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PREFACE

The work described in this report was conducted under Federal Railroad Administration (FRA) Contract
No. DTFR53-81-C-00016, Task Order VC-4, entitled “Temperatures, Pressures and Liguid Levels of Tank
Cars Enguifed in Fires". The report has been prepared in two voiumes. This volume presents results
obtained under this project for tank cars loaded with ethylene oxide, propane, propylene, 1,3-
butadiene, vinyl chioride, monomethylamine, or propyiene oxide. It also inciudes background con-
cerning the development of the analytical procedure that was used to calculate the phenomena which
occur when a tank car is subjected to fire. A detailed description of the computer program, which
was used to perform the analyses, is provided in the second volume of the report.

The author wishes to acknowledge the assistance provided by Mr. David Dancer and Mrs. Claire Orth
FRA COTRs on this project. The author would also Tike to acknowiedge the informative discussions
he has had with Dr, L. A. DeFrate, of E.I. Du Pont De Memours & Company, who has also developed
an analytical model for the computation of fire effects on tank cars.
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Miiton R. Johnson
Senigr Engineering Advisor
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1. [INTRODUCTION

1.1 OBJECTIVE

This report describes work that has been carried

out under Federal Railrvad Administration Con-
tract No. DTFR53-81-C-00016, Task Order VC-4,
entitled "Temperatures, Pressures and Liquid
Leveis of Tank Cars Engulfed in Fires".

The abjective of this task order was the fur-
ther development of a procedure for calculating
the fire effects on a tank car containing cer-
tain hazardous materials and the use of this
procedure for determining the vulnerability

of cars in the pool fire environment {complete
fire engulfment).

1.2 SCOPE

This report includes results from the analysis
of upright and overturned DOT specification
105 tank cars subjected to the pool fire en-
vironment. Parametric analyses were performed
which show the effects of using different
thermal shield conductances and safety relief
vaives flow capacities.

1/2

The following products have been considered
in these analyses:

ethylene oxide,
propane,

propylene,
1,3-butadiene,

vinyl chloride,
monomethylamine, and
propylene oxide.

The report also discusses the assumptions and
background data which were used in the deveiop-
ment of the analytical procedure. The pro-
cedure applies both to the upright car case,
where the valve would normally be venting
vapor, and a car that is overturned so that
initially the safety relief valve will be
releasing liquid product.




2.

2.1 REGULATORY ACTIONS

The potential for disasters when railroad tank
cars containing flammable compressed gases or
tiquids are involved in accidents has re-
ceived wide pubiicity. Fires and explosions
from such accidents have caused significant
property damage and have resulted in deaths
and injuries. Regulations were issued in
September 1977 under HM-144 which mandated
the use of high temperature thermal insula-
tion, head shield protection, shelf couplers,
and adequately sized safety relief valves on
DOT Class 112/114 cars which carry these
products. Similar regulations issued in
January 1981 under HM-174 affected the con-
struction of Class 105 cars which carry
flammable gases and ethyiene oxide.

On April 14, 1983 a notice of proposed
rulemaking (NPRM) was issued under docket
number MH-175. It proposed that after
December 31, 1986 specification 105 tank
cars built before September 1, 1981 with
capacities exceeding 18,500 gallons and
carrying a flammable gas or ethylene oxide
be equipped with high temperature thermal
insulation and safety relief valves sized
according to the requirements for specifi-
cation 112 and 114 tank cars.

This repart presents data which can be used
to assist in the definition of adequately
sized safety relief valves in relationship
to the properties of the thermal shield used
ogn the tank car. The major factor which
must be considered is the increase in the
vapor pressure as the car is heated by the
fire. The pressure can be controlied by

the use of a thermal insuiation system which
limits the transfer of heat and which retains
its effectiveness at high temperatures.

The pressure can also be controlled by using
an adequately sized safety relief valve.

2.2 PREVIOUS WORK

A report describing the thermal-protection/
safety-valve relationships for tank cars
subjected to pool fires was prepared and
presented to a meeting of the Design Institute
for Emergency Relief Systems at the Umiversity
of Maryland on June 4, 1981 (Ref. 1}. The
paper dealt with the analysis of DOT Class
112/114 and Class 105 cars which were exposed
to the fire environment. A calculational
procedure was developed for the analysis of
the fire effects on the tank car. The
analysis was restricted to cars contajning
propane which remained upright. Results

were included from a parametric analysis of
the effects of the conductance of the thermal
shield and the flow capacity of the safety
relief valve on the rate of increase in
pressure within the tank car and the sub-
sequent prediction of the time to failure of

BACKGROUND

the car. The procedure used in this analysis
wias briefiy described in the paper. Under this
task order, the work has been extended to in-
¢lude the case of an overturned car, where the
tank car safety relief valve initially would

be venting liquid product. The work has also
been extended to include other commodities.

2.3 RESEARCH AND DEVELOPMENT

Over the last fifteen years several major re-
search effarts have been directed at the study
of the problems associated with tank car ex-
pasure to accidental fire conditions. In 1870
Carnell Aeronauticai Laboratories completed a
preliminary investigation (Ref. 2} of the fire
hazards associated with railroad tank car trans-
portation. Their work included evaluation of
the thermal input to the car, the flow capacity
of the safety reiief valve for both vapor and
liguid discharge, and the specifications used
for sizing safety relief valves. From 1973 to
1975 full scale safety relief valve flow tests
were conducted at Edwards Air Force Base (Ref. 3) .
Standard valves used in Class 112 and 114 tank
cars were tested to determine their flow capaci-
ties for propane, in both the 1iquid and vapor
state, nitrogen, and water. These tests pro-
vided evidence of the large variance in reliey-
ing capacity between the vapor and iiquid states.

In 1975 full scale fire tests were conducted on
1128340M tank cars loaded with propane {Ref. 4).
One car was uninsulated, which was the normal
condition for cars of this type at the time.

The second car had a thin layer of a chemical
coating insulation applied to it. The unin-
sulated car failed after 24.5 minutes with about
40% of the liquid contents remaining at the time
of failure. The insulated car failed after

94.5 minutes when it was estimated that 2% of
the 1iguid contents were left in the car. The
failure of the uninsulated car produced much
more violent effects than the failure of the
insulated car because of the large volume of
propane in the uninsulated car when it failed.

