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ABSTRACT

Rail car components recovered from the train involved in the July 18, 2001, Howard Street
Tunnel, Baltimore, Maryland, train derailment and fire were used to estimate the fire duration
and temperatures achieved by the components. Steel samples including sections of the box car
panels and a bolt from an air brake assembly were analyzed using standard metallurgical
methods to determine oxide layer thickness and the amount of metal lost as a resuit of the
elevated temperature exposure. Aluminum alloy air brake valve assemblies, which melted as a
consequence of the fire, were analyzed using a heat transfer model.

Analyses of the recovered components suggest the surface temperature of the steel reached
700 to 850 °C [1,292 to 1,562 °F] assuming an exposure time of 4 hours at the elevated

_ temperatures. Independent assessment of fire duration could not be obtained from the steel
components because the oxide-scale thickness and metal loss are dependent on both time and
temperature. Several limitations to the assessment of temperature were noted including the

effects of oxide-scale spalling and post-fire atmospheric exposure for a period of more
than 1 year.

Thermal analysis of the aluminum air brake valve body located approximately 10 m [33 ft] from
the fire (at the brake end of Car 52) indicated melting occurred early in the fire event, and the
temperature achieved by this component was at least 600 °C [1,112 °F]. A similar aluminum
cover located at approximately 20 m [66 ft] from the fire (at the mid-point of Car 51) was only
“partially melted indicating its temperature may have reached 600 °C [1,112 °F] for a limited time,
where an aluminum cover located approximately 30 m [98 ft] away from the spill site (at the
brake end of Car 53) did not show signs of melting from the fire exposure. This temperature
profile indicating a decrease in exposure temperature with distance away from the spill site was
further substantiated by the lack of damage to other components, such as railcar exterior paint.

The analyses conducted suggest the temperatures achieved by materials present in a confined
space fire are strongly dependent on the proximity of the component of interest to the fire
source. Gas temperatures near the fire source were likely in excess of 800 °C [1,472 °F] for
more than 30 minutes, and the reactions of components in this region were likely influenced by
the direct radiation from the fire. At a distance of approximately 20 m [66 ft] from the fuel
source, where the dominant mode of heat transfer was convection, the exposure was capable of
generating surface temperatures as high as 600 °C [1,112 °F], however, only for a much

shorter duration.
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1 INTRODUCTION

On July 18, 2001, a 60-car train, carrying flammable liquids, corrosive acids, paper products,
and other commaodities, derailed while passing through the Howard Street Tunnel in Baltimore,

Maryland. This incident derailed 11 cars, Cars 46 through 56, while on an upward slope of
approximately 0.8 percent.

The derailment caused structural damage to Car 52, carrying approximately 106,000 L
[28,000 gal] tripropylene, puncturing the base of the tank and initiating a fuel spill. A fire
ensued, which burned freely for 3 hours. After approximately 3 hours into the event, a water
main ruptured above the tunnel, introducing cooling water to the tunnel.

On August 27, 2002, the U.S. Nuclear Regulatory Commission (NRC) directed the Center for
-Nuclear Waste Regulatory Analyses to support the NRC and the National Transportation Safety
Board in Washington, DC, to review and analyze the information obtained from the site visit of
the stored, fire damaged cars from the Baltimore tunnel accident. Information obtained from the
site visit and specimens from the rail cars were analyzed to estimate the duration of exposure

and temperatures achieved by the fire-damaged cars. The objectives and scope of work
discussed in this report are based on this directive.
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2 OBJECTIVES AND SCOPE OF WORK

The goal of the project was to compile forensic evidence about the materials damaged during
the tunnel fire and to use engineering methods to gain insight into the thermal environment the
materials experienced during the fire. An estimation of the thermal environment at
approximately 20 m [66 ft] on each side of the fire source will also be provided.

The thermal environment is defined by a teinperature—time history. Two analyses needed to be
conducted to establish this history.

