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ABSTRACT

Tank cars containing flammable liquefied compressed gas ladings have
been involved in many accidents involving death, injury, and large amounts of
property damage. The losses have generally occurred following puncture of a
tank in a derailment or from rough handling in terminal operations. Subsequent
ignition of escaping lading frequently has resulted in the development of a
general conflagration, often accompanied by the violent rupture and rocketing
of other fire-exposed pressure tank cars. This report provides the basis for
defining practical and economical safety improvements and identifies the safety
research gaps which must be closed before a prototype tank car can be designed
to optimal safety/economic considerations. Increased safety can be realized
by decreasing the probability of an initial puncture, and/or decreasing the
probability of subsequent tank ruptures of other cars from fire exposure.

Six areas were given particular consideration because of their greater poten-
tial for success for 112A/114A series tank cars. These were: 1) operational
changes, 2) head shields, 3) modified couplers, 4) thermal insulation, 5) tank
material changes, and 6) safety relief system modifications.

Head shields and modified couplers were found likely to be ''cost-
beneficial." The expense/loss reduction break-even points as a function of
coating life were determined for thermal shield materials. A safety relief
valve, which is actuated by excessive lading temperature and then remains open
until reduction to ambient pressure, was found to have high potential for being
cost beneficial.

Other tank car research is reviewed and an improved thermal model for
calculating the effects on a tank car exposed to fire is presented. It was
found that full scale fire test results confirmed earlier analyses indicating
substantial underestimation in existing design calculations of potential heat
loadings to fire-exposed cars.

In general, economic impact of mandated changes in over-the-road and
terminal operating procedures may be expected to be greater than that of a
car design change to achieve the same safety objective. Neither change may
be '"cost-beneficial" when this term is interpreted to mean zero negative
impact on car profitability or commodity transport cost. On the other hand,
it was found that a modification increasing the cost of a tank car by 10 per-
cent tends to increase the delivered cost of LPG, for example, only on the
order of 0.5 percent. Therefore, substantial expenditures could be made for
car improvements with relatively little -- but not zero -- overall economic
impact.

Substantial improvements in car safety appear to be feasible without

resort to the use of exotic materials or fabrication techniques which could
not be accommodated by existing tank car manufacturing facilities.
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SUMMARY AND CONCLUSIONS

The broad objectives of this research effort were to:

1. Provide the basis for defining practical and economical safety
improvements which can be either retrofitted to in-service tank cars or incor-

porated into the design and manufacture of new tank cars, and

2. Define the safety research gaps which must be remedied before

a prototype tank car can be designed to optimal safety/economic considerations.

The greatest accident losses involving tank cars have occurred for
class 112A/114A cars containing compressed liquefied gas lading. The losses
have generally occurred following a puncture in a derailment or other abnormal
operation. The lading flowing out of the puncture may be subsequently ignited
and the resulting fire causes damage in the surrounding area. If the ignition
occurs after considerable amount of lading has been dumped and vaporized, the
damage area can be extensive. Often the fire heats one or more tank cars that
have remained intact during the initial accident. After a time interval, the

heated tanks rupture, greatly increasing the severity and area of damage.

This report examines. possible methods of increasing safety of tank cars,
Increasing the safety of tank cars can be accomplished by two means: decreasing
the probability of puncture or decreasing the.probability of subsequent tank rup-
tures of other cars after a puncture and fire. Six areas within these two broad
categories were given particular consideration because of their greater potential
for success. These are: 1) operational changes; 2) head shields: 3) modified
couplers; 4) thermal insulation; 5) tank material changes; and 6) safety relief
valve modifications. '

Operational Changes

Relative to operational changes, it was concluded that:




Reductions in authorized speeds for trains carrying hazardous
comnodities by tank car would, in the overall picture, reduce

the frequency of severe accidents.

Cost effectiveness of reduction in speed is highly variable with
respect to route. Many cases would not show adoption to be
cost beneficial. Individual consideration of cases would be

required.

Adoption of a general rule requiring the use of "buffer cars"

between hazardous material laden tank cars is not indicated.

Operational restrictions affecting standard practice in terminal
operations will tend to be an expensive option when compared with
car design changes to obtain the same level of safety.

