass-ceramic types of cooktops comes from the
flat surface they present—they are easier to clean.

Regardless of the type of heating element, however, al of them
are typically controlled by what is known as an infinite control. The
infinite control isatwo polethermostat, and iscalled ‘infinite’ because
(in theory) there are an infinite number of settings between LOW and
HIGH—it is strictly a matter of how finely one can adjust the control

knob. Photo 1 shows a picture of
theinfinite control.

Theinfinite control hastwo sets
of contacts, one for each side of
the 120/240 VAC system (we are
assuming a 240 VAC cooktop).
The infinite control has a detent
system present, such that it must
be pushed in order to rotate and
turn ON. When turned on, one con-
tact set is closed, applying oneleg
of 120 VAC to the heating element.
The second set of contacts, how-
ever, are controlled by an interna
bimetallic element, which causes
the contact set to cycle off and on.
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Theratio of ON timeto (ON plus OFF time) isreferred to asthe ‘ duty
cycle” When multiplied by 100, we have the percentage duty cycle. In
its lowest setting, the infinite control may have the burner on for 1
second, and off for 9. The percentage duty cycle isthus 10 percent. If
the heating element is a 2200 watt element (as an example), the ele-
ment is ‘transformed’ into a 220 watt element. At 100 percent duty
cycle, the 2200 watt element will provide 2200 watts of power.

The on/off cycle is adjusted by changing the mechanical biasin
the infinite control. The infinite control generates heat internally pro-
portional to current flow. Photo 2 shows (by way of athermogram) the
internal heat generated by the infinite control. The heat is what causes
the bimetallic element to cycle the control off and on. Photo 3 shows
the two sets of contacts, with the ‘fixed' contact being on the left hand
side and the cycling contact being on the right hand side. With the con-
trol on fully HIGH, the cycling contact will not cycle but will be fully
ON.

Wattages on the heating elements vary be-
tween about 1500 watts for small elements, and
2500 watts for large ones. Bosch has a cooktop that has five elements,
as follows: 1200, 1500, 1700, 1900, and 2500.t The sum of all these
wattages (8800 watts) would require about 37 amperes if each burner
were fully ON.

Energy efficiency among various types of cooktops has been de-
termined as follows:

Induction 90%
Halogen 58%
Electric 47%
Gas 49%?

The appliance industry has several standards that are useful. The
reader is referred to the following:

UL 858—Household Electric Ranges

ASTM F1521—Standard Test Methodsfor Performance of Range
Tops

BSEN 60335-1—Household and Similar Electrical Appliances—
Safety.

There is also a ‘black wall’ test used in Europe, outlined in
EN60335-2-6.% For this test, the wattage of a rear burner is increased
by 24 percent over nominal by increasing the voltage to the element.
Thereafter, the temperature is measured on ablack wall located imme-
diately behind the burner. Obviously, ‘drop-in’ type cooktops are of
particular interest here, with the rear burners being key. Per this stan-
dard, atemperaturerise of 150° K (270 R) isallowed on the black wall
behind the cooktop.

Note that absent in our discussion of cooktopsisthe answer to the
question, “How hot doesit get?’ Whilethis seemsto bealogical ques-
tion, the answer isvery dependent upon the ‘loading’ on the cooktop—
what is present to take the heat from the burner. Because pots and pans
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are so varied, and likewise their contents, temperature measurements
of an open burner are not very helpful.

We outline herefailure modes and ways of diagnosing a cooktop
fire.

The ‘usua’ claim that we have heard is that the cooktop somehow
turned itself ON. Mechanically, we have never seen this happen in
analyzing about 80 electric cooktop fires or ‘thermal events.’ (A ther-
mal event iswhat occurs when there isthermal damage and pyrolysis,
but no true firein the sense of flame being produced or self sustaining
chemical reaction taking place) The controlson cooktopsall have‘flats
ontheir shafts, suchthat it iseasy to seeif all the 4 controls'lineup’ or
if one (or several) arein the ON position. We make it a practice when
examining a cooktop to first mark the shaft position of each control
with a paint marker. If the control
housings (thermoset plastic) are de-
stroyed, it is still possible in many
casesto find theflat and how it lines
up. Another technique is to look at
the contact faces—if the faces are
well covered with soot, but have
bare spots in the center, it appears
asif thefacesweretouching and the
controls ON.