Establish a Rough Temperature Achieved by Samples—Determine the rough-temperature
profile by analyzing the phase change in materials collected from the site. These data will
indicate the maximum temperatures achieved and may give a rough estimation of the duration.
The source of such data is the metallurgical analysis of the exposed steel and aluminum
components in the vicinity of the fire.

Predict the Duration—Correlate the rough-temperature history gained by metallurgical analysis
to physical observations (e.g., melting). Using heat transfer equations and metallurgical
analysis to estimate of temperature, the predicted thermal environment can be imposed on the
sample to determine whether damage, consistent with the damage observed, could have been
caused by the exposure. In this case, the predictor will be the total phase change (melting) of a
die-cast aluminum cover plate.

The analysis was focused on the vicinity of the tripropylene car before the water introduction
because the thermal environment conditions are assumed to have been the worst. Analyses of
the fire environment were directed, specifically, to the fire environment surrounding three air
brake valve assemblies in the vicinity of the spilled tripropylene.

The prediction of the thermal environment in the vicinity of the air brake valve served to provide
a better estimate for the thermal environment in the zones of interest {15-20 m [49-66 fi] to
either side of a presumed spill site}. Data in the vicinity of the air brake valves were
extrapolated to other zones of interest, because there was no readily observable evidence of
the thermal environment in these areas (e.g., no distinct melting, charring, or obvious
deformation).



3 SAMPLES COLLECTED

Several samples were collected from the site. Samples were chosen because of their proximity
to the fire source and their level of damage.

These matenals mciuded SR ;;;; P

‘,x

Steel Scale, Taken from the Brake End of Car 51—Th|s location was adjacent to the brake
end of Car 52 and was approxnmately 10—12 m [33-39 ft] uphill from the fire source.

Section of Roof Plate from Car 50—The steel sectlon was taken from the roof of Car 50
because this location was the’ source of a substantlal secondary fire as a resuilt of the
prolonged paper ﬁre }_ el T AT - 4}_ -

P P
T e T - RPN

Remainder of ABDX—L Air Brake Valve from Car 52—Th|s air brake valve exhibited evidence
of prolonged fire exposure "_The valve includes several die-cast aluminum covers, which had
completely | melted as'aresult of the fire. The valve was found approxrmately 10 m [33 fi] uphlll
from the Splll site and approximately 1 m [3.3 ft] from the tunnel floor. A similar valve assembly
was found at the mldpomt of Car 51, approximately 20 m [66 fi] uphill from the fire source.’ .
Although' the exact model type was not determined, the valve cover was clearly from the same
family of products and was assumed to be composed of the same aluminum alloy.. A third air _
brake valve was found approxlmately 30 m [1 00 ft] from the spill site, and analyzed ‘f i

£ - 1-‘ o P

~ - -3

Exposed Bolts Remalning on A|r Brake Valve Assembly—The boits used to hold the ‘j
die-cast alummum covers were retrleved for subsequent analys:s ’
Sand Sample Adhered to the Base of Rail #44—Rail #44 (as |dent|ﬁed by Natlonal e
Transportation  Safety Board) was in the vicinity of the derailment and the fire 'source. “The "< ~
sand sample was taken from the south face of the track. The sand was of interest because it
had exhibited some form of phase change, which transformed it from a powder to- a m g
consolldated mass. . T

P

rTr -..'l

New ABDX-L Air Brake Valve Cover and Attaching Bolts—A new valve cover and mountmg
hardware were provuded by the manufacturer Wabtec. -

" 4 . g

<3 {: Valve Assembly “{_};
The valve assembly found on Car 52 was |dent|f ed as an ABDX-L. valve “The valve assembly

located on Car 51'was also assumed to be an ABD valve assembly ‘A complete ABDX—L valve
assembly is shown in Figure 3-1. { . -
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Figure 3-1. The ABDX-L Control Valve (Clockwise from Top: Valve chematic, Rhotog(aph of Damaged Valve on

Car 52, Corresponding Outline of the Valve Body) |

This drawing is reprinted with the permission of Westinghouse Air Brake Technologies Corporation (Wabtgc); further reproduction without consent is strictly
prohibited. Wabtec makes no representations or warranties with regard to the accuracy or completeness of the drawing.
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Samples Collected

The standard ABDX-L-style valve consists of a normal service valve and an emergency valve.