Head Shields

Head shields are shields located at the ends of tank cars to reduce
the probability of head puncture. Cost benefit analyses were developed for
nead snields and the other modifications considered in this report. The cost
benefit analyses are based on published accident loss data, estimated effective-
ness of the modification in reducing accident losses, estimated cost of the
modification, expected life of the modification, and expected capital return.
Head shields were found to be cost beneficial. In this and subsequent cost/
benefit analyses, it was found to be more realistic to increase published loss
data by 25 percent based on a thorough re-evaluation of five accidents chosen
to be representative of a range of dollar losses per accident, The analysis
shows the economic benefit of head shields to be $577 for new cars and $375 for
existing cars at a cost of capital assumption of 10 percent. (The economic bene-
fit is the amount that could be spent on a modification and be paid back, including
interest, from the reduction in accident losses minus the cost of the modifica-
tion.) If there were no capital recovery allowance, the reduction in losses
minus the cost of the shield would be $2408 for new cars and $2134 for existing

cars.




The results of the head shield cost/benefit analysis are different
from other published results primarily because of a redistribution of accident
dollar losses. Previously, accident dollar losses had been assigned to the

__tank element that failed. That is, if during an accident, a tank head was
punctured with a resulting loss of lading and subsequent fire, the damage

caused by the lost lading was assigned to the category of head puncture.
Similarly, if the tank shell was punctured, the losses were assigned to the
category of shell puncture, Using this rationale with the relatively small

amount of historical data available, results in the conclusion that shell
punctures which accounted for only 18 percent of the lading spills were respon-

sible for 68 percent of the dollar losses. The historical data are too limited
to pfovide the correct distribution of losses between head and shell punctures.
If enough tank car accidents were investigated over a long period of time, the
dollar loss distribution would be expected to match the puncture distribution,
inasmuch as shell punctures do not inherently produce more costly losses than
head punctures. Supporting evidence is presented in the main body of this
report indicating that dollar losses are strongly related to puncture distribu-
tion for a more extensive set of data including all classes of tank cars. '

Modified Couplers

Couplers are the puncture source for the majority of head punctures.
Modified couplers have been proposed which prevent vertical disengagement during
a derailment or other abnormal operation condition and thereby reduce probability
of head punctures. The cost/benefit analysis of modified couplers also requires
a redistribution of losses from previously published reports. The economic bene-
fit of modified couplers depends on the basis of comparison. Both type E and
type F couplers have been used on tank cars. Modified E and F couplers were found
to be cost beneficial compared to either standard E or F couplers. For eiample,
the economic benefit of modified type E couplers compared with standard type E
couplers was found to be $491 for cost of capital assumed to be 10 percent. At

zero interest rate, the net savings would be $833.



Thermal Insulation

Thermal insulation may be applied to the outside of a tank to pre-
vent or delay overheating and overpressurization of a tank exposed to fire
which could lead to tank rupture and greatly expanded damage area. Two types
of thermal insulation have been considered: steel jacketed insulation as pre-
sently used on type 105A cars and proposed thermal shield coatings that are
applied directly to the outside of the tank. Thermal shield coatings have been
proposed because of their possible overall lower cost, Because thermal shield
coatings are only in the proposed stage, their cost, effectiveness, and life
expectancy are not known, Therefore, the cost/benefit analysis considered these
factors parametrically. The best estimates of the initial cost of thermal
shield coatings which ﬁould not cause any increase in lifetime operational costs
are given in Table 1,

Table |

BEST ESTIMATES OF “JUSTIFIABLE" COST OF 100% EFFECTIVE
THERMAL SHIELD COATINGS ON 112A/114A TANK CARS

“JUSTIFIABLE COST,” $
LIFE OF
THERMAL SHIELD, 10% INTEREST | 0% INTEREST
YRS. : RATE RATE
1 429 451
5 1772 2255
10 2850 4510
15 3504 6765
30 4284 13,530

Tiis "justiff&ble” cost is the amount that could be spent today on a thermal
shield coating resulting in sufficient savings over the life of the coating to
répay Both application and interest costs. oﬁ the aﬁsﬁhption that the coating

is completely effective in preventing fire damage due to the tank car. .'"Justi-
fiable'" cost only relates to the cost that is economically justifiable in
comparison with present conditions. Justifiable cost is not a function of
social consequences nor does it consider the possible alternative of the
increased shipping costs, The analysis also applies for conventional jacketed
insulation except that the savings due to the lack of additional corrosion

4




protection would not be realized. Conventional jacketed insulation would then
only be justified if it were less costly, or if the life of the shield were
expected to be longer, or if the effectiveness were greater than for thermal
shield coatings, Longer shield life for conventional insulation has been found
to be obtained when compared with coatings tested to date. Because the practi-
cal applied thickness may be greater, jacketed insulation would probably provide
greater thermal protection and, therefore, effectiveness more closely approaching
100 percent. For jacketed insulation, the best estimate of "justifiable'" cost

at 100 percent effectiveness would be $2907 for 30 years shield life at 10 per-

cent interest rate. At zero interest, the corresponding value would be $9180.