A facility for simulating fire effects on sample
tank car thermal shield systems has aisoc been
developed (Ref. 5). Four by four foot samples
of the thermal snield systems can be exposed to
simulated pool and torch fire effects. The
facility has been used for performing acceptance
tests under the HM-144 specification. The regu--
lations specify the maximum temperature to which
a base plate behind the thermal shield system
can be allowed to increase over a 100 minute
periocd for pool fire simulation and over a 30
minute period for torch fire simulation. The
use of data from this faciiity for estimating
the conductance of thermal shield systems is
discussed later in this report. Vaiues for the
effective conductance of thermal shields are
required in the analytical procedure for the
calculation of fire effects on the tamk car.



The phenomena associated with two phase flow
through valves, which are simiiar to those
used in railroad tank cars, has been investi-
gated at the University of Maryland (Ref. 6).
Recently the AAR Tank Car Committee conducted
an extensive review of the requirements for

sizing tank car safety relief valves (Ref. 7).

Both upright and overturned car cases were
considered. Primary emphasis was given to
DOT Class 105 cars carrying ethylene oxide
or propane.




3. ANALYTICAL PROCEDURE

The calculational procedure, which has been
deveioped under this program to model effects
on tank cars, is described in this section.
It allows the conditions within the tank to
be determined as a function of time for arbi-

trary characteristics of the thermal insulation

system and the fiow capacity of the safety
relief valve. The assumption is made that the
car is fully enguifed by the fire so that the
fire is of uniform intensity all over the tank.
The calculational procedure begins by assuming
that the car has been loaded in accordance
with allowable filling density tables so that
there is an outage volume which is occupied

by the product in the vapor state. Figure

3.1 illustrates the basic phenomena which

must be taken into consideration. Four dif-
ferent sets of conditions are recognized.

The first deals with the situation where the
car is in the upright position venting vapor.
Most of the heat is conducted into the car
through the wetted area of tne tank. The
properties of the tnermal shield determines
the rate of heat transfer into the liguid
product. Some heat is also conducted

through the thermal shield over the vapor
space which increases the temperature of the
tank wall. As the temperature rises, some
heat is radiated from the wall to the 1iquid
beiow. The amount of heat radiated depends

on both the "view factar" of the surface of
the ligquid and the temperatures of the wall
and Tiquid. The view factor decreases as the
tTiguid ievel drops.

The burst strength of the tank is estimated
a5 a functien of the wall temperature over
the vapor space. When the tank is no longer
capable of containing the vapor pressure,
failure is assumed causing the sudden release
of the remaining product within the car.

The vapor pressure within the tank is a
function of the temperature of the liquid
product, increasing as its temperature in-
creases. The presence of nitrogen, which is
used as a pad of inert gas, must be con-
sidered for cars containing ethylene oxide.
When the vapor pressure within the the tank
exceeds the start-to-discharge pressure of
the valve, the valve opens allowing the
vapor to exhaust from the car. A slight
rise in the pressure above this value causes
the valve to move to the fully open position.
It the valve flow capacity is adequate, the
Tiquid wiTl tend to remain at a nearly con-
stant temperature as it is vaporized and is
exhausted from the tank. If the flow capac-
ity is not large enpugh, the pressure in the
tank will rise allowing the temperature of
the liquid to increase and alsc resulting

in a somewhat larger mass flow rate through
the valve.

The second set of conditions which must be
considered is the overturned car case. The

conditions are similar to those of the upright
car case except that the car is assumed to be
partially rolled over so that when the safety
relief valve opens it will vent liquid instead
of vapor. The -volumetric fiow rate for liquid
discharge is less than for the vapor case at
any given pressure, but the mass flow rate may
be larger because of the greater density of
the fluid. Liquid fiow through the valve is
calculated assuming homogeneous isentropic two
phase flow (liquid and vapor) and a liquid
discharge coefficient of 0.7.

The third set of conditions is the case where
the tank car is "shell full" {of liquid) and
for ali practical purposes there is no vapor
space left within the tank. This condition
occurs when the car is initially filied with
only a small empty volume above the iiquid
surface. When the car is exposed to the fire,
the temperature of the product rises and its
specific volume also increases so that even-
tually all of the tank volume is filled with
tiquid. DOT requirements, for example, allow
some products within Class 105 tank cars to

be filled so that the car becomes shell

full when the product temperature rises to
105°F. When the car becomes shell full, any
further increase in temperature of the product
will cause liquid flow through the safety
relief valve. There will be some increase of
the pressure within the tank to cause this
flow. If the capacity of the valve is small
and the rate of increase in the specific

voiume of the liquid is large, very high pres-
sures can be developed. The calculation of the
fire effects under these conditions assumes the
heat is transferred to the liguid over the
entire area of the tank shell. Also, when the
vapor pressure of the product exceeds the pres-
sure required to keep the valve open, the fact
must be considered that both liquid and vapor
can be vented through the valve.

The fourth set of conditions is the case where
all the liquid has been vaporized. This can-
dition is also associated with the case where
the critical temperature of the product has

been exceeded so that the vapor state is the
only state in which the product can exist. The
temperature of the vapor will increase at a
fairly rapid rate because heat is both convected
and radiated to the product and because the

mass of the product within the tank is relatively

small. Under almost all conditions, the safety
relief valve is fully capabie of relieving any
increases in pressure as the vapor becomes
notter. The pressure wouid be maintained near
the vaive closing pressure. The tank wall
temperature also increases fairly rapidly dur-
ing this phase because there is no cooling
effect from liquid product within the tank.



The calculational procedure assumes that each
of the parameters remain constant over a2 given
time step. The parameters are then updated
3l the end of the time step. An integration
time step of 0.1 minutes has been used for

Heat transfer by
radiation from
tank wall to
liguid surface —

Tank wall ~

the parametric analyses conducted under this
study. This time step has been found to be
adequate for describing the various phencmena.
Typical results showing the computer print-
out are presented in Appendix H.