For this anaIysrs the damage observed on the servrce portron of the valve was analyzed (see
Figure 3—2) .

The pnmary area of interest in the analysrs was the alummum alloy cover over the release valve
in the service portion of the valve assembly 'shown in  Figure 3-2. The location of the cover is
marked by the four bolts remaining on one srde of the valve and the assocrated

aluminum resrdue : >

The following assumptions were made regardrng the alummum component based on:

observations made during the site visit and photographrc documentatlon of the rarl cars after
the accrdent ] S SR BTN

Dlmensrons‘ ;. 127mm[5in] drameter 35.4 rmm [1 |n] thick ‘ , T

Heat Transfer Area “Circumference and one side 228 cm? [35 m’] 'vj PN
Volume: i":: < Assuming full depth of 322 cm’ [20 m’] s
Onentatron . Vertical = U

e - 2 rves ST SR

3.2 Valve Materials * T SO 5“1}_‘
As stated by the manufacturer the alumlnum cover plate is composed of ASTM B 85-99

Alloy 360.  Itis assumed that the alloy is an aluminum-silicon alloy, the properties for which are
common for a range of alloy composrtlons The alloy has the followmg propertres

PR

(Holman, 1990) . 3_?3,: R A
Thermal Conductlvrty ®:  ATTWmK ' !
Density (p): - - 2,707 kg/m?

Specific Heat o 0.892 kJ/kg K

Melting Temperature: 600 "C [873 K] RN

3.3 - Steel Samples

'.-r( © e

Samples were taken from Car 51 (scale), the air brake valve of Car 52 (bolt shown in

Figure 3-2) and the roof of Car 50. Samples from the roof panel of Car 50 and the bolt from the
airbrake valve of Car 52 were cut from their respective pieces using a low-speed saw. Care
was taken not to drsturb or heat the oxide scales on these samples P

3.4

Tvm.u,'*r"
X

Sand Samples

)’ ﬁf‘.

Samples of sand were taken from the Howard*Street Tunnel away from the proximity of the fire

as well as sand that was adhered to the base of Rarl #44 i

d

'Dlmensionsséaled from Wabtec Drawing. ABDX-L. Wabtec. Wilmerding, Pennsylvania: 2001.
L
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Figure 3-2. ABDX-L Service Portion Outline and Photograph

This drawing is reprinted with the permission of Westinghouse Alr Brake Technologies Corporation (Wabtec); further reproduction without consent Is strictly
prohibited. Wabtec makes no representations or warranties with regard to the accuracy or completeness of the drawing.
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4 METALLURGICAL ANALYSES T
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Metallurgical analyses were performed on 1 each of the samples described in Sectron 3. The
analytical methods were selected to identify the phases present, determine the composition of
the phases, and where appropnate measure |mportant dimensions of the components. Results
of the metaliurgical analyses were compared to publrshed properties for each of the materials,
and an estimate of the thermal conditions required to produce these phase changes i

was derived. T T e e e T T L. F

- -3

4.1 Analy5|s Method - . -~
Sand samples collected from the Howard Street Tunnel and oxides on the steel specrmens
were analyzed using x-ray diffraction and Raman spectroscopy. In addition, specrmens were
mounted in epoxy and cross sectroned for metallurgical analyses. The cross-sectroned
specrmens were examined using both an optical microscope and a scanning electron
microscope with an energy dispersive spectrometer.
T
Estimations of component temperature and fire duration were made by assessrng the extent of
iron oxidation and metal loss.- Oxidation of iron and carbon steels’is dependent on temperature.
At temperatures as high as 1,600 °C [2,912 °F],'both’ magnetrte (Fe,0,) and hematite (a—Fe,0,)
are stable (Larose and Rapp, 1997). Wustite (Fe,_,O) is stable in the temperature range of 567
to 1,400 °C [1,052 to"2,552 °F]. Wustite formed at elevated temperatures is not stable at lower
temperatures and is transformed to Fe +. Fe,0,:=The rate of oxidation is also’dependent on
temperature. At a temperature of 250 °C [482 °F] or greater, the oxide on iron and steels grows

at a parabolic rate (Szlarska-Smialowska and Jurek, 1976; Runk and Kim, 1970). The thickness

of the oxide scale, X, is a function of time according to Eq. (4-1)