Tank Material Changes

A change in tank material was examined as a possible solution on
three bases. First, a higher strength tank material would resist puncture more
effectively, Second, a change in material might prevent propagating failures.
Third, a material with more high temperature strength would resist rupture to :
a higher temperature-pressure limit and, therefore, be more effective in pre-
venting rupture. However, this modification was found to provide only minor

benefit relative to cost compared to the other possible modifications.

Safety Relief Valve Modifications

To prevent tank car rupture during fire exposure, modified safety
relief valves could be utilized to prevent excessive internal tank pressure.
Increased area valves and modifications to insure vapor discharge were con-
sidered as possible methods of maintaining tank pressure at least at the speci-
fied design pressure but tanks could still fail at this pressure ad high tank
temperatures. The most viable valve modification was found to be a valve which
is actuated by excessive lading temperature and then remains open to relieve
the tank pressure to ambient, thereby preventing rupture. The justifiable
cost of a valve system which would be 100 percent effective in preventing losses

from fire exposure would be $2907, Additional studies are required for deter-



mining the effectiveness and cost of this system, but it appears to have a

high potential as a cost beneficial modification,

Economic Sensitivity

In determining an upper bound consistent with a viable service, a
sensitivity study was performed to determine the effect of increased tank car
cost on the delivered price of the shipped commodity even if the car modifica-
tion were not strictly cost beneficial, This study was limited to the shipment
of LPG a distance of approximately 800 miles in 112A340W type cars. The conclu-
sion is that for a tank car carrying only LPG, a 10 percent increase in the tank
car cost would produce only an 0.5 percent increase in the delivered cost of

LPG. Since LPG is probably the lowest priced commodity to be shipped in the
noninsulated pressure cars, this 0.5 percent represents an upper bound on

price increase, Similar conclusions would be obtained for trips of different

lengths.

Supporting Studies

This report reviews the thermal research on tank cars that has been
conducted at Calspan and other facilities. Improvements have been made in the
Calspan tank car thermal model which was previously developed. The thermal
model represents a tank car enveloped by fire either upright or rolled over at
any angle, The tank car geometry is described by inputs for its length, dia-
meter, shell thickness, number of relief valves, their position along the tank,
their flow area, discharge coefficient, and the tilt or roll angle from the
vertical., In addition, if external insulation is present, it is specified by
its thickness, thermal conductivity (which may be varied with temperature} and
the product of density and specific heat.

The heat input from the fire is described by inputs for its tempera-
ture, emissivity, and the heat transfer coefficient for convective heating.
These quantities may be varied around the tank. Heat input to the lading is
described for Iiquid and vapor separately by a heat transfer coefficient,



Liquid heat transfer coefficients are computed by equations that represent

curve fits to experimental data, and are valid for propane only.

The model computes heat penetration to the lading, which results in
a computed rise in temperature of the external insulation, if any, the tank shell,
the vaporized lading, and the liquid lading. In computing the external heating,
heat is reradiated to the fire at increasing rate, and convective heating decreases
as the outer surface temperature rises, resulting in a reduced heat penetra-
tion to the lading, The steel of the shell is described by burst pressure
tables that are based upon ultimate strength, and are prepared by calculating
burst pressure from simple thin shell relations. The main body of this report

fully describes the model and the Appendix includes a program listing.

One-fifth scale and full scale tests of tank cars exposed to fires
have been conducted by the Naval Ordnance Laboratory and the Ballistic Research
Laboratories. In all of these tests, a full size safety relief valve was used.

The most significant observations made form the data of these tests are:

1. The heat flux to a full-scale tank from a JP-4 fire was of
the order of 25,000-35,000 But4ft2 hr to the wetted surface or roughly 4 times
that assumed in the AAR Specifications for Tank Cars determined from Q =

34,5001 8%, )

2, The relief valve had insufficient vapor flow capacity to limit
the tank pressure to 306 psig as required by the specifications or to below
the tank test pressure (340 psig).

3. Vapor flow rates of the valve were about as predicted.

4, A tank failed at about the pressure-temperature conditions indi-

cated by uniaxial strength data.

5. There was considerable temperature stratification within the

tank before valve opening. This caused valve opening sooner than for uniform




temperature conditions., After valve opening, saturation conditions generally
prevailed. The thermal model does not include provision for stratification and

therefore does not calculate correctly before valve opening.

