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I. INTRODUCTION

The Ballistic Research Laboratories (BRL) are conducting a series of
field tests with scaled and standard size railroad tank cars at the re-
quest of the Federal Railroad Administration/Department of Transportation
(FRA/DOT). This effort is part of an extensive research program jointly
sponsored by FRA/DOT and Railway Progress Institute - Association of
American Railroads (RPI-AAR). The program is designed to develop methods
to minimize personal injury and property damage due  to the rupture of
railroad tank cars filled with flammable materials,

The basic situation under investigation is an unperforated railroad
tank car filled with liquid propane and engulfed in a large external
fire. The intensive heat of the external fire is conducted through the
tank car's shell and into the propane lading. Thus, the lading tempera-
ture increases, resulting in an increase in the internal pressure. . This
higher pressure, in combination with a reduced burst strength of the tank
car shell caused by the elevated skin temperatures, can lead to a rupture
of the shell and the resulting severe conditions that often result in
injuries and extensive property damage.

II. OBJECTIVES

The Federal Railroad Administration desires to develop procedures
for ensuring that the railroad tank car will not rupture when subjected
to a fire environment, thereby containing the fire and the tank car to
the local area. {(Often, when rupture does occur, large pieces of the
tank car are rocketed a considerable distance.) A less stringent but
not as desirable goal is to delay rupture. Delaying rupture allows time
for additional lading to escape, allows time to take appropriate measures
for minimizing damage to surrounding property, and allows time for
evacuating the immediate area. This intermediate goal becomes more
desirable as the delay time to rupture becomes long enough to allow the
tank to empty its hazardous contents in a controlled manner, i.e., the
material escape is controlled by the relief valve as opposed to its.
being released all at once in a rupture with the consequential explosion.

The Ballistic Research Laboratories' task is to conduct field tests
which include instrumenting the experimental tank car and performing
appropriate measurements. The -data gathered in these tests are then to
be analyzed by the BRL for the purpose of determining tank car failure
modes, defining a fire enviromment, and providing empirical information
needed in the development of a theoretical model. "

This report is concerned with the first controlled experimental
test on a full size railroad tank car subjected to a fire environment.
Under investigation are the fire environment, the rate and mechanism of
heat transfer into the lading, the operation of the safety relief valve
in a fire environment, and the torching effect of the relief valve.
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In addition, the test provides information useful in the development of

appropriate test procedures and instrumentation for application to future -

full scale tank car tests.

III. THE TANK CAR AND TEST AREA

The procedure consisted of simulating a possible accident environ-

" .ment. Fire engulfment, whether the result of a derailment and puncture,

coupler puncture, or a previous rupture, is one of the more severe con-
ditions that a rail tank car can be subjected. For this test, a full
size railroad tank car was positioned in a large excavation and filled
with liquified petroleum gas (LPG). The energy for the external fire
was provided by a pool of JP-4 jet fuel situated beneath the tank car.
Datawere recorded that described important aspects of the fire test.

The tank car, RAX 201, was especially built for the test; the main
differences between RAX 201 and a normal rail tank car of the 33,000
gallon DOT 112A3%40W non-insulated pressure tank car series, were the
inclusion of a second entrance manway to the interior of the tank and
two ports through which instrumentation lines could be run. Otherwise,
RAX 201 met all applicable requirements of the U.S. Department of
Transportation and the Association of American Railroads. RAX 201,
except for a few changes to facilitate instrumentation, was a standard
tank car for the transportation of liquified petroleum gas, anhydrous
ammonia, or vinyl chloride.

The test was performed in the Hazardous Test Area at White Sands
Missile Range, New Mexico. The test was planned and conducted by BRL
personnel.

A schematic of RAX 201 is presented in Figure 1. The tank car was
of the order of 18.3m (60 ft) long and 3.05m (10 ft) in diameter. The
steel shell, constructed of TC-128 steel, was 1.59cm (5/8 in) thick.
Centered on top of the tank car, enclosed in a protective steel dome,
were two liquid filler valves, one vapor valve, one gauging device, a
thermometer well, a test tube, and a Midland A-3180-N relief valve. The
tank car was provided by the Railway Progress Institute - Association of
American Railroads (RPI-AAR).

The tank car was positioned in a large excavation, 45.7m long, 30.5m
wide, and 7.92m deep (150 ft by 100 ft by 26 ft); the excavation is
designated by the word "Pit" in Figure 2. A fuel dike, which can be seen
in Figure 3, was constructed at the center of the excavation, and it
measured 24.4m by 9.1m (80 ft by 30 ft). The fuel pit was supplied with
JP-4 jet fuel via a 10.2cm (4.0in) gravity-fed pipeline, from a 113.6
kiloliter (30,000 gallons) storage tank located approximately 183m (600
ft) from the excavation (see Figure 2).

12
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End-On View of the Tank Car Positioned in the Pit
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The tank car was filled with LPG; the constituents were:

ethane 1.%% normal butane .01%
propane 97.96% pentanes .00%.
isobutane .07%

The LPG was donated by E1 Paso Natural Gas, and was delivered to White
Sands Missile Range by Desert Air Company of El Paso, Texas. The vapor
pressure of propane as a function of temperature and the commercial
limits are shown in Figure 4. The vapor pressure, density, heat of
vaporization, and specific heat of pure propane are graphed in Figures
5, 6, 7, and 8. All quantitative analyses will make use of these last
four figures. (In this report, since the LPG was 97.96% propane, the
terms LPG and propane will be used interchangeably.)

The tank car was positioned in the pit in an east-west position,
west being the end of the pit containing the entrance ramp which can
easily be seen in Figure 3. The east end of the tank car will be denoted
as the front end; this is the end facing toward the reader in Figure 3.
The west end of the car will be referred to as the rear end of the tank
car.

IV, INSTRUMENTATION
Instrumentation consisted of thermocouples, liquid level gauges,
pressure gauges, and a radiometer. Also included in the test plan was
instrumentation designed and planned by NASA, and an abort safety valve

designed by Louisiana Tech University.

A. Thermocouples

The damage mechanism of the tank car is the heat transferred from
the exterior fire to the tank shell and to the lading. Chromel-alumel
thermocouples were placed on the interior wall of the tank shell (inner
wall thermocouples), on the inner wall of the steel dome (dome thermo-
couples) and in the lading (grid thermocouples). The inner wall thermo-
couples and the dome thermocouples were installed by enclosing them in
a copper bead and potting them with Sauereisen cement. The thermocouples
in the lading were placed in a grid network. To aid in defining the
fire environment, thermocouples were positioned in the fire (fire thermo-
couples). Table I, along with the visual aid of Figure 1, gives a
resumé of the types, numbers, and relative locations of the various
thermocouples. The following paragraphs will explain in more detail the
various categories.

The emf data from the thermocouples were recorded by a Vidar record-
ing system. The digital microvolt emf values were stored on magnetic
tape as the Vidar recorder sampled each channel sequentially. It took
0.282 seconds to sample each channel; that is, every 42.3 seconds a

16
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Table I. Thermocoﬁple Instrumentation

Location

Number of
Thermocouples -

Type/Description
of Thermocouple
Dome

Inner Wall
Inner Wall
Inner Wall
Inner Wall

Grid

Grid

Fire

Fire

Fire

Fire

Possum Hut

Emergency Relief
Hatch

Protective Dome
Front Grid Plane
Rear Grid Plane
Front Inside End
Rear Inside End
Front G;id Plane
Rear Grid Plane
Front

Rear

Front Ohtside End
Rear Outside End
Possum Hut

La. Tech Valve

22

4
24

24

26

26

1

Total 118




particular channel was sampled and the data recorded (there were 150
channels on the Vidar unit, though only 118 were connected to thermo-
couples).