_ X2=k t, ¢S]

O T T - s — . P — -
I

where k, is the rate constant and tis tlme A srmrlar expressron can be used to determrne the
metal recessron rate as a consequence of oxrdatron (Simms and Little, 1987). ;

Figure 4-1 shows the rate constants for metal reductron (k). and scale thlckness (k) obtamed
for an Fe-2'/,Cr-1Mo steel and iron. Rate constants for Fe—2‘I4Cr-1 Mo were reported by Simms
and Little (1987) and Larose and Rapp (1997) over a temperature range ' from 550 to 700°C
[1,022 to 1,292 °F]. Kubaschewski and Hopkins (1962) reported rate constants for iron from
500 to 1,100 °C [932 to 2,012 °F]. The composrtron and microstructure of the steels are known
to affect oxrdatlon kinetics. Additions of carbon i increases the oxidation krnetrcs of steel. =
Oxidation kinetics are faster for fine pearlite compared to coarse pearlrte ora spherordrzed
microstructure (Runk and Kim, 1970). Based on data published by Kubaschewskr and Hopkins,
(1962), the reduction in metal thickness as a consequence of oxidation ‘under, |sothennal
conditions is shown in Figure' 4-2..The change in therate of metal loss as a function of trme isa
result of oxide spallrng -Similarly, the metal oxrde ‘thickness as a functron of time and “ ;
temperature can be calculatéd and i§ shown'in Figure 4-3. it ‘should be noted thatthe =
calculated values for reduction in metal thickness and oxide scale thickness shown in

Figures 4-2 and 4-3 do not consider the effects of composrtron because the calculations are
based on results observed for iron. .The eﬁect of mrcrostructure was also not considered (Runk
and Kim, 1970). Oxide cracking and spallrng are, assumed when the oxide scale is greater than
85 pm [3.3 x 10-% in] in thickness (Simms and Lrttle 1987 Kubaschewskr and Hopkins, 1962).

4-1 3




Metallurgical Analyses

Logk,or kp, cm2st

A k, Scale Thickness, Fe
® kK, MetaIReductlon Fe

A k, Scale Thlckness Fe-2'I‘Cr-1Mo
< k, Metal Reduction, Fe-2!/,Cr-1Mo

=
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Figure 4-1. Oxidatio}l Rate Constants for Fe-2‘)4Cr-1 Mo Steel and
Iron as a Function of Temperature Based on Results Reported by
Simms and L.ittle (1987) and Kubaschewski and Hopkins (1962)
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Figure 4-2. Reductlon in Metal Thickness as a Function of Time
for Isothermal Exposures of Iron in the Range of 527 to 877 °C

[980 to 1,610 °F]
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Metallurgical Analyses - - -

Error in the assessment of temperature as a consequence of neglecting compositional and g
microstructural effects should be considered. Increasing the carbon content of steel from 0.2 to
0.8 wt% increases the rate constant for oxide film thickness by 42 percent (Runk and Kim, . ... .=
1970). Microstructure has’ srmllar effect .Runk and Kim’ (1970) reported the rate constant for "
0.81 wt% carbon steel with a f ne pearlrte structure to be 52 percent greater than ‘that for a jl N
spheroidized microstructure. Oxrde film' spallrng is Known to, occur at temperatures as low’; as .” e
700°C [1,292 °F] (Kubaschewskl and Hopklns 1962). Spallrng results in exposure of the .. . .
" underlying metal and, as'a result can srgmﬁcantly rncrease > the rate of metal loss. Metal loss . . o
and oxide scale thrckness shown in  Figures 4-2 and 4-3 are calculated assumlng that'the f;ﬁ .
oxidation kinetics after scale spalling are identical to a ‘clean’metal surface. It should be noted

that the calculated oxide scale thickness shown i in Figure 4-3 is the total oxide scale thickness. .. )
_which considers the change ln oxrdatlon rateas a result of Spalling. The observed scale rs Ilkelyt p

to be much thlnner as a consequence of sloughlng after crackrng and spalhng .