We have on two occasions seen
instances where unattended sim-
mering was taking place, but afire
still resulted. In both of these cases,
the‘cycling’ contacted welded itself
to its mate, resulting in a roughly

10 percent duty cycle jumping to 100 percent. These cases are easy to
diagnose, but the manufacturer of the stove and/or control should be
present when the control isdisassembled. Thereis, of course, ahuman
factors question present here—should the stove have been left unat-
tended? The same question can be asked a different way: Isit reason-
able for a person to put a large pot of stew on ssmmer for the day
without having to constantly check on it to see if the control failed?
Reasonable persons can disagree on these issues.

Occasionaly, a cooktop is so badly damaged that the controls
yield nothing meaningful when examined. At thispoint, it is necessary
to examine the pairs of wires that run to each burner. The wires are
covered with a high temperature fabric (glass) insulation. The insula-
tion is very rugged, and not prone to failure in the same manner as
common PV Cis. If wiring on theload side of controls showsarcing, it
is reasonabl e to assume that the wire was energized and thus the con-
trols were ON. We have never seen this type of wiring fail from nor-
mal use and cause afire by arcing. The reader will readily appreciate,
however, that many cooktops are laden with greasein the control area,
and thus such afireis not out of the realm of possibilities.

In examining the phantom issue, the ‘thermal event’ is easy to
analyze. For the thermal event, there is no self sustenance of an exo-
thermic chemical reaction; rather, the heat continues to flow from the
burner. Ergo, the destruction of combustibleswill be seento bearesult
of heat from the burner. A pot may melt, nearby control knobs may
melt, or a cooking mitten may heat up and smolder; regardless, the
damage will al point back to the burn as the heat source.

When atruefiretakes place, analysisis much more difficult—did
items (combustibles) degrade from heat from the fire or heat from the
cooktop? In investigating the cooktop fire, one must identify the first
combustibleignited. I dentifying thisfirst combustible may tell whether
the problem isaresult of human error (someone | eft apaper bag on the
hot cooktop) or a control problem—the control stuck in the HIGH
position and ignited a rear wall.
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In regards to sheathed heating element failures (Calrod type failures),
we should note that we have never seen a sheathed heating element fail
(melt) from afire—this includes heating elements from cooktops, ov-
ens, commercia coffee makers, and hot tubs. Conversely, every in-
stance in which we have found a failed sheathed heating element we
havefound afire or thermal event. (Note: we are specifically excluding
here failures caused by

corrosion, such asin a

water heater) The MgO

has a melting point of

4100° F, the NiCr has a

melting point of 2552° F,

and the copper sheath a

melting point of 1980° F.

These MPs are high

enough that most fires

will never causethe heat-

ing element any harm—

after al, the heating ele-

ments were intended for

high temperature genera-

tion. Photo 4 showsapor-

tion of afailed sheathed type element—note the arcing that is present.
When these elements fail, a fire is brought about by the spewing of
molten products onto combustibles.

The glass cooktops we have tested all show very localized heating.

That is to say, a burner that is ON and serves the right rear burner

position is not going to ignite a rag or cloth accidentally left on the

right front burner. Photo 5 shows a thermogram of a cooktop with the

left rear and right front burners on HIGH, and the other two burners

OFF. It isobviousthat thereislittle heat conduction to adjacent burner
sights.

Thepractical experi-
ence that we have
had with Schott
brand  (Ceran®)
glass-ceramic has
been very positive.
In cooktopswe have
used, we have never
experienced abreak-
age problem. The
glass is capable of
effectively transmit-
ting light, and must
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beimperviousto fractures caused by differential expansion from spill-
ing liquids. When a pot boils over, it is not acceptable for the glass
cooktop to shatter. Similarly, it israrethat al 4 burnerswill be on and/
or set at the same power setting, once again creating large heat differ-
entialsontheglass. Per the Schott website, thermal expansion of Ceran®
type glass-ceramic (made by Schott) isalmost zero. Likewise, the heat
loss of Ceran® is also very low. All of these factors work together to
establish that afire caused by a shattering glass cooktopisa
rare event. We have seen a ‘thermal event’ on only one oc-
casion from Ceran® glass-ceramic. The cooktop wasin use,
and the glass shattered. The glass particles landed on anin-
door/outdoor type of carpet, bringing about thermal degra-
dation (melting and smoking) but no fire.