The thermocouples can either be designated by position, or by their
Vidar channel number. Tables II, III, and IV tabulates the thermocouples
by their respective Vidar channel number and position.

Four thermocouples were attached to the inner wall of the steel
protective dome (see Figures 1 and 9). These four dome thermocouples
were positioned circumferentially ninety degrees apart approximately
half-way between the top and bottom of the dome.

Two planes of inner wall and grid thermocouples were constructed,
with each plane located approximately halfway between the center of the
tank car and anend (see Figure 1). Thermocouples were placed on the
inner wall every fifteen degrees starting from the top of the car. This
spacing corresponds to every hour and half-hour position on a clock, and
therefore, a way of designating a particular thermocouple is by its
clock-time p051t1on, e.g., the thermocouple located at 90° clockwise
from the vertical is the 3:00 thermocoup}e.

The grid construction is depicted in Figure 10. The grid was con-
structed so that the grid thermocouples were positioned on the same
levels as the inner wall thermocouples. Figures 11 and 12 are cross-
sectional views of the rear and front thermocouple planes respectively.
The inner wall and grid thermocouples are shown, as well as their
respective Vidar channel numbers.

One thermocouple was placed at each end of the tank. These were
attached to the inner wall, and were placed approximately in the center
of the elliptical head-end (refer to Figure 1).

Exterior to the tank car, but in the same planes as the grid-inner
wall thermocouples, were the fire thermocouples (see Figure 1). Four
thermocouples, positioned ninety degrees apart starting from the 12:00
position, were placed in each grid plane. These thermocouples were
positioned approximately ten centimeters (four inches) from the tank
wall. In addition, a fire thermocouple was placed at the center of each
end of the tank approximately twenty-five centimeters (10 inches) from the
tank wall,

Finally, one thermocouple was placed in the '"water barrel' which
enclosed and protected the Louisiana Tech safety valve; and a thermo-
couple was placed in the "Possum Hut" (a small hut near the edge of the
large excavation which provided the physical location for the tie-in of

~the instrumentation lines from the instrumentation bunker to the lines
running from the tank car).
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B. Liquid Level Measurements

During the one-fifth scaled model tank car tests, the need was
established for closely monitoring the level of propane in the tank as a
function of time. Mr. Thomas Jeter of the BRL developed several different
measurement techniques that were utilized on the initial full-scale tank
car test. More than one gauge was developed in order to evaluate the
usefulness of the different techniques under the thermal stress antici-
pated, and to provide redundancy.

1. Themmistor Géuge.

A gauge was constructed which consisted of 240 thermistors
ggsitioned 1.27 cm (0.5 in) apart on a 3.05m (10.0 ft) linear section.

e gauge was then mounted along the vertical diameter of the tank car
(see Figure 1). This arrangement permitted the monitoring of the liquid
level in 1.27cm (0.5 in) increments over the top 2.74m (9.0 ft) of the
tank. The bottom 0.305m (1.0 ft) of the thermistor string was used as

a reference. All thermistors were compared continuously with the refer-
ence set. ' .

A small excitation current was applied to the thermistors to
cause resistive heating. Since the thermal conductivity of liquid pro-
pane is much greater than that of gaseous propane, as each thermistor
emerged from the liquid into the gas ullage it would resistively heat to
a significantly higher temperature. An increase in temperature of a
thermistor would result in a large change in the resistance of that
thermistor, and hence, a decrease in resistance of the circuit. The
resistance of the circuit was recorded against time, and the height of
the 1liquid level would be indicated by the sudden change in a given
thermistor resistance.

2. Shorting Wire Gauge.

A taut resistance wire was mounted on the vertical diameter of
the tank. On this wire, a stainless steel float containing an electrical
wiper contact was mounted. The resistance between the stainless steel
ball, floating on top of the liquid, and the bottom end of the wire
~indicated the liquid level. To account for the change in resistance
due to temperature, the measured resistance was compared to a reference
resistance located in the liquid propane. This gauge would seem to be
less accurate than the thermistor gauge since the level of the ball in
the liquid would be a function of internal tank pressure and liquid
surface conditions such as surface tension and the surface agitation
associated with intense boiling.

3. Hot Wire Gaug_.

A single resistance wire was mounted similar to the other two
gauges already discussed. This single strand was resistively heated by
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application of an excitation current. The resistance of the sensor wire
was compared to that of an identical wire located near the bottom of the

tank. As with the thermistors, that portion of the wire not in the liquid

would become resistively heated resulting in a change in resistance which
could be correlated with the liquid level. This gauge would be the least
accurate measurement of the liquid level because of the influence of
temperature gradients in the ullage and surface agitation associated
with iboiling.

4. Radiation Level Gauge.

While not actually employed in this test since necessary
authorization could not be obtained in time to meet the scheduled test
date, :serious thought and preparation were given to a radiation level
gauge. Since most sensors installed inside the tank would eventually
experience severe thermal stress and possible error or loss of data due
to failure, a technique was devised to employ an isotopic radiation
source. The radiation source and detector were to bemunted external to
the tank, as depicted in Figure 13.

The isotopic gamma ray source was to be buried in a lead source
shield directly below the tank car under 30.5cm (1.0 ft) of soil beneath
the JP-4 pool. The gamma rays would then be collimated by a small hole
drilled in the lead shield. The detector would be kept cool by a water
jacketed container located approximately 30.5cm (1.0 ft) over the tank.
The scheme in this case was to measure the attenuation of the gamma
radiation from the isotopic source as a function of liquid level in the
tank., As attenuation is a function of total mass and not just density,
this would have been the only method for directly measuring the amount
of propane which had escaped from the tank if shell-full conditions
occurred. Laboratory tests utilizing 3.05m (10.0 ft) and 0.61m (2.0 ft)
thicknesses of liquid propane indicated that the liquid level could be
monitored to within one inch.

C. Pressure Gauges, Valve Lift Measurements, Radiometer, and Other
Instrumentation

Six CEC pressure gauges were mounted inside the tank car. Three
gauges were mounted along the top of the car, and three gauges were
mounted along the bottom of the tank car (refer to Figure 1). Each
_pressure gauge was mounted on a metal bracket which had been especially
welded to the tank shell (and then the area stress-relieved) by the
tank car company which manufactured RAX 201, The data from the pressure
gauges were recorded digitally on a magnetic tape, and later read back
on a FM decoder playback chart recorder.

Two linear differential transformer devices (LDT) were installed to
‘measure the 1lift of the Midland relief valve. One LDT was mounted in
the interior of the tank, and the second LDT was mounted externally.
The data from the LDT's were recorded on a Brush Instrument Pen Chart
Recorder.
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A radiometer was emplaced on the berm surrounding the large excava-
tion. The radiometer was situated approximately nine meters (thirty
feet) from the center of the 45.7m (150 ft) side. The specifications and
characteristics of the radiometer are given in Table V. The data from . ..
the radiometer were recorded on a Brush Instrument Pen Chart recorder. > -

Other instrumentation included two x-y plotters which were set-up
to monitor two of the thermocouples and the pressure simultaneously.
One x-y plotter was wired to monitor thermocouple Number 67 (the front
12:00 thermocouple), while the other plotter was to record the tempera-
ture from thermocouple Number 1 (the rear 12:00 thermocouple). The x-y
plotters were physically located in the control building, which was
situated approximately 914m (1000 yd) from the test pit.

Television coverage was provided for the personnel in the control
building. Finally, extensive movie coverage, including high speed
camera equipment, was provided.