Angle of car
overturn

" Safety relief vaive

Thermal 'Product
insulation in vapor Manway cover plate
system state

Jacket
Liquid leve!

A— Nitrogen pad
used with

ethylene oxide

Product in liquid
state

Heat radiated
from flame

Reradiated
heat

External fire effects
surround car with
intensity apgroximate1y
that of 1500°F flame

Heat transfer by
conduction through
thermal insulation
system and tank
wall to liquid

FIGURE 3.1.

CONDITIONS CONSIDERED IN THE ANALYSIS
OF TANK CARS SUBJECTED TO FIRE




4. PREDICTION OF FULL SCALE FIRE TEST RESULTS

The calculational procedure was used to predict
the phenomena associated with the full scale
tank car pool fire tests (Ref. 4) and to com-
pare the results with the test data. The re-
sults of the tests can be predicted with a
high degree of accuracy provided one assumes
the average neat flux over the entire surface
of the tank was equivalent to complete en-
gulfment in a fire where the flame tempera-
ture was approximately 1500°F in the case of
the insulated car test and 1530°F in the case
of the uninsulated car test. This implies
that the average radiant heat flux to a cold
base plate would be approximately 25,500 and
27,100 Btu/hr-ft?, respectively.

The reshlts of these comparisons are summari-
zed in Table 4.1. The prediction of pressure

versus time follows the experimental data and
the predicted times of failure are within a
minute of the actual failure time. Failure in
both cases was due to the temperature of the
steel in the tank reaching approximately 1200°F
at which point it could no longer resist the
stresses imposed by the vapor pressure within
the car.

If a higher or lower fiame temperature were
assumed, or if only partial engulfment of the
tank car 'in the fire were assumed, the analyt-
ical predictions will not match the test data.
These results have been used to establish 1500°F
as an estimate of the intensity of the pool

fire environment and this estimate has been

used in all of the analyses described in this
report,

TABLE 4.1 COMPARISON OF FULL SCALE TANK CAR
FIRE TEST RESULTS WITH PREDICTIONS
{112A340W - 33,700 GAL. CARS)

Initial Temperature (°F)

Percentage of Car Filled

Test Results
Time- to Failure (min)
Maximum Pressure (psig)

Estimated Percentage Liguid

Remaining at Failure
Predictions
Time to Failure {(min)
Maximum Pressure (psig)

Percentage Ligquid Remaining

at Failure

Uninsulated Insutated
Car Test Car Test
70 43
96 84
24.5 94.5

380 310
40 2
25.2 94.5

350 281
50 o*

*A11 liquid vaporized at 91 minutes



5. PARAMETRIC ANALYSIS

5.1 ASSUMPTIONS

A series of analyses were made for tank cars
exposed to fire to predict the phenomena
associated with the use of different safety
retief valve flow capacities and properties
of the thermal shield, Each of these analy-
ses were made with the assumption that the
entire outer surface of the car was expoesed
to a flame at approximately 1500°F which
would give an approximate 25,500 Btu/hr-ft?
heat fiux to a cold steel plate surface.
This condition is based on the estimate
of the conditions in the full scale fire
tests with the insulated and uninsulated
tank cars*,

The analyses have been conducted for both
the upright car case, where the safety
relief valve is at the top of the car, and
the overturned car case, where the safety
relief valve is assumed to be oriented at
an angle of 120° from the vertical. An
overtyrned angle of 120° has been used in
the overturned car cases because accident
data (Ref. 8) indicates that in over 979
of the cases where rupture of the tank

nas occurred because of overheating the
angle of averturn was less than 120°. The
parametric studies covered all combinations
of 7 values For the assumed conductance

of the thermal shieid and 4 values for

the assumed flow capacity of the safety
relief valve. )

The assumed conductances for the thermal
shield were 5.4, 4.0, 3.0, 2.3, 1.8, 1.2
and 0.8 Btu/hr-ftZ-°F. These conductances
can be related to the expected perform-
ance of the thermal insuiation system in
pool fire simulation test (See Sectian 6).
The assumed safety relief valve flow
capacities were different for each
commodity .

*This assumption on which the heat fiux to the

product within the car is based differs from
that used in the AAR Tank Car Specifications
{Ref. 10) and the analyses described in Ref.
7. These references assume that the tempera-
ture on the ogutside of the insulation reaches
1600°F in the fire, but that only a factor
of A%.%2 of the putside of the tank is sub-
jected to the flame. This factor implies
that heat from the fire will be transmitted
through only 25% of the outside surface of a
2000 ft* tank car. When consideration is
given to the 1600°F surface temperature
assumption the net heat input to the car
would be only 30% of that assumed in this
study.

The results presented in this section are for
an assumed constant value of conductance for
the thermal shield over the range of conditions
considered by each analysis. The significance
of this assumption, in view of the fact that
most thermal insuiation materials have con-
ductivities which are functions of temperature
and the fact that the average temperature

of the thermal shield changes during the course
af the exposure of the car to the fire, is
discussed in Appendix I. The assumption is
also made that each of the thermal shield Sys-

tems start out at a conductance of 0.3 Btu/hr-ft?

and that there is a linear change to the final
value over a 30 minute period., This assumption
is based on observations made during pool fire
simulation tests of thermal shield systems and
s discussed in Section 6. In all cases the
initial temperature of the car and its contents
dre assumed to be 60°F. The relationship be-
tween the conductance of a thermal shield sys-
tem-and its expected performance (back plate
temperature in 100 minutes) in the pool fire
simulation test is also given in Section 6.

5.2 RESULTS FOR CARS CONTAINING ETHYLENE OXIDE

Results from the parametric analyses for tank
cars loaded with ethylene oxide are summarized
in Tables 5.1 and 5.2. Table 5.1 shows the
results for the overturned car case and Table
5.2 for the upright car case. The calculations
have been based on a 25,000 gailon capacity
car. This is a good estimate of the largest
size car which would be used for ethylene
oxide service. An initial outage of 3.3% at
60°F is assumed which would result in the

car becoming shell full at 105°F. Four dif-
ferent safety relief valve capacities have
been assumed, 260, 1100, 3000 and 14,600 SCFM**
The 260 SCFM valve is the minimum allowable
size which would be calculated by the use

of the AAR Tank Car Spacifications {Appendix
A, Ref. 10} for a Class 105 car of this size.
The 1100 SCFM capacity valve s the capacity
of the valve that is most commonly used on
cars of this type. The 14,600 SCFM valve is
the size which would be required if the valve
standards of HM-144 were to be applied to a
25,000 gal car containing ethylene oxide.