.
o~

LT

t
TN N = —\‘

B i O T A

Additional metallurglcal analyses of the undamaged steel components may have been useful to .
assess the temperature and tlme of exposure To perform these analyses correspondrng fzoem 'g.g
components that were not exposed to elevated temperatures ‘aré needed to assess the effects”

of the fire temperature and duration on microstructural changes. Because the corresponding
components were not available for comparison, however, these analyses were not performed.
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Metallurgical Analyses
4.2 Results
Both Raman spectroscopy (Frgure 4-4) and x-ray drffractron (Frgures 4-5 and 4-6) of the scale

obtained from Car 51 indicate the presence of leprordocrocrte (v-FeOOH), hematite (a—Fezos)
and possibly magnetlte (Fe,O.) It should be noted that magnetrte can easily be oxidized in'air

to hematite., The presence of y—FeOOH which covered large sections of the scales, indicates - . °

that the specrmens were exposed to either a humid envrronment or water. Formation of
y-FeOOH may have occurred as a result of water contact aﬁer rupture of the water main, fire -
fi ghtrng efforts or subsequent storage of the trarn cars mvolved in the derallment :

As indicated in Sectron 4 1, the thickness of the iron oxide scale is a functlon of temperature
and time. Although thrckness of the scales obtained from Car 51 vaned a thrckness of 400'to

430 pm [0.016 to 0.017 in] was obtained by examination of the specimen cross section. Initial - )

calculations using Eq. (4-1) and rate constants from Kubaschewski and Hopkins (1962) show
that an oxide of 420 pm [0.017 in] can be formed at 777 °C [1,430 °F]in 4 hours. At 827 °C’
[1,520 °F], a 420-pm [0.017-in] thick scale can be produced in 2 hours. -
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Figure 4-4. Raman Spectra for Scales Recovered from Car 51
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Figure 4-5. X-Ray Diffraction of Orange Colored Oxide Scales from ‘Car 51 -
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Metallurgical Analyses

Specimens from the roof section of Car 50 were analyzed for oxide scale thickiess as well as
the thickness of the remaining steel section. The first specimen was cut from the opposite end
of the roof panel section that may not have been directly exposed to the fire (Figure 4-7). The
second specimen was cut from the edge of the roof panel section that was directly exposed to
flames from the paper inside the box car (Figures 4-8 and 4-9). From the cross section of the
roof shown in Figure 4-7, the remaining metal thickness was determined to be 1,761 pm

[0.069 in]. Near the edge of the roof, the metal thickness varies from 829 pm [0.033 in] at the
edge (Figure 4-9), to 1,464 pm [0.058 in] at a distance approximately 3 cm [1.2 in] from the
exposed edge (Figure 4-8). Although it is apparent that the metal thickness of the roof section ..
shown in Figure 4-7 has been reduced by oxidation, the metal thickness of this section was
used as a basis to determine metal loss. Assuming that metal loss occurred at equal rates on
both sides of the specimen shown in Figures 4-8 and 4-9, the metal loss from each side varied
from 148 to 466 pum [0.006 to 0.018 in]. Based on the calculated reduction in metal thickness as
a function of time and temperature shown in Figure 4-2, temperatures in the range of 750 to

850 °C [1,382 to 1,562 °F] for approximately 4 hours would be required to achieve the reduced
metal thickness.

Figure 4-7. Cross Section of Car 50 Roof Approximately 40 cm
[16 in] from the Edge Directly Exposed to the Fire. Thickness of
the Metal Was Approximately 1,761 ym [0.069 in].
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