D. NASA A-Frame and Calorimeters

The National Aeronautical and Space Administration (NASA), in a
technology exchange program, planned and designed instrumentation for
the measurement of fire heat flux and measurements of some torch para-
meters. Mr. Joe Mansfield of Ames Research Center headed the NASA
effort,

An illustration of the arrangement of the instrumentation is given
in Figure 14, The lower calorimeters were approximately 1.2m (4.0 ft)
above the surface of the JP-4 fuel and were located halfway between the
edge of the fuel pit and the side of the tank car (1.52m (5.0 ft) from
the edge of the pool, and 3.05m (10.0 ft) from the center of the pool).
The calorimeter support can be seen in Figure 3, and the calorimeters
-are visible in Figure 4. The calorimeters were directed downwards.

The torch fire and upper pool fire thermocouples and calorimeter
were located approximately 7.0m (23 ft) above the JP-4 fuel surface at
a location directly above the Midland relief valve of the tank car and
supported by the A-frame (refer to Figures 9 and 14). This instrumenta-
tion would be subjected to the intense heat and high velocities of the
- propane torch, and had to be designed accordingly.

E. Louisiana Tech Safety Relief Flange

Louisiana Tech University was contracted by the FRA/DOT to design
and construct a remotely-controlled safety relief flange. The flange
had to withstand the heat of the fire (no leaks were permitted) and had
to be designed to function on command. The safety relief flange was
installed so that when actuated, it would preclude rupturing of the tank
car. Dr. Mike Wilkinson and Dr, Joe Barnwell of Louisiana Tech Univer-
sity headed this portion of the project.
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Table V.

Specifications and Characteristics of The Radiometer

Range: 0 - 30 cal/cm'2 sec

View Angle: 5° conical view

Speétral Response: 300 - 50,000 Angstroms
Time constant: (63%) 10 seconds maximum

0,

Accﬁracy: 1%
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The cover for the entrance manway was sent to Louisiana Tech where
a 25.4cm (10.0 in) diameter hole was cut from the center. The actuating
mechanism was constructed, and the entire assembly was sent back to WSMR,

Using a '"toilet seat" lid-hole design, a copper gasket, and a pneu-
matic actuator system, the entire safety relief system was checked out
on a one-fifth scale model tank car before installing the assembly on

201, , The one-fifth scale model tank car was pressurized to 1.96 x
10 nt/m2 (270 PSIG). No leaks were observed, and the relief flange
actuated according to design. Large, heavy-duty truck shock absorbers
were used to prevent the '"toilet seat 1id" from flapping all the way
back and impacting against the side of the tank car.

The Louisiana Tech safety flange and actuator assembly was then
installed over the entrance manway. No leaks were observed during
nitrogen pressurization of the jumbo tank car, or the subsequent loading
of the propane. A large water barrel, wrapped with insulation, was
installed over the safety relief assembly (see Figures 1 and 9), and
then filled with water. The water barrel and water were used in order
to provide the actuating mechanism thermal protection from the fire.

The safety relief flange was connected so it could be operated from
the control bunker. From theoretital studies, the criteria for actuating
the relief flange were to be if the tank car shell temperature rgached
482°C (900°F) of if the internal tank pressure rose to 2.86 x 10 nt/m
(400 PSIG), The two x-y plotters were monitored in the control building
for these two parameters.

The thermocouples and teflon toated wires from the pressure gauges,
liquid level gauges, and the LDT's were welded to extension wires and
fed through an underground conduit system. The conduit system led from
the immediate test area to the "Possum Hut," where the ice bath reference
junction for the thermocouples was located. From the "Possum Hut,"
the conduit system ran to an instrumentation bunker which contained all
the data recording equipment.

V. PRE-TEST PREPARATION AND PROCEDURES

The tank car was positioned in the excavation and instrumented. The
Louisiana Tech safety relief flange was emplaced and bolted according to
specifications, The car was—purged with nitrogen, and then pressurized
with nitrogen, At 1.96 x 10é nt/m? (270 PSIG) the relief valve opened.
The 1.96 x 10 nt/m“ was confirmed by the gauge on the nitrogen feed
line as well as by the pressure gauges mounted inside the tank.

The nitrogen was th n venEed to the atmosphere until the.pressurg
was §educed to 2.39 x 10 nt/m“ (20 PSIG) of nitrogen. The 2.39 x 10
nt/m“ of nitrogen was retained until the propane was loaded into the
tank car to ensure that no oxygen would be present in the interior of
the car.
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Prior to loading the propane, the remaining nitrogen was purged by
loading some propane into the tank and venting to the atmosphere. This
procedure was repeated two times to ensure that only propane would be
inside the tank car. The tank car was then filled according to summer
filling specifications. The car was filled 27.9cm (11.0 in) from the
top of the car. The temperature of the propane at test time was 21°C
(70°F) and the pressure was 9.63 x 10° nt/m¢ (125 PSIG).

. On 28 July 1974, with little or no wind blowing, the test was
conducted. At approximately 1130 hours, after all personnel had cleared
the test area, four thermite grenades were launched simultaneously from
each corner of the JP-4 fuel pit into the JP-4 fuel. Thermite grenades
were used to insure a rapid build-up of the fire.

VI. TEST RESULTS

A. Temperature Data

The measurements from the thermocouples were recorded as the test
proceeded. As discussed before, the emf data from the thermocouples
were recorded and stored on magnetic tape as each channel was sampled.
The data were converted to temperatures at the BRL with the use of a
computer program which incorporated the standard calibration table for
chromel-alumel thermocouples. These data are presented in tabular and
graphical form in Appendix A.

The tables are divided into five different groupings. The first
grouping consists of the thermocouples which made up the rear thermo-
couple plane (rear inner wall and rear grid thermocouples). The second
grouping consists of the thermocouples that made up the front thermo-
couple plane (front inner wall and front grid thermocouples). The fire
and dome thermocouples constitute the third grouping while the last two
groupings contained the thermocouples which have questionable or bad data.

_ The fourth grouping, which has the subheading of "Sign Reversal

Occurs During the Test,' contains seventeen thermocouples that were
attached to the steel wall of the tank car, and one grid thermocouple.

One or more sign reversals occurred in the recorded emf values during

the test, indicating that the data recorded are not reliable. It is
postulated that the reason for these sign reversals was that these
thermocouples, when installed in the copper beads, established a resis-
tive contact with the tank shell. It has been shown that a resistive
contact with the tank shell results in erroneous readings by the differ-
ential voltmeter of the Vidar unit. To get these thermocouples to agree
with the other thermocouples at the beginning of the test, various ad-
justments had to be made without an a priori reason (except that different
resistances between thermocouples and tank shell would result in different
adjustments). Therefore, while trends may be inferred from these thermo- :
couples, great care must be exercised in quoting any of these recorded
data.
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The final grouping of thermocouples, labeled "The Following Are
Not Harmonious," are thermocouples that gave readings completely con-
trary to all other thermocouples. These thermocouples, except for the
one in the water tank that protected the Louisiana Tech safety relief
flange, are included only for completeness of all the temperature data.

Tables VI and VII lists the questionable and bad thermocouples.
In addition, Figures 11 and 12 denote the questionable thermocouples by
open circles as opposed to the blacked-in circles which represent the
good thermocouples. Briefly summarizing, 80.5% of the installed thermo-
couples recorded reliable data while another 15.2% recorded data from
which information can be gleaned.

Table VIII is an example of the tabulated data found in Appendix A.
The thermocouples are listed by both their channel number and their
location. The times given in the heading are the times channel No. 1
was sampled. To get the exact time another channel was sampled, add
the value in the TIME ADJUST ADD COLUMN to the time in the column
heading. For example, in Table VIII, channel No. 4 read 87.3°F at
85.45 seconds after fire ignition (84.60 sec + 0.85 sec). '

Figure 15 is an example of the temperature versus time data also
found in Appendix A. The left ordinate gives the temperature in degrees
Fahrendheit, and the right ordinate gives the temperature in degrees
Centigrade. The sharp drop in temperature at the end of the plot
indicates the point at which catastrophic failure of the tank occurred.