Areas Requiring Further Research

Technology presently exists for building a prototype tank car that
is substantially safer than those presently in use and that is, or is nearly,
cost beneficial. iiead shields could be installed to reduce punctures and
jacketed insulation similar to that on type 105A cars could be used to reduce
rupture of cars exposed to fire., However, even more optimal designs could be
formulated after additional research. The external and internal effects of a
tank car have not been completely defined. In particular the effects of high
heat fluxes over small areas (torching) have not been determined. Also, the
effect of temperature stratification within the lading has not been fully
assessed, Very little has been experimentally determined relative to safety
relief valve operation while flowing LPG vapor or liquid in a situation similar
to that experienced in a fire., The actual valve operational mode is not known.
Testing of modified couplers and head shields under dynamic conditions and
extensive analyses are required to fully assess their performance under
derailment conditions. The main thrust of research on thermal shield coatings
should be directed to evaluating the ability of low cost coatings to withstand
ten years or more of railroad type service and still be able to provide signi-
ficant insulation if involved in a fire.



I. INTRODUCTION

Tank cars have been under effective Federal regulation since July 1,
1927, when the Interstate Commerce Commission issued a set of specifications
for "Tank Cars Handling Explosives, and Other Dangerous Commodities." The
car, which on this date became the ICC105 class car, had been originally speci-
fied in 1918 by the Master Car Builders' Association (MCBA).

The tank had an especially heavy construction and was developed to
transport volatile flammable products whose properties were such as to involve
danger of loss of life in the event of rupture. The outstanding features of
these cars, other than their rugged mechanical construction, was the requirement
that they have at least 2 inches of insulation covered by a jacket of 1/8 inch
thick steel,

In the early 1930's, the shipment of liquefied compressed hydrocarbon
gases were confined to these specially designed tank cars. The shippers, however,
began looking for a tank car designed to the characteristics of their products.

As a result, a new class of cars was specified, ICC 105A200 thru ICC 105A600

cars, which allowed minimum-plate thickness, safety relief valve start-to-discharge
pressure, test pressure, etc, to be varied directly with tank design pressure.

All of these cars , and in particular the 105A300, which was to transport
liquefied petroleum gas (LPG), still required a minimum thickness of 2 inches

of insulation and the 1/8 inch steel jacket.

The drive for economy led to still another change in these specifica-
tions about 1960, This car specification, for the 112A400W series car, was an
outgrowth of the 105A400 specification except the removal of the requirement
for insulation. Concurrently, changes in other governing specifications allowed
the removal of expansion domes, side running boards, and an increase in the
allowable weight on the rails. (Series l14A cars are similar to 112A cars
except for valving and these two series of cars will be treated as one.)

These changes, acting together, allowed car capacity in service to reach first



20,000 to 30,000 gallons and then on a prototype basis 50,000 to 60,000 gallons.
The Department of Transportation has since set limits of 34,500 gallons and
263,000 pounds total rail weight.

Tank cars carrying flammable ladings have been involved in numerous
accidents over the years, Particularly since the advent of class 112A/114A cars,
the amount of dollar losses as a result of tank car involvement in accidents
have been substantial. The Railway Progress Institute (RPI) and the Association
of American Railroads (AAR) have undertaken a cooperative program titled Rail-
road Tank Car Safety Research and Test Project. The RPI/AAR has determined
that there were 3853 tank cars damaged in 2321 accidents in the United States
and Canada during the six year period 1965 through 1970% It was determined
that total losses due to mechanical damage of tank cars were more than $23,000,000
and total losses due to fires from tank car ladings were over $15,000,000.

{These values are not necessarily additive because some of the.fire losses
were initiated by mechanical damage.) The largest accidents reported were at
Laurel, Mississippi, January 25, 1969, $7,800,000, and Crescent City, Illinois,
June 21, 1970, $1,900,000. Since the time of the RPI/AAR report, there have

been several accidents each resulting in losses of millions of dollars.

The following sequence of events typifies an accident invelving a
tank car with compressed liquefied gas lading which results in large dollar
losses. During a derailment or other abnormal occurrence, a tank car is
punctured and the lading is subsequently ignited. The fire causes some damage
in the surrounding area and heats one or more tank cars that have remained
intact during the initial accident. The tank cars that are heated by the fire
react as follows. As the lading increases in temperature, it expands and
tends to fill the ullage space with liquid, After the ullage space is filled,
the liquid continues to expand and forces open the safety relief valve with
which each tank must be equipped. On further heating; the saturation pressure
of the lading reaches the start-to-discharge pressure of the relief valve and
the liquid level recedes as lading is released. While the lading is being
heated, the tank shell is also increasing in temperature. Because of the low