There should be no ‘wire nutted’ connections on a cooktop,
other than at the incoming power connections. The pres-
enceof other connections possibly indicates repairs or modi-
fications. Overheating connections are beyond the scope of
this paper, but the experienced engineer should have little
difficulty in diagnosing them.

We have presented here the ‘common’ types of failures. Engi-
neering examination of the controls will usually show that human er-
ror isinvolved with the fires or thermal events. The designs of these
cooktops, from a fire standpoint, is such that misuse is much more
likely that cause of afire than isamalfunction.
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ABSTRACT

Corrugated Stainless Steel Tubing (CSST) represents a relatively new technology for
delivering fuel gas within a residential or commercial structure. The main benefit of CSST is
brought about by a savings in installation time, relative to black pipe. However, the flexible thin
walls of CSST also present a problem in terms of the propensity of CSST to fail when exposed to
electrical insult, particularly lightning. We outline here the some of the theoretical basis for
CSST failures caused by lightning, as well as investigative techniques to be used when
examining a fire scene.

INTRODUCTION TO CSST

Corrugated Stainless Steel Tubing (CSST) is a relatively new building product, and is used to
plumb structures for fuel gas in lieu of conventional black pipe. The advantages that are offered include a
lack of connections and a lack of threading - in essence, it is a material that results in substantial labor
savings (relative to black pipe). CSST is recognized by ANSI / IAS LC-1 -1997' CSST consists of
stainless steel corrugated tubing that is sheathed by a polymer conformal coating. Each manufacturer
seems to have a proprietary system for achieving couplings / connections, but in general, the CSST (in
that it conforms to ANSI LC-1) can be thought of as a commaodity.

The authors have investigated several fires wherein CSST has failed when damaged by lightning. We
outline here the theoretical issues regarding CSST, as well as results of fires we have investigated.

CSST DEVELOPMENT

The introduction of CSST into the United States was brought about by a firm called Foster-
Miller. This engineering firm developed CSST as an alternate to black pipe. Our own reading of various
pieces of literature shows that the driving issue is one of economy?. However, we caution the reader to
review the literature and draw his / her own conclusions. CSST is made by 6 manufacturers, and each
manufacturer requires a potential installer to take a several hour installation course. The installation
courses are required as part of ANSI LC-1, and are an attempt to insure only qualified installers make use
of CSST®. This arrangement will likewise prevent CSST from being available at home improvement
stores.

CSST was first recognized by the NFPA in the Fuel Gas Code (NFPA 54) in 1988°. The IAPMO finally
approved CSST in 2003°. It is interesting to note that in 2000, the IAPMO rejected CSST for reasons of
safety®. The Foster-Miller documentation submitted in 2000 to the IAPMO states that there had been 50
million feet of CSST installed without one reported failure’. Now that there have been numerous reported
failures, IAPMO action on CSST will be of interest.



In analyzing CSST, it is important to note that we can find no evidence of testing for lightning resistance
during product development. The NFPA has stated that when CSST was first considered in 1988,
lightning was given no consideration’.

CSST UTILIZATION

CSST is different from black pipe, in a number of ways. On a CSST system, gas enters a house at
about 2 psi, and is dropped to ~ 7” WC by a regulator in the attic (we are assuming a natural gas system).
The gas then enters a manifold and is distributed via “home runs’ to each separate appliance. Unlike black
pipe, a CSST system requires one separate run for each appliance. (See Figure 1 for a typical manifold)
As an example, a large furnace and 2 water heaters in a utility closet will require 3 separate CSST runs;
with black pipe, the plumber may have just used 1 run of 1” pipe and then teed off in the utility room.
The reality of this design is that now there is a tubing system carrying 2 psi of NG in part of the residence;
in addition, the requirement of one home run per appliance increases dramatically the number of feet of
piping in a building.

Figure 1: Manifold and regulator leads of CSST setup

CSST is sold in spools of hundreds of feet, and is cut to length in the field for each run. In this regard,
CSST has no splices / joints behind walls that might fail. CSST can be identified by its bright yellow
jacket. Test pressures are higher for CSST than black pipe, and the industry touts this as a selling point;
we find this somewhat of a ‘red herring’. We know of no need to increase the Factor of Safety (FS) for
black pipe — pipe tested at 20 psi and carrying 7 WC has provided satisfactory services for years. CSST
does offer an advantage over black pipe in terms of structural shifts; with black pipe systems, the
accommaodations for vibrations and / or structural shifts are handled by appliance connectors.