Figure 16 is an example of the cross-sectional plots of the rear
inner wall-grid thermocouple plane and front inner wall-grid thermocouple
plane. A linear interpolation of the temperature with respect to time
was performed on the thermocouple data presented in a cross-sectional
plot so as to present the temperature data at a common time. These
plots, contained in Appendix B, are convenient for quickly comparing
the thermocouple data at the specified times.

B. Liquid Level Data

Unfortunately, no useful liquid level data were recorded. Just
prior to loading the tank car with LPG, the leads to the thermistor
gauge were sheared off when one of the instrumentation glands was
tightened (torqued) too far. The adherence to the tight test time-
table prevented repair work. '

The shorting wire gauge was damaged during the nitrogen pressuriza-
tion of the tank. The combination of tank pressure, 1.96 x 106 nt/m2
(270 PSIG), and the extreme turbylence initiated by the popping of the
valve during the nitrogen test damaged the spherical ball sufficiently
to prevent it from sliding freely on its guidewire.
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Table VI. Questionable Thermocouples

Channel Number Position

Rear Inner Wall at 12:00

Rear Inner Wall at 1:00

8 Rear Inner Wall at 3:30

10 Rear Inner Wall at 4:30

11 Rear Inner Wall at 5:00

12 Rear Inner Wall at 5:30

16 | Rear Inner Wall at 7:30

30 Rear Grid at 2:00 Level - Left
61 Dome - Left

88 Front Inner Wall at 1:30

85 Front Inner Wall at 3:00

83 Front Inner Wall at 4:00

81 Front Inner Wall at 5:00

80 Front Inner Wall at 5:30

76 Front Inner Wall at 7:30

73 Front Immer Wall at 9:00

71 Front Inner Wall at 10:00
69 Front Inner Wall at 11:00

Table VII. Bad Thermocouples
Channel Number - Position

2 Rear Inner Wall at 12:00
42 - Rear Grid at 3:30 Level - center
51 Rear end - Inner Wall of Tank

110 Front Grid at 4:00 Level - Right
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AT . 0, SECONDS FROM IGNITION FOR TEST NR. 8

FIGURE 16 SAMPLE OF CROSS-SECTIONAL PLOTS
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As anticipated, the violent boiling of the propane precluded any
useful data from the hot wire gauge, except to confirm that considerable
agitation and splashing occurred inside the tank car.

C. Pressure, Valve Lift, Radiometer, and Other Data

Due to electrical storms in the test area prior to the test, all
siXx pressure gauges became inoperative. However, since the LPG had not
been loaded, replacements were found and installed for four of the
damaged gauges. Therefore, at test time, two gauges were operative at
the top of the tank, and two gauges were operative at the bottom of the
tank. The output from all four gauges compared extremely well, with
little or no detectable differences. The resultant pressure versus time
data are presented in Figure 17. A tabulation of the pressure for every
half-minute is presented in Table IX.

The two x-y plotters which were connected in parallel with two
thermocouples and two pressure gauges performed extremely well, even
though the distance the signal had to travel was quite long - of the order
of 914m (1000 yards). Figure 18 was connected to the 12:00 Front Thermo-
couple, while Figure 19 was connected to the 1:00 Rear Thermocouple.*

Note that .the ordinate and abscissa scales in Figures 18 and 19 are not
linear to compensate for the non-linearity of the amplifiers.

Data for the 1ift of the valve are graphed in Figure 20. In addition,
the exact opening and closing times for the valve are listed in Table X.
After approximately eight minutes, the LDT was destroyed by the intense
heat of the fire. The second LDT malfunctioned and no output was re-
corded.

Data from the radiometer, positioned on the berm of the large excava-
tion, are recorded in Figure 21. The millivolt data are converted to
heat flux in Section VII, Data Analysis.

| D. ‘NASA Data**

The JP-4 pool fire temperature and heat flux averages are presented
in Table XI. 1In addition, Figure 22 presents the time average flux, the
flux level distribution, and the time distribution of abrupt changes in
flux from the 1.2m (4.0 ft) calorimeters. The time distribution of abrupt
changes in the flux is of interest because pool fires are characterized
by the migration of "hot'" eddies with accompanying fluctuations in flux
at a fixed location.

*

At test time, the 12:00 rear thermocouple was giving erratic readings
so the option exercised was to monitor the 1:00 rear thermocouple
instead.

£ %
All the data presented in this section were analyzed & reported by NASA. -
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Table IX. Pressure versus Time

46

Pressure Pressure

Time  10° nt/m®  (PSIG) Time  10° nt/m’ (PSIG)
0.0 9.63 (125) 12.5 22.73 (315)
0.5 10.67 (140) 13.0 23.42 (325)
1.0 13.08 (175) 13.5 23.77 (330)
1.5 15.15 (205) 14.0 23.77 (330)
2.0 17.91 (245) 14.5 24.11 (335)
2.5 18.60 (255) 15.0 24.11 (335)
3.0 18.94 (260) 15.5 24.46 (340)
3.5 17.91 (245) 16.0 24.46 (340)
4.0 18.25 (250) 16.5 24.80 (345)
4.5 18.94 (260) 17.0 24.80 (345)
5.0 19.28 (265) 17.5 24.80 (345)
5.5 19.28 (265) 18.0 24.80 (345)
6.0 19.63 (270) 18.5 24.80 (345)
6.5 19.63 (270) 19.0 24.80 (345)
7.0 19.97 (275) 19.5 24.80 (345)
7.5 19.97 (275) 20.0 24.80 (345)
8.0 20.32 (280) 20.5 24.80 (345)
8.5 20.66 (285) 21.0 24.46 (340)
9.0 21.01 (290) 21.5 24.46 (340)
9.5 21.01 (290) 22.0 24.46 (340)
10.0 21.35 (295) 22.5 24.46 (340)
10.5 21.70 (300) 23.0 24.11 (335)
11.0 22.04 (305) 23.5 24.11 (335)
11.5 22.39 (310) 24.0 24.11 (335)
12.0 22.73 (315) 24.5 24.11 (335)




o einssald
sA 8jdnodowusy) juoid 0Q:Z| woij ainjpiadwsa)- w—mh:mi

~ (918d) 3INSSIY

00S 00 00€ 00z 00l O
i | _, i I | O
i doo1
N Jooz
i doog
I—
™m
- Hoov w.
p v X
_ 1005 %
-
v
i {009 ©
m
- 400¢
_ Hoos
a3anldny
i o JINVL | 4006
S i ) L ) IR TR |

47

Lol i
P T P T



m> m_a:ouoshmc_ 1 108y 00:l Eot ainjpiadwaj-4| m._:_m_n_

(918d) m_%mm&n_
00§ 0ov - 00€ 002 ool 0

| b | | ) L} ¥ o

{001
Jooz

.l
o
o

™

T
Pia 3N
=

1
o
o
<

(4o) JUNLVHIAWIL

" 48

e
©o o
o O
O 0

-@3¥NLdNY INVL

Joo¢
2008

4006




[99C 00V EEIC /L98l

8wl sA }J17 8A|PA-QZ 84nbiy

(SILNNIW) IWIL

o)

o9l E£g¢l

L90L

008 €&6 /91

l] v l ﬁ' Ll lﬁ [ L

i

L

L)

!