An intermediate size of 3000 SCFM is used in
order to provide results between the 1100 and
14,600 SCFM valve sizes.

Most of the information presented in the tables
is self-explanatory. It should be noted that
there are two modes of failure. One type of
failure occurs when high pressures are reached
due to the inability of the safety relief valve

*
§CFM: ft*/min of air at standard conditions
{1 atm at 609F)
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to pass the Tiguid product at a sufficient
rate (e.g., overturned car cases with 260
SCFM valve and 1.8 - 5.4 conductances and
1700 SCFM valve with 3.0 - 5.4 conductances),
The second type of failure oceurs after al]
of the liguid has either been expelled
through the valve or vaporized. Then only

2 small amount of vapor product remains with-
in the tank. The pressure in the tank during
this phase is maintained to a range between
the start tp discharge pressure of the valve
and the vaive closing pressure {75 to 61
psig). The temperature rises at a fairly
rapid rate because there is no cooling

effect of the liguid in the tank. Failure

is predicted to occur when the burst strength
of the tank is diminished to the internal
vapor pressure. The tank is approximately
1400°F at this condition. It should be noted
that this temperature iz above the reported
1060°F violent decomposition temperature for
ethylene oxide* so that it is not certain
that the failure would be delayed as long as
indicated. At some point,when the tempera-
ture of the shell gets into the vicinity of
1000°F, the remaining vapor within the tank
may decompose explosively causing excessive
Pressure and failure of the tank.

It is interesting to note that in the over-
turned car cases an increase in the capacity
of the safety relief valve above 1100 SCFM
does not have any significant effect in
extending the times to reach 100, 200 and
300 psi. The pressure within the car is due
both to the vapor pressyre of the ethylene
oxide and the nitrogen pad pressure. Al-
though the liquid Tevel drops faster in the
cars with the larger valves the rate of
temperature increase for the Tiquid stays
about the same for an extended period of
time. Thus, the rate of ificrease in the
ethylene oxide vapor pressure, which is a
function of temperature, is similar for each
case. The effect of the nitrogen pad
pressure becomes insignificant in a short
time because the liquid ievel is dropping
within the car. Hence the rise in the

total pressure is similar. The pressure
increases faster for the case with the

260 SCFM valve because the cutage stays
about the same for a Tong period of time.
This maintains the nitrogen pad pressure.
The volumetric flow from the vaive ig
approximately balanced by the rate of
increase in the specific volume of the
1iquid, which increases with temperature,

*

From Reference 11. The original work was
based on smal? scale laboratory tests which
were conducted at one atmosphere pressyre
with no oxygen present.
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The results of these analyses show that the
overturned car case is more criticat for cars
equipped with the 1100, 3000 and 14,600 SCFM
valves. This is because it takes longer for
the product to be vaporized and exhaysted as

a gas tham for it to pe expelled as a liquid.
For the cases with the very small valve, 260
SCFM, the upright car case is more Criticatl
than the overturned car case, This is due

to the effect of the nitrogen pad pressure
because it initiates the discharge of the
liquid before the tank car becomes shell full.
In any event the results show that the use

af the 260 SCFM valve results in early fail-
ure times with correspondingly large fractigns
of Tiquid remaining in the car at the time of
failure.

The calculations have been carried oyt for a
maximum of 600 minutes. A condition which is
not attained within 00 minutes is indicated
by an asterisk in the table. The table also
indicates (by the use of a dash) where the
condition is not attained before failure.

The maximum pressure for the overturned car
Case occurs when the 1iguid reaches the 120°F
level. Beyond this point the valve handles
anly vapor and is able to maintain a flow
rate which allows the pressure to decrease
within the tank.

Tables 5.1 and 5.2 are for 105A300W cars where
the calculation of burst strength of the tank
as a function of temperature is based on an
assumed initial burst strength of 750 psig,
which is the minimum burst strength required

in the design of the car, Tables 5.3 and

5.4 give auxiliary information for the failure
conditions of Class 105A100K and 105A200W tank
cars where the design burst strength is 500
psig. The times to fajlure given in these
tables are less than for the Class 10543004

car cases because the burst strength is reached
at an earlier time, The effect is more pro-
nounced for cars that fail at relatively hign
pressures where there is a substantial fraction
of liquid in the car at the time of failure.

Plots of the wall temperature gver the vapor
space, liquid fraction remaining and pressure
versus time for each of the cases given in
Tables 5.1 and 5.2 are presented in Appendix

A. Selected computer printout data is presented
in Appendix H.

5.3 RESULTS FOR CARS CONTAINING PROPANE

Results from the parametric analyses far tank
cars loaded with propane are summarized in
Tables 5.5, 5.6, and 5.7, Table 5.5 shows
results for both the upright and overturned
cases for a 33,600 gallon Class 112A340W tank
car. Only one set of conditions is presented,
namely, a conductance of 4.0 Btu/hr-fti-°f
and a safety relief valve flow capacity of
27,460 SCFM. These are the values which meet
the requirements of HM-144 A thermal shield
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with this conductance is predicted to reach
800°F in the poal fire simulation test and a

Pressure within the car is less than the test
pressure, the expected time of failure is
greater than 120 minutes and there is no
Expected remaining weight fraction of liquid
product within the car at the time of failure.

Tables 5.6 and 5.7 present the results for 3
Class 105A300W tank car Tpaded with praopane.

for a winter Toading of pPrapane in an in-
sulated car. Foyr different safety relief
valve capacities have been assumed, 3070,
5000, 12,000 ang 25,800 5CFM.

This size valve has been used gn Class 105
Lank cars ysed in the shipment_of propane.