THEORETICAL CALCULATIONS

CSST is extremely thin, with walls typically less than 10 mils in thickness. This lack of mass,
necessitated by the desire for easy routing of the tubing, has resulted in a material that is easily punched
through by electricity. Once the tubing has been perforated, it is possible for the escaping gas to be ignited
by the metallic by-products of the arcing process, by auto-ignition, or by adjacent open flames.

The theoretical energy level required to melt a specimen can be compared by using both heat capacity and
melting temperature. The heat capacity is the amount of heat needed to raise the temperature of either
sample one degree Celsius. Changing the temperature from an initial temperature to the melting
temperature requires the heat capacity to equal:



g=C>m>DT_ + mxH, 1]

where C is the specific heat, H; is the heat of fusion, m is the mass of the specimen, and DT , is the change
in temperature from the initial temperature to the melting temperature.

Our own field data indicates that lightning damage to black pipe is sometimes so small that it is often only
visible with microscopic analysis and limited to a small pit that does not leak; lightning strikes involving
CSST create leaks that vary from pinhead size to almost ¥4” “orifices.” For comparison sake we show the
heat capacity for equivalent sized holes in specimens of black iron, CSST, aluminum, and copper tubing.
Table 1 lists the relevant properties for all four samples.

TABLE 1
Material C(BTUIbF) Tm(°F) H(BTU/b Density (Ib/in°) \wall thickness (in)
CSST (304) %" OD 0.119 2589 128.7 0.285 0.008
Black Iron Pipe %" OD 0.116 2575 122.7 0.284 0.12
Aluminum Tubing %" OD 0.21 1166 167.3 0.098 0.035
Copper Tubing %" OD 0.092 1981 88.05 0.323 0.04

For an equivalent 100 mil diameter hole, we can derive theoretical values for heat capacity based on the
aforementioned equation.

Figure 2 is a plot of the respective values for each material It is clear from

Figure 2 that the amount of energy to create a 100 mil diameter hole is much larger for black iron pipe
then for any of the other three specimens. Thus we can now see why the thickness of the pipe plays such
a critical role. In fact for this particular case, the amount of energy for a conventional %2” black pipe will

require ~15 times the energy that would be required to similarly melt CSST,  ~10 times the energy for
aluminum, and ~5 times the energy for copper.
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Figure 2: Comparison of heat capacity for 100 mil diameter hole in CSST, Aluminum Copper &
Black Iron






LIGHTNING CHARACTERISTICS

How ‘strong’ is lightning? The data from Uman indicates that lightning strikes vary in current
(amperes) from 10,000 to 20,000 peak (typical) to 200,000 amperes peak (maximum)®. Uman also lists
the ‘bottom’ end of lightning strokes as having peak currents of 1,000 to 5,000 amperes™. Mechanical
damage caused by heating is a function of current squared multiplied by time. Thus, the current is the
dominant factor in creating the melting of the gas tubing.

FIRE INVESTIGATION
As of October 2004, we have encountered 4 fires in which we believe that lightning damaged
CSST. We describe two of these fires here.

Firel

The fire occurred in the wood framed chimney space that had a metal chimney insert. CSST ran through
the chimney space to feed the gas igniter. Four perforations were found in the CSST, ranging in size from
a pinhole to a hole about 125 mils along its major axis. A STRIKE FAX lightning report showed that 4
hits within 0.1 mile of the house were recorded™. Figure 3 shows 2 adjacent holes that were created in
the CSST.

Figure 3: Adjacent perforated holes in CSST from Fire 1

Fire 2

The fire occurred in an expensive house (construction not finished) with a value in excess of 6 figures.
The house was a 2 story house, and plumbed with approximately 95% black pipe. Two runs of CSST,
each serving a fireplace, comprised the CSST piping in the house. A perforation with its major axis
measuring approximately 200 mils was found in one run of the CSST (Figure 4). An interview with a
neighbor confirmed that the audible and visual components of the strike were sensed simultaneously. A
positive lightning report was obtained, showing 11 strikes within 0.5 mile. Regrettably, the house was
razed before the investigation was complete. Figure 5 shows the failed CSST run to the fireplace.