—‘ L}

¥oewl

o),

Q n o wn o
Nr—r—

(SIHONI) 1311 IATVA

49



Table X. Cycling of The Valve

Time Valve Opened Time Valve Closed
(sec) {min) (sec) {min)
132 2.20 140 2.33
156 2.60 164 2.73
176 2.93 Stayed Open
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RELATIVE TIME AT A GIVEN FLUX

RELATIVE NUMBER OF CASES

1.0

sl MEAN FLUX
3.30 cal/sec-cm2 (43,920 BTU/hr-f12)
b
AF
.2 F
0 |
2 3 4 5 6 7
a.) INCIDENT FLUX cal/sec-cm2
100~
‘80|
MEAN, 0.18 sec
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b.) PERIOD OF TIME BETWEEN ABRUPT INCREASES
IN FLUX, sec

Figure 22-Flux Level DistriAbution of JP-4 Fuel Fire




The calorimeter which measured the heat flux at the 7.0m (23.0 ft)
level saw the influence of the valve cycling. The average heat flux
during the propane venting was 9.21 cal/cm?-sec. (122,400 BTU/hr-ft2). !
At the instant the valve opened, the flux decreased sharply to a level .
below that of the normal pool fire and then rapidly increased to a i

relatively steady level - the average is based on the steady data. el

Uncertainties in the temperature and heat flux data are 15 to 16 percent .
due to the small pen recorder deflections. I

The thermocouple positioned above the relief valve provided no i
information about the torch. The small radius of the thermocouple wire
(required for desired time response) couple with the long lengths of
wire exposed to the fire (to minimize a particular error) made it
difficult to design a thermocouple rugged enough to withstand the shock
wave generated by the cycling of the valve. Aggravating the condition
was the fact that the exposed wire would be weakened by the elevated
temperatures of the pool fire. The conclusion was that the shock wave
broke the thermocouple, even though the design allowed for a substantial
margin of error. In all likelihood, the wires failed at their junction,
their most probable point of weakness.

VII. DATA ANALYSIS

Data collection was terminated 24.5 minutes after ignition of the
thermite grenades because of the rupturing of the tank car. More will
be said about the tank car rupture further along in this section.

A. The Fire Environment i i

1. Thermocouple Data.

Time zero was marked by the firing of the thermite grenades.
In less than 45 seconds, the temperature of the test environment went
from ambient (21°C or 70°F) to temperatures as high as 1090°C (2000°F).

Figures 23 and 24 plot the temperatures with respect to time
recorded by the four rear fire and four front fire thermocouples respec-
tively. These two graphs clearly indicate that across the smaller
diameter of the fuel pit, the fire was quite uniform. The fire was
hottest during the very early phases of the test (the first four minutes),
but then the flame intensity decreased. This most likely reflects the :
change in the fuel-to-air mixture. As the initial oxygen supply was i
consumed, fire temperatures were Trelatively high; later, because the ;
excavation slightly impeded the air flow, the oxygen supply was less
rich and correspondingly, the fire temperatures declined.

Motion picture coverage of the test indicated that for approxi-
mately the first three-quarters of the test, there was little or no wind.
The flames and smoke from the JP-4 fuel fire rose vertically. A slight

o
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wind arose about three-quarters of the way through the test, blowing
from east to west, i.e., the wind blew from front to rear of the tank
car. Both Figures 23 and 24 indicate that the slight wind, carrying
oxygen into the fire, resulted in an increase of the flame temperatures.

A comparison of the temperatures from the rear and front fire
thermocouples located at the 12:00 position, Figure 25, clearly show that
there were considerable non-uniformites in flame fluctuations and tempera-
tures over the length of the fire. The fire environment towards the
rear of the tank car was, on the average, 200°C (360°F) hotter than the
fire environment near the front of the tank car. Statistically, though,
this difference in flame temperatures is at best just a rough number to
quote, since the deviations from the average "are quite large.

Summarizing, the JP-4 jet fuel fire typified the fire environment
of a relatively large hydrocarbon pool fire subject to a slight wind.
The fire temperatures were of the order of 650°C to 1090°C (1200°F to
2000°F). The tank car was, to a first approximation, uniformly engulfed
by the fire circumferentially, but there existed a temperature gradient
in the fire of the order of 200°C (360°F) from the front to the rear of
the tank car.

2. NASA Data.

The NASA gata indicate that the heat flux was 3.30 cal/sec-cm2
(43,920 BTU/hr-ft<) at a height of 1.2m (4.0 ft% above the JP-4 fuel
surface, and 5.20 cal/sec-cm® (69,120 BTU/hr-ft<) at a height of 7.0m
(23.0 ft) above the fuel surface. It was not noted in the NASA data
how long the "A-frame" calorimeter, which was suspended over the relief
valve, functioned in the environment of the propane torch. (The calori-
meters at the 1.2m level functioned satisfactorily for the entire test).
However, the latter heat flux values are suspect.

NASA reports: 'The upper level pool fire temperature and heat
flux average are given . . . as 2080°F [1130°C] and 19.2 BTU/sec- £l
[5.20 cal/sec-cm“]. It is important to note that these two values are
mutually supporting, that is, a soot ladsn fire at 2080°F temperature
will result in a flux of 19.2 BTU/sec-ft thus, two different types of
instruments independently (except for a common recorder) indicate a
similar environment.'l*

While the thermocouple data are consistent with Figure 23, it
should be noted that the fire temperatures decreased after approximately
four minutes. The NASA thermocouple survived only 2.2 minutes (the
time at which the Midland valve opened), hence the flame temperatures
and fire heat flux are '"mutually supporting" for the first two to four
minutes only.

*
References are listed on page 87.
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I ; ' '

Thé BRL believes that the 5.20 cal/sec-cm’ (69,120 BTU/hr-£t%)
value obtained from the 7.0m (23.0 ft) calorimeter is typical of the
fire heat flux only for the first few minutes of the test. This figure
is consistent with the "High 90%" value quoted in Table XI for the 1.2m
(4.0 ft) calorimeter. But due to the inability to synchronlze the NASA
instrumentation with the grenade firings (time = 0.0), it is suspected
by the BRL,that data were recorded and averaged in the fire heat flux

. (obtained by the 7.0m calorimeter) when the relief valve was opened.

The large variations of the heat flux as recorded by the 7.0m calori-
meter would seem to support the validity of this argument along with
the fact that the High 90% value of 11.11 cal/sec- cm? (147,600 BTU/hr-
£t2) is not supported by the 1190°C (2175° F) temperature value quoted

in Table XI
12> G

The heat flux of 3.30 cal/sec- cm2 (43,920 BTU/hr ftz) from the
calorimeters positioned 1.2m (4.0 ft) above the JP-4 fuel are believed
to be typical of a JP-4 fuel pool fire. This heat flux is compatible
with the heat flux obtained in the one-fifth scale model tank car f1re
tests using JP-4 fuelz’

B. Estimates of the Tbrch Temperature

Figure 21 records the raw data from the radiometer. A quartic
equation was used to fit the radiometer calibration curve for the energy
range of interest in order to convert the millivolt output into units
of ca1/§ec-cm2. The equation which was developed is:

=2 .2 ‘ -4 3
qrasi = 0.51500R - 1.94167 x 10°° R® + 5.5000 x 10" R

(1)
- 5.8333 x 10"° rY,

where UQeag = radiative flux measured by the radiometer (cal/se;—cmz),

R

the output voltage measurement of the calorimeter
(millivolts).

The above expression was then used to convert Figure 21 from millivolts
to heat flux units, and this graph is presented in Figure 26.

The three valve openings are discernable near the beginning of the
data. The radiative flux increases when the valve opens because of the
additional radiation from the burning torch. Note that due to the
finite time response of the radiometer, the peaks are shifted slightly
in time.