The information presented in Tables 5.6 and
5.7 shows resylts which are similar to those
shown in Tables §.1 and 5.2 for cars loaded
with ethylene oxigde. The faiture pressures
are reiatively high and significant quanti-
ties of Tiquid product remain at the time

of failure for the cases where smaller

valve sizes are combined with the higher
values of thermal shield conductance . Under
other conditions the failure occurs after
all of the Tiguid product within the car has
deen vaporized and the vapor pressure within
the car js essentially at the closing
pressure of the safety relief valve,

The results of the analyses show that under
mest conditions the overturned car case is
more critical than the upright car case in
the sense that the time to failure is less.
With the 3070 and 5000 SCFM valve sizes
there are some caseg with the higher con-
ductance thermal shield systems where the
failure times are the same.

Plots of the wall temperature over the vapor
space, liquid fraction remaining and pressyre
versus time for each of the cases given ip
gables 5.6 and 5.7 are presented in Appendix

5.4 RESULTS FOR CARS CONTAINING PROPYLENE

Tables 5.8 and 5.9 present the results for
a Class 105A400W, 33,600 gailon capacity,
tank car loaded with propylene. Table 5.8

shows the results for the overturned car and
Table 5.9 fop the upright car.,
outage of 4.7% at 60°F is assumed, which
meets the requirements given by the Code of
Federai Regulations (CFR}, Section 173.314,
for a winter loading of Propylene in an
nsulated car. FfFoyup different safety relief
valve fapacities have bean assumed, 3070,
5000, 12,000 and 28,600 SCFM. The 3070 SCFM
valve was selected because this js the
smallest size valve that was included in the
AAR safety relijef valve study (Ref. 7). The
28,600 SCFM valve is tha size which results
when the valve standards of HM-144 (AAR
formula for uninsulated car) are applied

to a 33,600 gallon car containing propylene,
The 5000 and 12,000 SCFM valve sizes were
selected tg provide intermediate results,

The informatign Presented in Tables 5.8 and
5.9 shows results which are similap to

these for carg loaded with propane. The
failure pressures are relatively high and
significant quantities of Tiquid product
remain at the time of failure for the cases
where smalier valye sizes are combined

with the higher values of thermal shield
conductance. Under other conditions the
failure occurs after all of the liquid
product within the car has been vaporized and
the vapeor pressure within the car is essen-
tially at the closing pressure of the safety
relief vaive,

The results of the analyses show that under
most conditions the overturned car case is
more critical than the upright car case in

the sense that the time to faijure is less.
With the 3070 and 5000 SCFM valve Sizes

there are some cases with the higher con-
ductance thermal shield systems where the
failure times are the same. The critical
temperature of propylene, 197.2°F, §s pre-
dicted to be exceeded before al] pof the liguid
is vaporized in o of the cases for the up-
right car, the 3070 SCFM valve with the 2.3
conductance therma] shield and the 5000 SCFM
valve with the 4.0 conductance thermal shield.

Plots of the wail temperature over the vapor
space, liquid fraction remaining and pressyre
versus time for each of the cases given in
Tables 5.8 and 5.9 are presented in Appendix
C.

5.5 RESULTS FOR CARS CONTAINING 1,3-BUTADIENE

Tables 5.10 and 5.11 presant the results for
a Class 105A100M, 33,600 gallon capacity,
tank car Joaded with 1:3-butadiene. Table
5.10 shows the results for the overturned

car and Table 5.11 for the upright car. An
initial outage of 5.1% at 60°F is assumed,
which meets the requirements given by the CFR
{Section 173.314) for a winter loading of
butadiene in an insulated car, Four different
safety relief valve capacities have been
assumed, 1100, 3000, 10,000 and 20,000 SCFM,
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The 1100 SCFM valve was selected as being
representative of the smallest valve size that
would be considered for a {lass 105A100W tank
car. The 20,000 SCFM valve is the size which
results when the valve standards of HM-144
(AAR formula for uninsulated car) are applied
to a 33,600 gailon car containing butadiene.
The 3000 and 10,000 SCFM vaive sizes were
selected to provide intermediate results.

The information presented in Tables 5.10 and
5.11 shows results which are similar to those
shown for cars loaded with propane or propyl-
ene. The failure pressures are relatively
high and significant quantities of liquid
product remain at the time of failure for

the cases where smaller valve sizes are
compined with the higher values of thermal
shield conductance. Under other conditions
tne failure occurs after all of the liguid
product within the car has been vaporized

and the vapor pressure within the car is
essentially at the closing pressure of the
safety relief valve.

The results of the analyses show that under
most conditions the overturned car case is
more critical than the upright car case in
the sense that the time to failure is Tess.
With the 1100 SCFM valve size there are two
cases, 5.4 and 4.0 Btu/hr-ft*-°F conductance
thermal shield systems, where the predicted
fajlure times are the same.

Plots of the wall temperature over the vapor
space, liquid fraction remaining and pres-
sure versus time for each of the cases-given
in Tables 5.10 and 5.11 are presented in
Appendix D.

5.6 RESULTS FOR CARS CONTAINING VINYL
CHLORIDE

Tables 5.12 and 5.13 present the results for
a Class 105A200W, 25,000 gallon capacity,
tank car loaded with vinyl chioride. Table
5.12 shows the results for the overturned
car and Table 5.13 for the upright car. An
initial outage of 5.75% at 60°F is assumed
which meets the requirements given by the
CFR {Section 173.314). Four different
safety relief valve capacities have been
assumed, 320, 2000, 8000 and 17,500 SCFM.
The 320 SCFM valve is the minimum size valve
which would be permitted by AAR regulations
for an insulated tank car of this size carry-
ing this commodity. The 17,500 SCFM valve
is the size which results when the valve
standards of HM-144 {AAR formula for unin-
sulated car) are applied to a 25,000 galion
car containing vinyi chloride. The 2000

and 8000 SCFM valve sizes were selected to
provide intermediate results.

The information presented in Tables 5.12 and
5.13 shows results which are similar to those
shown far other flammable compressed gases.