Figure 4. Perforated CSST pipe from Fire 2

Figure 5: CSST tied to Black Iron pipe from fireplace

DISCUSSION
It would be easy to list our findings as just ‘peculiarities’ and ‘vagaries of Mother Nature.’

Indeed, one of the CSST designers has stated that the phenomenon seems to be isolated to Frisco, Texas"”
However, a recent article in the Journal of Light Construction outlines similar findings of an engineering
firm in the Midwestern US™. In a recent presentation the authors gave to a fire investigators group, we

found other fire investigators who have had similar fires in their jurisdictions.



The “Frisco’ experience is noteworthy, and was in fact the impetus for our research. In short, the Frisco
(Texas) Fire Department noted a relationship between lightning and CSST fires. They thereafter sought to
ban CSST in. A report generated by the City of Frisco states that the continued use of CSST would not be
prudent™. In a newspaper article in the Dallas Morning News, a fair reading would show that the
resistance to the ban was brought about for reasons of economy™. We would, however, urge the reader to
obtain this article and draw his or her own conclusions.

As part of our research, we interviewed the Fire Department officials in Arlington, Texas. At the time of
our research, the FD in Arlington was aware of 4 fires in their jurisdiction where lightning caused CSST
failures'®. We also reviewed a report issued by Donan Engineering, where again multiple fires were
described that involved Iightning and CSST. These extent of the fires reviewed were located in the
Midwestern United States'”.

One of the underlying issues with CSST is that it is part of the grounding system. Purists will argue that
that gas piping is not to be used as a ground, and they are correct'®. In reality, however, the gas piping
system is per se part of the grounding system, and this is recognized by the National Electric Code
(NEC)®. Per the Fuel Gas Code, metallic gas piping is to be bonded to ground®.

For reasons of electric shock prevention (and also elimination of sparks associated with static electricity),
it is desirable to have all exposed metal within a structure bonded so that there are no differences of
potential. Here, however, lies one area where applying DC circuit theory (or even 60 Hertz steady state
phasor theory) has limitations. Lightning energy is known to have fast wavefronts. Testing of devices for
transient responses has typically involved an 8/20 uSec pulse, as defined by the IEEE*'. Another
variation is the 10/350 uS pulse, as recommended by the IEC**. While the reaction of large wires and
irregular surfaces is predictable at 60 Hertz, the fast wave fronts associated with lightning may cause
substantial problems with CSST, given its corrugated surface. Moreover, new house construction we have
observed has shown very tight bends and routing of CSST immediately adjacent to large grounded
surfaces. Testing of CSST under actual installed conditions using transient waveforms may well show
further limitations that conventional bonding and grounding cannot accommodate.

CURRENT TRENDS

One manufacturer (Omegaflex) has recognized the problems that lightning poses for CSST. In
response, Omegaflex has developed a jacketing material (the yellow polymer coating) that contains
conductive materials; the role of the conductor is to dissipate the charge over larger areas of metal,
thereby reducing current density and increasing chances for survival. Witnessed tests of the new material
were described in the July 2004 Journal of Light Construction. The reports indicate a much greater
tolerance for lightning.

Correspondence received from Foster-Miller indicates that Franklin lightning rod systems will protect
CSST from lightning insult**. However, we have not seen CSST-equipped houses being outfitted with
lightning rods. The same correspondence also shows that the CSST industry is becoming aware of the
problem, and will propose fixes to the other Codes (ie, NEC or Fuel Gas Code); no mention was made of
fixes to the standard LC1. A further item that should be mentioned is that Foster-Miller believes that the
problem does not exist in Florida, even though Florida is prone to substantial lightning activity; Foster-
Miller attributes this difference to greater adherence to lightning-related Code provisions (bonding,
grounding) .



INVESTIGATING CSST FIRES

Investigation of a fire caused by CSST and lightning is a straght forward process. One of the
characteristics of CSST that makes this a simple investigation is the high melting point. Stainless steel is
not prone to melt during a fire. If a hole is found in CSST, there is a good chance that the hole is from
electrical current. One would need to reasonably eliminate other sources of the leak, to include eutectic
melting (alloying) and mechanical damage. Microscopic work would be necessary to insure that the
orifice was created by an arcing condition. As with copper wire, one is looking for sharp delineations
between fused and non-fused areas. If there appear to be other metals present at the arc site, one should
conduct EDX (Energy Dispersive XRay) to see if the metal being examined is stainless, or if it has other
metals present (such as Cu, Zn, Al, Sn). If copper is present, one might reasonably attribute the problem
to an ongoing fire attacking both the CSST and nearby NM electrical wiring — when the NM faulted to the
CSST, a perforation was created. Figure 6 shows a photo taken under a scanning electron microscope
(SEM) of a section of CSST that failed when touched by an energized 120 VAC copper wire.