The very narrow view angle of the radiometer must be carefully
considered in interpreting the radiometer data. The fire should be *~
considered as an infinite sheet of optically thick flame radiating in
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both directions. Gauss' Law then implies that the recorded data should
be doubled to obtain the radiative component of the fire.

In considering radiation from the torch, it must be determined
whether to treat the torch as an infinite cylinder, or an infinite sheet
of burning propane. An analysis shows that the radiometer ''sees'" a
circle with a radius of 0.76m (2.5 ft) at a distance of 17.86m (58.6 ft);
17.86m was the approximate distance of the radiometer from the torch.
Measurements of the diameter of the torch from the motion picture cover-
age indicate that the torch was of the order of 4.6m (15 ft) to 6.1m
(20 ft) in the vicinity of where the radiometer was sighted. Therefore,
in interpreting the radiative data as applied to the propane torch, the
recorded data should be multiplied by two, just as in the case of the

fire data. That is, to the radiometer, the torch appeared as an inifinte
sheet of flame.

The spectral response of the radiometer is 300 to 50,000 Angstroms.
The Blackbody Fraction needs to be determined; i.e., the fraction of the
total radiant energy to which the radiometer is responsive must be
obtained. Table XII tabulates the Blackbody Fraction from 537.8°C
(1000°F) to 1482.2°C (2700°F) in 55.6°C (100°F) increments.

Before the relief valve opened, the average radiometric reading,
from Figure 26, was 1.35 cal/sec-cm? (17,940 BTU/hr-ft2). Assuming the
radiometer saw approximately 81% of the radiative flux, that the flame
temperature was 1138°C (2080°F), and treating the fire as an optically
thick infinite sheet of flame, the total radiative heat flux was de-
termined to be 3.33 cal/sec-cm? (44,296 BTU/hr-ft2) and the flame
emissivity, e., for a JP-4 fuel pool fire to be 0.62.* Therefore, the
radiative flux for the fire can be written as:

(A )y = & OTp = 0.62 arg 2)
where
(qrad)F = radiative flux of the fire (cal/sec—cmz),
€p = emissity of the JP-4 fuel fire,
o = Stefan-BoltzmaAn constant (1.35 x 10712
cal/sec-cm? - (°K)4),
and Tp = temperature of the fire (°K).

*The temperature is from the NASA data (Table XI).
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TABLE XII

BLACKBODY FRACTIONS

Temperature Blackbody Fraction

(°c) (°F)

537.8 1000 0.491
593.3 1100 .538
648.9 1200 .581
704.4 1300 .619
760.0 1400 .654
815.6 1500 .685
871.1 1600 713
926.7 | 1700 .738
982.2 1800 .760
1037.8 1900 .780
1093.3 2000 .798
1148.9 2100 .814
1204.4 2200 . 829
1260.0 2300 .842
1315.6 2400 .854
1371.1 2500 .865
1426.7 2600 .874
1482.2 2700 . .883
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Average readings for the radiative flux in three different time
increments are given in Table XIII. The fire temperatures listed were
obtained by averaging temperatures from the two curves in Figure 25 for
the respective time periods. The contribution of the fire to the total
radiative flux (fire plus torch) is then given in the table. Then,
assuming an emissivity of 0.8 for the propane torch, the radiative flux
and the temperature of the torch were determined.*

From Table XIII, it can be concluded that the temperature of the
propane torch (which is a pure diffusion flame) is approximately 1100°C
(2000°F). This temperature is an effective flame temperature; certainly
hotter and cooler regions exist in the flame. Temperatures of the order
of 1100°C agree with the experimental investigation performed by Calspan**
of the temperatures of burning propane without primary air mixing®.

C. Mass Flow Rates and Discharge Coefficients of the Relief Valve

The relief valve functioned throughout the test, and was functioning
when the car ruptured. The capacity of the valve was not _enough to
preclude the pressure from rising to over 2.21 x 106 nt/m2 (306 PSIG),

a pressure value which has been quoted as the maximum accumulation
pressure for a tank car5. The maximum pressure recorded during the fire
test was 2.51 x 10° nt/m2 (350 PSIG), recorded at 17.9 minutes into the
test. However, it is evident from Figure 17 that the pressure was sub-
siding when the car ruptured.

Several quantities of interest can be obtained from the data. The
mass flow of propane escaping through the relief valve can be obtained
from the change of liquid level.*** Since the mass flow is a function
of pressure, time intervals were chosen over which the pressure remained
relatively constant. The rate of mass flow is tabulated in Table XIV
for eight time intervals. A pressure of 2.31 x 106 nt/m? (320 PSIG) and
above was chosen for this investigation to ensure that the valve was
nearly full or fully opened.

Valve theory predicts that the rate of mass flow can be theoretically
calculated from:

M =. CDpAV, - (3)

where

The emigsivity of propane as 0.8 is from verbal conversations with
personnel of Systems Seientific Software (s3), San Diego, Califormia.

Calspan was formerly Cornell Aeronautical Laboratory.

&% %
. The mechanics of determining the liquid level are discussed in the
next section.
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=
H

rate of mass loss (gm/sec),

(]
]

discharge coefficient,

D
p = density of the fluid passing through the . - . i
relief opening (gm/cms), - i
A = area of the relief opening (csz, )
and . N
' v = velocity of the fluid passing through the -
relief opening (cm/sec).

The velocities are obtained from the following expression:

1/2

2y Pc
vV = —_ — > (4)
v+l .pcl

where
vy = ratio of specific heats (for propane, y = 1.12),
Pc = critical pressure in the relief opening (nt/m2),
and P = critical density in the relief opening (gm/cms).

The critical pressure and critical density are obtained from the interior
tank pressure, Po and interior fluid density, Py by the following two

expressions:
5 \ Y/v-1
P, =P, (yTl> , (5)

p \!/Y
¢ Po ( 52') : 6 .
o

If the discharge coefficient was known, the theoretical mass flow
rate could be calculated using Equations 3 through 6, knowing that the
area of the Midland relief valve is 50.6 cm? (0.0545 ft2). The theoreti-
cal mass flow rates, divided by the discharge coefficient, are also
tabulated in Table XIV for the time intervals of interest. Taking a
ratio of column 3 to column 4 in Table XIV then gives the discharge
coefficient.

and

©
|
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One of the calculated discharge coefficients in Table XIV is greater .
than 1.0, which is physically impossible. (The discharge coefficient is
a quantity less than 1.0 to empirically account for viscosity in fluid
flow.) However, this is not a cause for concern as the following discus-
sion will elucidate. The first four discharge coefficients are small
relative to the last four numbers given in Table XIV. But inaccuracies
in obtaining the correct angles to the liquid level in the time increments
of interest causes errors - the smaller the time increments, the larger
the errors. Over a long enough total time interval, a small calculated
value in one time increment will be balanced by a larger calculated value
in another time increment. Therefore, only the time weighted average is
significant.

Summarizing, the relief valve functioned throughout the test, but the .
interior tank pressure rose to 2.51 x 106 nt/m2 (350 PSIG) before the
capacity of the valve precluded a further pressure increase. The mass
flow rate of the Midland A-3180-N relief valve, at full open, was found
to be 33.1 kg/sec (73.0 1b /sec) of propane with % discharge coeff1c1ent
of 0.86 for the pressure range of 2.31 x 106 nt/m* to 2.51 x 106 nt/m2
(320 PSIG to 350 PSIG).

D. Heat Flux To The Wetted Surface

The heat from the fire is conducted through the steel shell of the
tank car into the interior of the car. Almost exclusively, the heat
transfer from the inner side of the shell to the contents of the car
occurs along the portion of the shell covered by the liquid (i.e., the
wetted surface) due to the large difference in the thermal conductivities
of gaseous propane versus liquid propane.