The failure pressures are relatively high and
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significant quantities of 1iguid product re-
main at the time of failure for the cases
where smaller valve sizes are combined with
the higher values of thermal shield conductance.
A1l of the 320 SCFM cases fall inta this
category. These cases show a large increase
in pressure when the car becomes shell full
because of the small size of the valve opening.
A relatively large fiow rate is required pe-
cause of the increase in specific volume of
the liguid with temperature. Under other
conditions the failure occurs after all of

the liguid product within the car has been
vaporized and the vapor pressure within the
car is essentially at the closing pressure of
the safety relief valve.

The results of the analyses show that for the
cases where an B0OO or 17,500 SCFM valve are
assumed the overturned car case is more
critical than the upricnt car case in the
sense that the time to failure is less. With
the 320 SCFM valve size the failure times

are the same. The cases with the 2000 SCFM
valve size show mixed results.

Plots of the wall temperature over the vapor
space, liquid fraction remaining and pressure
versus time for each of the cases given in
Tables 5.12 and 5.373 are presented in Appendix
E.

5.7 RESULTS FOR CARS CONTAINING MONQMETHYLAMINE

Tables 5.14 and 5.15 present the results for

a Class 105A300W, 33,600 gallon capacity, tank
car Joaded with monomethylamine. Table 5.14
shows the results for the overturned car and
Table 5.15 for the upright car. An initial
putage of 7.4% at 60°F is assumed, which meets
the requirements given by the CFR (3ection
173.314). Four different safety relief valve
capacities have been assumed, 1100, 3070, 7000
and 15,800 SCFM. The 1100 SCFM valve was
selected as being representative of the small-
est valve size that would be considered for

a Class 105A300W tank car of this size. The
15,800 SCFM valve is the size which rasults
when the vaive standards of HM-144 (AAR
formuia for uninsulated car) are applied to

a 33,600 gallon car containing monomethylamine.
The 3070 and 7000 SCFM valve sizes were
selected to provide intermediate results.

The information presented in Tables 5.14 and
5.15 shows results which are similar to those
shown for other flammable compressed gases.
The failure pressures are relatively high and
significant guantities of liquid product re-
main at the time of failure for the cases where
smaller valve sizes are combined with the
higher values of thermal shield conductance.
Under these conditions the failure occurs
after all of the liquid product within the car
has been vaporized and the vapor pressure
within the car is essentially at the closing
pressure of the safety relief valve.
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The results of the analyses show that under
most conditions the overturned car case is
more critical than the upright car case in
the sense that the time to failure is Tess,
With the 1100 S5CFM valve sizes there are two
cases where the failure times are the same.

Plots of the wall temperature over the vapor
space, Tiquid fraction remaining and pressure
versus time for each of the cases given in
Tables 5.14 and 5.15 are presented in
Appendix F.

5.8 RESULTS FOR CARS CONTAINING PROPYLENE
0XIDE

Tables 5.16 and 5.17 present the resuits for
@ Class T05A300W, 25,000 gallon capacity,
tank car loaded with propylene oxide. Table
5.16 shows the resuits for the overturned

car and Table 5.17 for the upright car. An
initial outage of 3.58% at 60°F is assumed,
which would prevent the car from becoming
shell full until the product reached a
temperature of 105°F. Because of the low
vaper pressure of prapylene oxide (6.5 psia
at 60°F} a nitrogen padding pressure of 20
psi has been assumed for this case. Four
different safety relief valve capacities have
been assumed, 330, 1100, 5000 and 16,500 SCFM.
The 330 SCFM valve is the minimum size valve
which would be permitted by AAR regulations
for an insulated tank car of this size carry-
ing a commodity classified as a liquid, The
16,500 SCFM valve is the size which results
when the valve standards of HM-144 {AAR formula
for uninsulated car) are applied to a 25,000
gallon car containing propyiene oxide. The
1100 and 5000 SCFM valve sizes were selectad
to provide intermediate results.

The information presented in Tables 5.16 and
5.17 shows results which are similar to those
shown for the other commodities anaiyzed in
this report. The failure pressures are rela-
tively high and significant quantities of
liquid product remain at the time of failure
for the cases where smaller valve sizes are
combined with the higher values of thermal
shield conductance. Under other conditions
the failure occurs after all of the liguid
product within the car has been vaporized and
the vapor pressure within the car is essen-
tially at the closing pressure of the safety
relief valve.

The results of the analyses show that for the
1100, 5000 and 16,500 SCFM valve size cases
the overturned car case is more critical
than the upright car case in the sense that
the time to failure is less. With the 330
SCFM valve size cases the opposite is true.
The failure times for the upright car cases
are slightiy less than for the overturned
car cases. This results from the effects of
the nitrogen pad which causes the release of
the product to begin earlier for the over-
turned car cases.
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6. SIMULATION OF FIRE EFFECTS ON SPECIMEN THERMAL SHIELD SYSTEMS

6.1 DESCRIPTION OF TEST FACILITY

L test facility has been developed and used
(Ref. 5) to simulate the effects of both
pool and torch fires on sample tank car
thermal shield systems. Four by four foot
test specimens are used where the insulation
system is applied to 2 5/8 inch thick steel
plate. The .specimens are mounted vertically
in a fixture so that a flame can be directed
horizontally at the center of the specimen.
The fixture provides & dead air space from
18 to 24 inches deep behind the back of the
plate. The sides and rear of this space

are insulated so that there will be minimal
heat transfer to or from the back of the
plate. HNine thermocoupies are applied

to the back of the plate. A flame is
directed at the center of the specimen

and the temperature rise in the steel

plate indicated by the thermocouples

is recorded.

The intensity of the flame is calibrated
by using an uninsulated 5/8 inch thick
steel plate and noting the time that it
takes for the temperature of this plate
ta reach BOO°F. For pool fire simu-
lations this temperature must be

reached in 12 to 14 minutes. For the
torch fire simulation, the temperature
must be reached in 3.5 to 4.5 minutes.

The pool fire simulation test calls for
axposure of the specimen to the flame
for 100 minutes. The requirements for
HM-144 are that the maximum temperature
indicated by any of the thermocouples

on the back of the plate must not exceed
B00°F in the 100 minute test period.