heat transfer coefficient from the tank shell to gaseous portions of the lading,

10



the portions of the shell in contact with gaseous lading increase in temperature
at a faster rate than portions of the shell in contact with liquid lading. If
at any time during the heating, the stress in the shell due to internal pressure,
and to a small degree thermal stress, exceeds the strength capability of the
shell material at temperature, the tank will fail. Tank failures have often
taken the form of large, rapidly propagating cracks with large, nearly instan-
taneous, release of burning lading. As the pressure is released, large amounts
of lading are converted to the gaseous state. The result has been that portions
of tanks weighing tons have rocketed hundreds of feet with resulting physical
destruction and fire spread. Even without rocketing, the area of damage

increases greatly when a tank ruptures,

The Federal Railroad Administration (FRA) of the U.S. Department of
Transportation (DOT) has undertaken a research effort to improve the safety of
moving hazardous liquefied compressed gases. Five phases are contemplated with
the end result being the specification of a safe and economically practical
tank car, The broad objectifes of the first phase of the research effort were

to:

1. Provide the basis for defining practical and economical safety
improvements which can be either retrofitted to in-service tank cars or incor-

porated into the design and manufacture of new tank cars, and.

2. Define the safety research gaps which must be remedied before

a prototype tank car can be designed to optimal safety/economic considerations.

To carry on this effort, a multiphased program was developed which can be out-

lined in the following four categories.
1. Review tank car design specifications and codes along with

operational procedures to determine the feasibility of changes to improve tank

car safety.
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2. Thoroughly review the ongoing research programs of the FRA and
RPI/AAR.

3. Determine those design changes which can be applied either to
existing cars, as a retrofit item, or incorporated into new car designs and

which will improve safety on a cost beneficial basis.

4. Specify those technical areas in which further research should
be accomplished before decisions can be made on the final configuration of the

prototype tank car,

The program was later increased to include three specific additional

tasks. These three tasks are listed below.

1. Perform a cost/benefit analysis for head shields applied to 112A/
114A tank cars.

2. Review existing practice on design of tank cars and shipment of
liquid ethylene. Also formulate and investigate the effectiveness of modifica-

tions to shipping regulations and tank car design specifications.

3. Perform a cost/benefit analysis of thermal shield coatings applied
to 112A/114A tank cars, Three reports were issued covering these tasks (Ref.
2, 3, and 4).

Auxiliary tasks were completed simultaneously with the primary tasks
listed above. These included: a literature review, a bibliography of which
can be found in Appendix A, briefings and communications with several organiza-

tions,
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II. DESIGN AND OPERATIONAL FACTORS

The purpose of this section is to establish, prior to recommending
improvements, the effects on load factors of varying tank car design and opera-
tional parameters. The analysis has been divided into two general areas: 1)

tank car design factors, and 2) operational aspects related to tank car safety.

A, Tank Car Design Factors

When considering design changes for safety, or other considerations,
it is necessary to review governing factors which may limit the freedom or

direction of change. Some of the important factors are:

. the physical and chemical properties of the lading;

. structural materials and fabrication technology available
at reasonable cost;

. physical limitations--dimensional and weight--required to
operate on the U.S. rail system;

o the operating environment.

The operating environment will be considered later, while for the

moment, the discussion will be centered on the physical limitations.

There is a body of codes, specifications and design practices for
tank cars. Title 49 of the Code of Federal Regulations, Part 179, contains the
DOT specifications for tank cars handling hazardous commodities. These regu-
lations are republished in tariff form (currently as part of R. M. Graziano's
Tariff #29). Title 49 CFR, Part 179, incorporates by reference, portions of
the AAR Specifications for Tank Cars. The latter document is also the con-
trolling standard for tank cars handling non-regulated commodities. By virtue
of the fact that portions of the AAR Specifications have the status of law, and

also that many cars have been constructed to AAR Specifications alone under the




special permit provisions of DOT regulations, the AAR Specifications have

major design influence on cars handling hazardous commodities as well.

The AAR Tank Car Specifications incorporate by reference portions
of the AAR Specifications for Design, Fabrication, and Construction of Freight
Cars., The latter document (commonly called simply 'the Design Manual"') contains

dimensional, weight, and stress allowables.

The Hazardous Materials Regulation Board of the Department of Trans-
portation is the channel by which revisions to the Hazardous Materials Regula-

tions (49 CFR 170-195), which includes tank car specifications, are promulgated.