Figure 6: Hole caused by energized 120 VAC copper wire

To find holes, we recommend an instrumented leak test at ~ 7 WC air. One end of the CSST should be
plugged, and each hole sequentially plugged (modeling clay seems to work the best) until the CSST no
longer leaks. One of the holes we found in CSST was in an area of tubing where the polymer coating had
no pyrolysis (See Figure 7). Also, Figure 8 is a microscopic view of this small leak. As in any fire
investigation, the leaks and subsequent flame development must support the area of origin, or the leaks
would appear to be of little consequence.



Figure 7: Photo of perforated CSST without pyrolysis

0.148”

Figure 8: Microscopic View of Perforated CSST

The Frisco Fire Department Report lists escaping gas from the end connectors during lightning events as
also being possible sources of ignition®®. In a previous article written by one of the authors (MEG), this
very phenomenon was described on appliance connectors>’. The fact that a gas line fails at a connection
is no surprise, in that gas lines are chosen for mechanical integrity at their junctions, and not necessarily
electrical conductivity. Figure 9 shows the end of a failed appliance connector that has arced and caused a
fire due to electrical current flow. We might expect to see similar manifestations with CSST at its
connectors.



Figure 9: Bottom and side respective views of failed gas line from appliance connectors

In all of our investigations, we have obtained positive lightning reports via STRIKE FAX. The City of
Frisco, in their investigation, also made use of STRIKE FAX reports. We must state, however, that in our
opinion, the perforated gas line can normally stand on its own in terms of evidentiary value; we know of
no other phenomenon that would create a clean arced hole other than lightning. If a copper wire arced to
the stainless steel tubing, there should be copper remnants found. Likewise, the melting point of SS will
not be reached in most fires. While the lightning reports are useful, we would add that they might add ‘too
much’ information, if that is even possible. The reports list strike magnitude, polarity, distance, and time.
If there are multiple strikes, there is a question of which strike is causative. Likewise, is it possible that
one strike induced multiple perforations? We are not certain that these additional questions can be
answered accurately, nor do we know to what extent these answers may be helpful. In the end, the CSST
failed from lightning, or it did not — we have not been concerned as to which of multiple strikes brought
on the failure.

In one of our fires, a field examination revealed the hole in the CSST. The STRIKE FAX sent thereafter
to the O&C investigator was negative. And yet, a neighbor was a witness to the lightning. The request for
a lightning report was re-submitted, and this time the report received was positive for lightning events at
the location. In this fire, the physical evidence was very clear and helped to serve as the basis for a
requesting a new lightning report.

We have not spoken of spoliation, but it is of course advisable that potential adverse parties be given
notice of inspections if litigation is anticipated.

THE ULTIMATE QUESTION:

The ultimate question is whether or not CSST is safe as currently installed. We would offer initially that
there is one similar product that reminds us of CSST. Aluminum wiring was approved by the NEC and
by a recognized testing group — UL. Aluminum wiring was installed for reasons of economy, in that it
was less expensive than copper. Aluminum wiring was also never adequately tested before being placed
on the market. We later learned about creep, dissimilar thermal coefficients of expansion, and the
insulating properties of oxidized aluminum. When adequate testing was conducted, it was realized that
aluminum had numerous problems not posed by copper. Wiring on the inside of houses and business is
now all copper, which does not pose the risks associated with aluminum,

In the case of CSST, we know of one manufacturer diligently trying to alter the product so as to prevent
losses. We are also aware of the industry proposing changes to codes so as to make CSST less of a threat
during lightning. These alterations, combined with mounting fire losses involving CSST and lightning,
would suggest that it has deficiencies. The underlying issue, however, is whether or CSST is as safe as
conventional black pipe. In this regard, reported fire losses indicate that it is not as safe as black pipe in



regards to the issue of lightning. While we cannot state that black pipe will never fail from lightning, we
have yet to see such a fire.
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