The AAR curreltnly uses the following expression to calculate the
heat flux to a vessel exposed to fire:

3 < 34,500 A0+%2 %)
where
g-= the total heat input to the wetted area in BTU/hr
and -
A = wetted area in square feet.

This calculated heat flﬁx value is then used in determining the vapor
sizing requirements for tank car relief valves. This formula, in
particular, the constant 34,500 and the exponent 0.82, have been
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questioned and defended in recent studies®;7.

A correlation of various test data led to a value of 34,500 BTU/hr-
ft2, in Equation 7, to be the heat flux to the outside of the wetted
surface of a vessel completely exposed to open flame. (It was assumed
that the receiver temperature was low enough to make re-radiation in-
significant with respect to the radiating power of the flame). The
exponent reflects the so-called '"exposure factor' which is a measure of
the fraction of the wetted area exposed. (The exposure factor,

E = A'O'ls, is obtained when the heat flux is calculated using Equation
7, instead of the total heat input).

Most of the data used in obtaining Equation 7 were from tests per-
formed on containers of 18.9 kiloliters (5000 gallons) capacity or less?.
Hence, the data from a fire test on a full-size tank car will be invalu-
able in future correlations.

The heat flux to the wetted surface can be calculated by:

. 2
2nhvplvl dpl » 2th p, Sin 5]

de
Q=- S(ﬂ-e)(pl-pv) a T S(w-9) dt
(8)
. czplvlﬂ de
S(r - &) dt

where

q = heat flux to the wetted surface (cal/sec—cmz),
h. = latent heat of vaporization (cal/gm),
= liquid density (gm/cmz),

p. = vapor density (gn/cm),

V = volume of the tank car (cm3),

2 = volume of the tank car filled with liquid (cm3),
S = surface area of the tank car (cmz),

c, = specific heat of the liquid (cal/gm-°C),

8 = angle to the liquid level - 8 is the number of degrees
between 12:00 and a line drawn from the center of a
cross-section of the tank to the point where the liquid
surface intersects the circumference,

68




and

t # time (seconds).

Assuming that q is constant over a time interval At, the above equat1on
can be integrated to give:

q=<q1>+<q2>+<q3> | (9
where
—_— 0
< s = Zthpz i 2 sin? 0do " (9a)
9 S(t2 1) Jo -0 ’ )
_ 1 '
<:q J_SPVem - Ty (ob)
2 L= (¢, - t,) °
: S(m - 8) 2 1
and
-27h V _ (o ‘5. )
<qg> = v £ (o), - (o) + 5, tn ——"2[(5c)
S(w-8) (t,-t,) 1 (pg-p )

The bar over a particular quantity indicates that a time averaged value
is used to compute that quantity for the time interval At = (t2 - tl).
1 and t2
respectively. The numerical method for evaluating the integral over 6

The subscript 1 and 2 denote the value of a quantity at times t

was Simpson's Rule with a relative error tolerence of 1.0 x 10'10.
Each of the terms in Equation 9 has a physical interpretation. The
first term, < q >, is the amount of heat used to vaporize a quantity of

liquid. Vaporization of liquid causes the liquid level, here measured
by 6, to change The second term, < q, >, is the amount of heat absorbed
in increasing the temperature of the lading.
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The last term, < q, >, is a correction to the first term. The liquid
level can change due td thermal expansion of the lading (as the tempera-
ture of the lading increases); thus, more of the lading would have been
vaporized than accounted for in just the change of the liquid level. -*

(A specific case which could occur is where the rate of thermal expansion
is such that the increase in the volume occupied by the lading is - :
exactly compensated by the amount of lading which has been vaporized.
Hence, the angle to the liquid level, 6, would then remain a constant,
though liquid has been vaporized).

The liquid level as a function of time is required in order to use
Equation 9 to calculate the heat flux to the wetted surface. A funda-
mental characteristic of the temperature profiles for the inner wall
thermocouples provides a procedure for inferring the liquid level. For
some specific internal pressure the temperature of the liquid will reach
a maximum and begin boiling. This maximum liquid temperature is only a
function of the pressure (neglecting impurities). As long as liquid
propane is in contact with the inner tank shell wall, the temperature
of the wall will remain near this boiling point, even though a high heat
flux may exist. Convection is the mechanism of heat transfer from the
steel wall to the lading.

Hence, for a constant or nearly constant pressure, an inner wall
thermocouple records a constant wall temperature, and a plateau appears
in the temperature versus time plot for each thermocouple. For any
specified thermocouple, this constant temperature condition will persist
until the liquid level recedes below the thermocouple. At this time,
due to the inefficient heat transfer characteristics of the vapor, the
wall temperature rapidly rises; thus, the plateau on the temperature
time plot is terminated.

By recording the time a temperature plateau was terminated for each

- wall thermocouple, and plotting this datum against the corresponding

thermocouple position, a curve of the liquid level as a function of time
is generated. . Figures 27, 28, 29 and 30 are computer plots of the
temperatures recorded by the inner wall thermocouples versus time. The
plateaux and plateau break points are easily discernible. Using the
break point times of the plateaux obtained from these four figures, and
averaging the times for the thermocouples that are positioned on the
same level (e.g., the 3:00 and 9:00 front and rear thermocouples), the
liquid level as a function of time is obtained and it is plotted in
Figure 31.

Several other points have been plotted in Figure 31. The initial
angle to the liquid level was determined from the measurement made when
the car was loaded with propane. The car was filled 27.9 cm (11.0 in)
from the top of the car, and this corresponds to an angle of 35.25° to
the liquid level.
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Due to thermal expansion, the liquid level rose and covered the

1:00 and 11:00 thermocouples (6 = 30°), evidenced by the sharp decrease
in the temperatures recorded by these particular thermocouples. These
times can easily be obtained from Figures 27 through 30, then averaged
and plotted in Figure 31. The 12:30 and 11:30 thermocouples do not show
the sharp temperature drop, indicating that they were not covered .
by the liquid; however, the temperature-time plots show a tendency for
the temperature profile to level off (e.g., see Figure A-21). This de-
crease in the temperature-time gradient for the 12:30 and 11:30 thermo-
couples indicate that the liquid level approached but did not reach

= 15°, In addition, the 12:30 thermocouples on the grid (Figures 32
and 33) show a temperature dip, thus supporting this conclusion. The
dotted portion of the graph for small 6 in Figure 31 indicates that
there exists some uncertainty in interpolating the liquid level as a
function of time, but that the general trend of the liquid level has been
obtained.

Figures 32 and 33 are computer plots of the temperature profiles
recorded by the center pole grid thermocouples (refer to Figures 11 and
12). Figures 32 and 33 record that a temperature gradient existed in
the lading for approximately ten minutes. This temperature stratifi-
cation was caused by the hotter, and hence less dense, propane rising
towards the surface, and the cooler, denser propane sinking to the
bottom of the tank. Even with the violent agitation which existed in
the tank due to boiling, a temperature gradient of approximately 15°C
(27°F) persisted in the lading to approximately six minutes. During
the next four minutes, the lading gradually became isothermal - a con-
sequence of the efficient mixing caused by boiling.

This process of stratification can be understood by realizing that
no boiling of the propane transpires until the relief valve '"pops" open.
No boiling can occur until the valve opens since the pressure continues
to increase. Except for two brief valve openings at 2.20 and 2.60
minutes, the valve was essentially closed for the first three minutes.
The propane next to the tank shell was heated during this time period,
gradually rising towards the surface and being replaced by the denser,
cooler propane. When the relief valve finally stayed open, it took a
finite amount of time (of the order of seven minutes), due to the large
volume of liquid present, for the agitation and mixing associated with
boiling to bring the lading to an isothermal condition. The thermal
mixing was additionally slowed by the continued increase in pressure
during this time span (see Figure 17). This gradual increase in
pressure would tend to diminish the severity of the boiling.