The bulk of regulated commodities shipped by tank cars move in four

classes of cars:

103 - "non-pressure' service--expansion dome, full underframe
111 - "non-pressure' service--domeless, majority stub-sill

105 - pressure service--insulated, full underframe

112 and 114 - pressure service--non-insulated, stub-sill

In terms of recent construction, the 111 and 112 series cars predomi-
nate, The 112 series cars have been involved in most of the very high cost
accidents and have therefore received the majority of attention with respect

to adequacy of design,

Of the potential safety improvements which have been considered for
application to tank cars, thermal shields, head shields, and modified couplers
have been of particular interest. Examining some of the design constraints that
must be considered, we will first consider capacity limits, both volume and

weight,
Figure 1 illustrates volume and weight limitations by car class and

lading. 1In addition to general relationships, specific examples of individual
cars selected from the Railway Equipment Register or the Car and Locomotive
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Cyclopedia, typical of a car class, are plotted. Filling density is expressed

as the percent of the weight of a full car of water that may be loaded,

Principal bounding conditions for both weight and volume of cars built
after November 1970 handling regulated commodities are the legal requirements
imposed by 49 CFR 179.13. This paragraph states that a volume limitation of
34,500 gallons and a gross weight on rail of 263,000 lbs. apply. These boundaries
appear in Figure 1. The effect of the gross weight restriction in terms of .
cargo carrying capacity for steel cars is approximated by the line identified
as "typical range of capacities for stub-sill non-pressure cars with 100-ton
trucks." (Nominal 100-ton trucks have a gross load limit of 263,000 lbs; see
Figure 1 for other trucks.) Heavier walls for pressure cars would result in
a slight shift in this line towards reduced capacity, with the slope of the

line unchanged (for circular cross sections).

B. Capacity Limitations for Non-Pressure Cars

Referring again to Figure 1, observe the intercepts of the lines
identified "Acetone" and "Ethylene Di-Chloride" with the previously described
"Typical Range . . . 10D ton-trucks" line. Ethylene di-chloride is a material
representative of the highest density liquids handled by tank cars. Acetone
is typical in terms of density of a broad range of hydrocarbon liquids handled
by tank car, and representative of one of the lower density materials hauled.
Therefore, virtually all regulated commodities handled in 111 series cars are
sharply weight limited rather than volume limited. Cars built will typically
have a volumetric capacity yielding close to the gross rail load limit when
filled. Therefore, retrofit programs for existing 111 series cars requiring
substantial structures would likely require reductions in carge volume to
accommodate extra weight, an economic penalty which would have to be taken

into account.

There are a number of 111 series cars in operation with 125-ton trucks
(highest capacity 4-wheel truck), and some with 150-ton 6-wheel trucks, or 8-

wheel span-bolster arrangements. These cars were either in service before
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November 1970 and/or were designed for non-regulated commodities. They are
products of the drive for economics associated with higher unit loadings.

Reductions in carge volumes would also apply to new 111 series cars
incorporating weight additions. This reduction could not be offset by fabrica-
ting the cars of stronger materials. These cars presently approach critical
buckling limits; therefore, increased tensile properties would be of limited
value. Note that we are not indicating that reductions in cargo volume would
be, by definition, economically untenable. The effect must be considered,

however,
Design changes involving moderate changes in physical dimensions
would not in general prové a serious problem with non-pressure cars. This is

discussed in further detail later.

C. Capacity Limitations for Pressure Cars

Vinyl chloride, anhydrous ammonia, and liquefied petroleum gas (LPG),
e.g., propane, constitute the three principal hazardous commodities handled in
112A/114A series pressure cars. Examining Figure 1, we find that ammonia and
propane are significantly volume limited. Therefore, weight addition for retro-
fit or new car design would not effect unit volume carried on these commodities.
Vinyl chloride, on the other hand, is severely weight limited by the 100-ton
truck restriction. A pre-1970 112A340W car with 125-ton trucks was limited to
a gross load limit of 315,000 1bs, whereas new vinyl chloride cars are restricted
to 263,000 lbs, That is, a new 112A340W car for vinyl chloride would be required
to carry 52,000 lbs, less vinyl chloride than a pre-1970 112A340W car with 125-
ton trucks. Therefore, the economics of carrying vinyl chloride in 112 cars
has already been strongly shifted, even without considering design changes. In
the case of vinyl chloride, a viable alternative car design is currently avail-
able in the older 105A200W configuration. In the 105A200W, a larger portion of
the volume could be utilized without exceeding the 263,000 lb. gross load limit.
No current proposals for design changes or retrofit programs would have anything

like the effect of a 26-ton reduction in payload.
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~Although adding weight, for example in the form of head shields, to
112A/114A cars used in LPG and/or ammonia service does not present a serious
problem, dimensional limitations could be a serious factor with regard to the
addition of some form of thermal shielding over the shell area. Inspection of
the basic dimensional constraints required to operate on the United States rail-
road system and comparing them with the diameter-length-volume relationships

that apply to tank cars brings this into sharper focus.