6.2 RESULTS FROM POOL FIRE SIMULATIOR
TESTS

The facility has been used 1o qualify
materials for use under the HM-144 re-
quirements and to davelop improved thermal
protection systems. It also has been used
to evaluate high temperatura insutation
systems for Class 105 tank cars. Tests
have shown that the conventional insuia-
tion systems used on Ciass 105 tank cars
hreak down after about 10 to 30 minutes

of exposure t¢ typical fire environ-
ments. Minimal protection is subsequently
afforded by these systems 1o the high
temperature fire effects. This is
demonstrated by a typicail test result
shown in Figure 6.1. This figure shows
the temperature versus time measured on
the back of the plate to which the in-
sulation system is applied. Note that the
insulation is effective initjally in
limiting the temperature rise, but that
after a period of about 10 minutes a very

N

rapid increase in temperature occurs until! an
asymptotic value is approached after about

40 minutes. The results show that an 800°F
temperature would be reached in about 30
minutes.

A typical result from a test conducted on &
Class 105 thermal insulation system where the
conventional insulation is augmented by a
coating capable of withstanding high tempera-
tures is shown in Figure 6.2. Temperatures
measured on the metal plate behind the in-
sulation system are again shown as a function
of time. Three distinct regions may be

noted. First there is a slow increase in
temperature over the first i0 to 30 minutes

as the effectiveness of the conventional in-
sulation component as well as the nigh tempera-
ture insulation component provides initial
retardation to the heat flow. Secondly,

after the performance of the conventional in-
sulation component is degraded by the heat
there i3 a nearly linear increase in tempera-
ture with time as the high temperature in-
sulation provides the major retardant to the
heat flow. Finally, the temperature approaches
an asymptotic vaiue as steady state conditions
are reached. In this case, BOC°F was the
maximum temperature recorded by a thermo-
couple in 100 minutes.

6.3 INTERPRETATION OF POOL FIRE SIMULATION
DATA

Data from the pool fire simulation tests can
be used to estimate the effective thermal
conductances of tank car thermal shield systems.
It must be recognized that the inferance of
conductance from a test of this type is
subject to some uncertainty because it is not
an ideal test for the measurement af thermal
conductance. The most desirable test pro-
cedure would be to hald the temperature on

the outer and inner surfaces of the system
constant during the test so that the con-
ductance can be estabiished when the system

is pperating between specific temperature
Yimits. The pool fire simulation test does
not meet this requirement because it allows
the back plate temperature to rise during

the course of the test. Nevertheless, it is
possible to calculate an effective conductance
of the thermal shield by estimating the heat
input to the outside surface and evaluating
the effect of the temperature rise in the

base plate over the 100 minute test period.
The major uncertainty in this calculation

is estimating the heat loss from the back

side of the base plate %o the other surfaces
of the dead air space behind the test specimen.

The first step in this analysis is to estimate
the heat flux from the uninsulated plate cali-
bration data. Calculations have been made of

the heat flux required to cause the temperature




of the base plate to rise from 60°F o 800°F
in 13 minytes. (The test Procedure requires
that 800°F pe attained in frop 12 ta 14
minutes.) The Calculation hag been made with
two different sets of assumptions : first,
that there ig o heat lpss from the bgck of

the insulatign that is applied to the gutside
of the tast fixture, The first assumption

has been foung to imply a heat flux of approxi-
mately 11,950 Btu/hr-ft? ¢4 4 cold plate syp-
face. The second assumption implies a heat
flux of approximately 13,200 Btushr-fiz,

The heat flyx implied by the first assumption
Probably proviges the bpest estimate because
there is pot much time to distribute the

neat araung the inside of the dead air space.
The heat fiux can be represented 4s the thermai

face of the plate is not completely engul fed
by the flame. The corresponding view factor
for the second assumption is .53,

the effective canductances of thermal shield
Systems using the above estimates of the flame
temperature and radiation surface configuration
factors. 4 surface emissivity factor oF

0.8 was assumed. Two different assumptions

- for neat loss from the back of the plate have
also been used in these calcu]ations, namely,
no heat loss, and heat 1gss by radiation tg

the back and sides of the cavity behind the
base plate, It has alsp been assumed that

effective Conductance can be related tg the
temperature rise in the plate. The assump-~
tion of whether or ngt there is any heat
loss from the base plate makes ga significant
difference in the predicted temperature rise
for the base plate of gver the 100 minute
test pering. The results are plotted in
Figure 6.3, The curve which includes the
effect of heat loss probably most nearly
represents the conditions which exist during
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7. RELATIONSHIP QOF RESULTS TO SAFETY CONSIDERATIONS

Tank cars are frequently exposed to the effects
of large pool fires when they are involved in
accidents. The results from the analyses
described in this report can be used to assess
the degree to which different combinations

of thermal protective systems and safety
relief valves will be successful in pre-
venting or minimizing the consequences

of tank car failures under these conditions.
The results are presented in both tabular

and graphical form. The tabulated data
surmarizes the following information:

1) Differences between upright and
overturned car cases.

2) Predicted times to failure of a tank
due to the increase in pressure
within the tank along with a
corresponding reduction in
material strength of the tank
because of its increase in
temperature.

3} The time it takes for the tank
test pressure to be reached.

4) The time it takes for the tank to
become empty of all liquid product.

5) The time it takes to r. 3ch an 800°F
temperature level within the tank.
This 1is an important consideration
for the thermal protection of products
which undergo rapid decomposition at
elevated temperatures.

This information allows one to select specific
options for protective systems which would
satisfy requirements relating to the above
factors. The data also can be used to show
where trade offs are possible, such as where
specific criteria like “no failure before tank
empty of liquid" may be satisfied by a large
flow capacity of the safety relief valve and

a moderate thermal shield capability or by a
small valve flow capacity and a high perform-
ance thermal shield.
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APPENDIX H: SELECTED DATA FROM PARAMETRIC ANALYSES

Selected computer printout data from the para- Parameters Given as Function of Time

metric analyses are presented in this Appendix. . .