With the above discussions of the physical processes encountered,
the heat flux to the wetted surface can be calculated using Equation 9.
These calculations were made from 10.3 minutes until the tank car
ruptured. It is essential to take time intervals over increments where
the pressure is relatively constant, as all the numerical values for
specific heat, heat of vaporization, density, etc. are temperature
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depefident - and under saturation or near saturation conditions, ‘tempera-
ture dependence implies pressure dependence. Therefore, time intervals
were ghosen such that the pressure never varied by more than 3.45 x 104
nt/qz‘[s PSI) from the beginning to the end of a time increment. In
addition, no attempt was made to determine the heat flux before 10.3
minutes due to the difficulty of handling the temperature stratification. '

"Table XV presents the time intervals, the contributions to the heat
flux'£TON'each term in Equation 9, and the total heat flux over the
respective time intervals. The time weighted average 05 the heat flux
was determined to be 2.50 cal/sec-cm? (33,230 BTU/hr-ft4) :

E. Rupture of the Tank Car

The two x-y plotters were constantly monitored for the pressure and
temperatures by the BRL personnel. The pressure never reached 2.86 x
106 nt/m2 (400 PSIG), nor did the temperatures recorded by the two
thermocouples monitored reach 482°C (900°F), the pressure and tempera-
ture values chosen to activate the Louisiana Tech safety flange.

But after 24.5 minutes, catastrophic failure occurred. The sudden
release of pressure with the additional energy release of combusting
propane broke the tank car into approximately 63 fragments. Including
the NASA A-frame and other instrumentation, a total of 127 fragments
were found. Many of these fragments were hurled out of the large
containment excavation. Figure 34 is an aerial view of the test area
after the catastrophic failure, and Figure 35 is a picture of the test
pit. A number of the major fragments are visible in the two photographs.:

A complete survey including the identification of the fragments was
conducted by the BRL. In addition, the ruptured tank car was re:
assembled on paper and a fragmentation and metallurgical analysis was
conducted by Southwest Research Institute (SWRI) for the BRL. The
fragmentation and metallurgical analysis of RAX 201 is reported in
another BRL report?. One comment will be made at this time concerning
the rupture, and further information can be obtained from the other BRL
report. =

Figure 36 plots the temperature profiles recorded by the 12:00 rear

~and 12:00 front thermocouples. At the time of rupture, a difference of
194°C (350°F) was recorded in the fire temperatures at these respective
locations (refer to Figure 25). This gradient in the temperatures of
the fire resulted in an 183°C (330°F) difference in the tank car steel
at the two thermocouple sites. While the longitudinal thermal gradient
of the tank car steel of approximately 0.20°C/cm (11.0°F/ft) is not
excessive, the actual temperatures of the two sites are significantly

different. ﬁ

If no other data were available, but knowing that the material
strength of the tank car steel decreases with increasing temperatures,
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it would be a reasonable supposition to assume that RAX 201 failed

toward the rear of the car. The fragmentation and metallurgical analysis
indeed confirm this hypothesis. The point of initiation of the failure
was concluded to be very close to the position of the 12:00 rear wall
thermocouple.

VIII. CONCLUSIONS

A tank car filled with LPG was subjected to the severe fire environ-
ment of a large and intense hydrocarbon fire. After 24.5 minutes of
being subjected to this environment, the tank car steel had heated to a
temperature high enough, in combination with the internal tank pressure,
that a catastrophic stress-rupture failure of the tank car resulted.

The skin temperature in the region of the initial fracture site was of
the order of 650°C (1200°F), and the tank pressure was 2.41 x 106 nt/m
(335 PSIG).

The relief valve opened at 1.96 x 10 nt/m2 (270 PSIG), cycled three
times, and remained open after the third '"popping" of the valve. The
flow capacity of the valve was not adequate to preclude a pressure
buildup of 2.51 x 106 nt/m? (350 PSIG) in this fire environment. The
valve capacity was great enough to prevent a further pressure buildup,
and the tank pressure had begun to subside when the car failed. At full
open, the Midland A-3180-N relief valve was determined to have a flow
capacity of 33.1 kg/sec (73.0 1b_/sec) of propane with a discharge co-
efficient of 0.86 at a pressure Of the order of 2.45 x 106 nt/m? (340
PSIG).

An expression has been derived to obtain the heat flux to the wetted
surface This expression takes into account the change of liquid level
//due to vaporization, temperature changes of the lading, and changes of
the density of the lading. Use of.this expression led to a value of
o’ 2.50 cal/sec-cm? (33,230 BTU/hr-ft2) for the average heat flux to the
wetted surface of a tank car exposed to the severe conditions of a large
hydrocarbon pool fire.

As severe as the conditions of fire engulfment are, potentially
more hazardous is the impingement of a torch originating either from
a punctured area or a relief valve:onto another tank car. An estimate
of these torch temperatures for propane have been made, yielding tempera-
tures of 1040°C to 1180°C (1900°F to 2160°F). These are effective
blackbody temperatures - certalnly higher temperatures are to be en-
countered in certain regions of the torch.
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FIGURE B 21 THERMOCOUPLE TEMPERATURES (DEG F) VS. PQSITION
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FIGURE B 23 THERMOCQUPLE TEMPERATURES (DEG F) V3. POSITION
AT 830 SECONDS FROM IGNITION FOR TEST NR. 8
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FIGURE B 25 THERMOCQUPLE TEMPERATURES (DEG F) V3. POSITION
AT 1015 SECONDS FROM IGNITION FOR TEST NR. 8
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FIGURE B 28 THERMOCOQUPLE TEMPERATURES (DEG FJ) V3. POSITION
AT 1142 SECOND3 FROM IGNITION FOR TEST NR. 8

252




INCHES

60 . 166

155

FRONT END OF TANK

157 155 156 155 158

FIGURE B 29

|
36 48 60 72 6864 86 {08 120
INCHES :

THERMOCOQUPLE TEMPERATURES (DEG F) V3. POSITION

AT

{184 SECONDS FRQM IGNITION FOR TEST NR.

253

.8




INCHES

132 — FRONT END OF TANK

120 —

108 —

96 —

84 —

72 —

60 —

1 Ll | [ 1 1 L [ il 1 | L
-i2 0 2 24 36 48 60 72 84 g6 (08 120 132

INCHES
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FIGURE B 33 THERMOCOUPLE TEMPERATURES (DEG F} VS. POSITION
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‘ - FIGURE B 61 THERMOQCOUPLE TEMPERATURES (DEG F) V3. PQSITION
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FIGURE B 62 THERMOCQUPLE TEMPERATURES (DEG F) VS. POSITION
AT 1142 SECONDS FROM IGNITION FOR TEST NR. 8
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FIGURE B 65 THERMOCOUPLE TEMPERATURES (DEG F) VS. POSITION

AT 1269 SECONDS FROM IGNITION FQR TEST NR. 8
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FIGURE B 67 THERMOCQUPLE TEMPERATURES (DEG F) VS. PQSITION
AT 1353 SECONDS FROM IGNITION FOR TEST NR. 8

291



INCHES

132 — REAR END OF TANK

120 —

108 —

96 —

84 —

72 —

60 —

-2 0 te 24 36 4 60 72 64 86 108 120 132
INCHES

FIGURE B 68 THERMOCOUPLE TEMPERATURES (DEG F} V3. POSITION
AT 1395 SECONDS FROM IGNITIQN FQR TEST NR. 8

292