Rail cars built conforming to Plate "B" limiting dimensions of the
AAR Design Manual may operate in unrestricted interchange service. New tank
cars are fabricated to fall within the Plate "B" limiting dimensions or the
more generous limiting outline of Plate "C" for restricted interchange service.
Figure 2 shows the basic Plate '"C'" limiting outline for rail cars, Cars fab-
ricated to Plate 'C" dimensions can operate on approximately 95 percent of U.S.
rail mileage. Figure 3, identified as Plate C-1, defines reductions in maximum
car width required for cars with truck centers longer than those of the "base™
cat. -This is to accommodate swingout of the center of the car on curves, which
otherwise could foul adjacent structures or track. Plate '"D" of the design
manual, not shown, is utilized to establish limits for car end overhang. The
latter is not usually a controlling factor in tank car design. The maximum
width reduction for increased truck centers (hence, longer cars) is very

important, however,

Figure 4 plots the volume of a one-foot longitudinal segment of a
tank car shell as a function of shell diameter. Intercepts are shown indicating
the approximate maximum car length that can be built for a given diameter. We
will discuss extreme width restrictions for long cars in more detail after

reviewing 112A/114A series car designs currently in existence.

Initial 112A series cars were of what is commonly referred to as a
""whalebelly' design, with the larger diameter center section eccentric to the
end tubs. Subsequent revision of the AAR design manual permitting higher cen-
ters of gravity for loaded cars allowed construction of 112A series cars with

a constant circular c¢ross section. This design, sometimes referred to as the
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'thot dog" configuration permits economies in fabrication. These two basic
designs need to be considered in any retrofit program. Taking one particular

car of each type, we can examine the problem of adding a thermal shield.

Example One:  GATX 112A340W - 'whalebelly"

Length over strikers: 641'8-1/2"
0.D. of end sections; .~106"
0.D, of mid section: “~120"
Truck centers: - 531'9-1/2v

‘ Taking our limiting dimension from Plate C-1 (Figure 3),we find the
extreme width limit is 123". Therefore, only 1-1/2" maximum thickness is
available at the horizontal mid-line of the car for applying a thermal shield.
Referring to Figure 2, little problem exists with respect to the remainder of

the car outline,

Example Two: GATX 112A340W - '"hot dog'" - 33,500 gallon

Length over strikers: 634"
Qutside diameter: ~120-1/4"
Truck centers: 52t4-1/2n

From Figure 3, we determine the maximum width allowable to be 124",
Therefore, approximately 1-7/8 inches thickness is available for a thermal shield
at the horizontal mid-line for a car designed according to Plate C. To conform
to the limiting dimensions of Plate B, less than 0.5 inch of thermal shield
would be available for this car. It should be noted that there are variations
from builder to builder, and in groups of cars from a given builder. Therefore,

the dimensions given can be considered typical, but not absolute.

Considering new cars, one could postulate a reduction in shell diameter
to accommodate a thermal shield, plus an increase in length in an attempt to
hold the unit volume equal to current design. From Figure 4 we can determine

that a reduction of one inch in diameter requires over a foot of additional
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length to maintain volume. Unfortunately, however, as we extend the length,
we can see from Figure 3 that the allowable outside diameter of the car must
be reduced of the order of 0.8 inch in diameter per foot of added length if
truck position relative to the end of the car is considered constant. There-
fore, the lengthening technique is not viable as a means of securing space for

thermal shielding given a circular cross section.

Non-circular cross sections have been utilized in past experimental
applications to secure very large capacities in pressure cars, but the fabrica-
tion technique is more expensive. However, a scheme of non-circular insulation
while maintaining the same circular tank is discussed below which eliminates
much of the added expense of non-circular ¢ross-sections but provides signifi-

cant insulation protection.

To maintain cars to approximately their present mid-plane dimension
while providing significant insulation protection requires that the insulation
be of non-circular geometry. A possible configuration is shown in Figure 5.
Away from the mid-plane of the car, it would be possible to increase the insu-
lation thickness at the sides because of the decreased swingout. For example,
at the truck centers of the "hot dog" car described above, about 9 inches of
thickness are available for insulation. However, it is assumed that the diffi-
culty of forming the complex shape required to obtain maximum allowable insu-
lation thickness eliminates a configuration with varying cross-sections from

consideration.

For a car of uniform cress-section as shown in Figure 5, calculations
indicate that 1 inch of insulation with a thermal conductivity of 0.1 Btu/hr
£t°F would be sufficient to reduce the heat input to the .tank so that the present
valve (as specified for an uninsulated car) would have sufficient flow capacity
to prevent pressure buildup in a tank during a fire. The insulation would also
have the effect of tending to prevent high tank wall temperatures in areas in

contact with the vapor space.
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D. Materials of Construction

Although materials of construction are discussed in more detail else-
where in this report, it is appropriate to have a capsule discussion regarding

some items of current practice with respect to design limitations.