Data is included from the overturned ethylene TIME Time (m1nupes) )

oxide car cases. " The following cases are in- PS1G Pressure within Tank (psig)
. TTNK Temperature of Product (°F)

cluded: TWAL Temperature of Qutside Surface of
Tank in Wetted Region (°F)
1100 SCFM valve - 5.4, 4.0, 3.0, 1.8 and .
1.2 Btu/hr-ft*-°F conductances; FRAC ngcf}ggigf Tank Volume Occupied
14,600 SCFM valve - 4.0 Btu/hr-fti.%f FMAT FractiorlofOriginaI Product Weight
conductance Remaining
TVAP Temperature of Tank gver Yapor
The output data includes the following para- Space (°F)
meters ; WouT M?ss Flow Rate Through Safety Valve
) 1bs/min)
Input Conditions PBRS Burs? Strength of Tank (psig)
SVPR Safety)va1ve flow rating pressure PNIT ngﬁsaéazr?::g;e of Nitrogen Pad-
g
Lps1a KIDN ldentification No. used in Pro
- 2 . gram
INIT  Initia] Temperature (°F) THETA  Angle of Liquid Surface from Hor.

COND  Input Conductance {Btu/ft?-hr-°F)

SCFM Valve Flow Capacity {SCFM)

TEMP  Flame Temoerature [°F)

SIZE  Car Capacity {gallens} CNDLQ

TILT  Angle of Safety Relief Valve from
Vertical (degrees)

WEIGHT Initial weight of product {1bs)

zontal (radians)
PICR Excess Fluid Pressure for Shell Fyll
Liquid Flow Through Valve (psig)
Effective Conductance of Therma]
Shield in Wetted Region
(Btu/hr-ft2-°F)

CNDVP Effective Conductance of Thermal
Shieid in Vapor Region
{Btu/hr-ft:-°F)

FRACLQ  Fraction of Original Product Weight
in Liquig State
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APPENDIX I:

The thermal conductivity of most high tempera-
ture insulation materials is a function of
temperature, with the conductivity increasing
with increasing temperature. This dependence
can be quite significant resulting in a ten-
fold increase in conductivity over the tem-
perature range from 60 to 1600°F,

The parametric analyses described in Section
5 were made with the assumption of constant
conductance. This does not imply that con-
ductivity is not a function of temperature,
but only that the value of conductance does
not change over the course of the analysis.
For the tank car praoblem, where the tempera-
ture of the car changes with time, the as-
sumption of temperature dependent conduc-
tivity implies some change in conductance
over the course of the analysis.

One reason that constant conductance was
assumed for the parametric analyses was
that some materials, which have been used
for thermal shield systems, have met the
requirements of HM-144, but they have naever
been tested to determine their conductivities
as a function of temperature. Alsg, if the
assumption of temperature dependent conduc-
tivity were made the results would be
specialized to a material having that
particular functional dependence on tem-
perature. Using the assumption of constant
conductance aliowed the calculation of data
which had more general application. It

was thougnt best to perform the analyses
with an assumed constant overall effective
conductance and then make a separate study
to determine what the influence of this
assumption is on the results.

One would expect that the inclusion of tem-
perature dependent conductivity in the
analysis of the tank car in the fire would
have the following consequences. The portion
of the thermal shield adjacent to the wettad
area of the tank would have a relatively
constant thermal conductance because the
average temperature of the insulation would
change only a small amount. The effective
conductance would be expected to be less
than that given by the pool fire simulation
test. On the other hand, the thermal con-
ductance of the shield adjacent to the vapor
space would show a marked increase with

time because as the inner wall temperature
rises the average temperature through the
thermal shield is increasing.

The influence of temperature dependent con-
ductivity on the prediction of effects when

2 tank car is enguifed in a fire was examined
in the following manner. First, the con-
sequences on a pool fire simulation test were
determined. Several thermal systems were
selected which were predicted to give specific
temperature results on this type of test.

I-1

EFFECT OF TEMPERATURE DEPENDENT THERMAL CONDUCTIVITY

These were then appiied to tank cars and full
scale pool fire effects analyzed.

The significance of using a thermal shield system
with temperature dependent conductivity in the
pool fire simulation test is that the effective
conductance of the thermal shield would tend to
rise with time because the average temperature

of the system would be increasing. The effects
were examined by assuming a temperature dependent
conductivity for a thermal shield system wnich
was based on data (not from DOT pool fire simu-
lation test) for a high temperature material
which underjoes a large change in conductivity
with a charje in temperature. Calculations were
made for diFferent thicknesses of tne thermal
insulation material so that one could then
identify the temperature rise of the base plate
with a given thickness of insulation.

To determine the effect of this property on a
tank car in a fire, analyses were conducted
with different thicknesses of thermal insulaticn.
These analyses were performed by recalculating
the thermal conductance of the insulation sys-
tem each time step. This procedure took into
account the different temperatures on the front
and back of the insulation. Two different
thermai conductances were calculated, gne for
the material over the vapor space and the other
for the material adjacent to the liguid region.

The resuits were compared with constant con-
ductance cases where the predictions of the
temperature resulting from exposure of the
insulation systems to the pool fire simulation
tests were the same. The results of these
comparisons were somewhat surprising because
there were no significant differences. Several
effects interact to produce these results.

First of all, the thermal shield over the vapor
space tends to become more conductive as the
temperature of the tank wall increases causing
an even more rapid increass in temperature and
corresponding decrease in strength. A more sur-
prising fact is that the effective conductance
in the wetted area is greater than that indicatad
by the pool fire simuiation test. One would ex-
pect that because the temperature of the tank,
which is adjacent to the liquid, is being held
at a relatively low value, that the therma)
conductance of this region would be lower than
that provided by the pool fire simulation test.
However, the heat flux associated with the pool
fire simulation test, which is governed by the
way the flame is adjusted in the uninsulated
plate calibration test, i5 less than that en-
countered in the full scale fire. Thus, tha
temperature on the flame side of the insulation
is not as hot in the pool fire simulation test
as it is in the fire enviromment, and there-
fore, the thermal conductance of the insulation
system in the pool fire simulation test is less
than that in the full scale fire.




changes with temperatupre . Approximately the
same minimem Pressures are Predicted for
equivalent therma) shield systems and the
times to failuyre are comparaple, The resyjts
indicate that ejther approach can be used to
develop background information on which safety
considerations can pe evaiuated,
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