The majority of new pressure tank cars are constructed of TC-128
steel, a carbon-manganese steel similar in specification to ASTM A6l2. A
typical steel for 111 series cars would be the less costly (by approximately
15 percent) AS515 Grade 70, The basic tensile and yield strength properties of
these steels approach the maximum that can be effectively utilized in stub-sill
design for the respective pressure levels involved. This is due to buckling
being a controlling factor. Therefore, relatively little is to be gained from
the strength standpoint in considering special alloys or other metals. In
terms of high temperature properties, gains can be made with substitutions of
other metals or alloys. Using insulation, however, is more attractive from the
standpoint of perfermance and probably economics. A major benefit from
insulation is limiting heat input into a car, hence limiting safety relief

requirements for release of hazardous contents.

Low temperature properties can be improved, considering both currently
used steels, or substitute alloys. Normalizing TC-128 to improve low tempera-
ture properties, now only required for liquid carbon dioxide service, would add
approximately $600 to 112A340W car cost (shell and head).

A potential substitute steel, a low carbon-manganese, molybdenum,
columbium alloy developed originally for arctic pipelines, has excellent low
and high temperature properties, and has good weldability. This material
would add approximately $3000 to the cost of a 112A340W car. Cost/benefit
relationships are developed in Section IIIE.

E, Operational Aspects Related to Tank Car Safety

We have previously discussed a number of equipment related factors
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of importance to tank car safety. Turning now to some of the operational factors,
we will first review briefly rail accident history.

In the decade of the 1960's division of accidents by causes, consider-
ing only negligence of employees, defects in equipment, and defects or improper

maintenance of way and structures was approximately;

Negligence: 38%
Equipment: 42%
Maintenance of Way: 20%

In recent years the maintenance of way related accidents have increased.
Consider the 1972 derailment history of the state of Iowa as a microcosm of the
national problem. There were 346 reportable derailments in 1972, an increase
of 120 over 1971 (Reference 5). Equipment failures accounted for approximately
22 percent of the derailments and 30 percent of the damage. Failures related
to maintenance of way and structure accounted for 52 percent of the derailments
and 59 percent of the total damage. Four railroads account for the majority
of ton-miles hauléd in Iowa, the Rock Island (CRI&P), Northwestern (CENW),
Milwaukee (CMSt.P&P) and the Burlington Northern. Reported derailments for
each in 1972, as reported in the Federal Annual Summary of Railroad Accidents

Bulletin, are as follows:

CRIGP - 136
CGNW - 125
CMSt . P&P - 39
BN - 12

Inasmuch as the amount of ton-miles hauled per year is of the same
order for these railroads, it appears that factors other than ton-miles
governed the reportable derailments, It is also of interest to note that BN
for which the fewest derailments are attributed is the most prosperous of the

four.

*"Summary and Analysis of Accidents on Railroads in the United States," Inter-
state Commerce Commission, Calendar years 1960-1969.
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The point of the discussion is that derailment must be considered a
part of the tank car environment, and that there is little reason to expect
immediate relief from the problem, as it is multi-faceted. Changes in tank
car design to ameliorate the effects of an accident have been discussed. Such
changes require substantial lengths of time to implement. Many operational
changes, on the other hand, could be implemented rapidly. As with equipment
alterations, the questions are how effective will the change be, and what will
it cost,

Two obvious areas of operating practice to be examined are speed and
spacing. The position of the Association of American Railroads (AAR) has been
adamant against imposed speed restrictions for trains carrying hazardous commo-
dities by tank car. Similarly, they have opposed regulations with regard to
spacing of tank cars carrying hazardous commodities within a train. Their
objections have been two-fold: (1) adoption would increase haiard rather than
degrease it, and (2) adoption would be costly, Page five of Reference 6 -
develops some of the arguments the AAR has made in the past. A more recent
communication to the NTSB from the AAR relative to rail safety is given in
Reference 7. Examination of AAR objections leads to the conclusion that many
arguments to the effect that hazard would be increased lack validity. On the
other hand, there is considerable support for their assertions with respect
to costs., Before delving further into these points, a review of existing
regulations, both voluntary and mandatory, with regard to speed and spacing,

is in order.

The Association of American Railroads, principally through the Bureau
of Explosives (B of E), individual railroads, and the Federal Government have
promulgated a great deal of regulations with respect to packaging, labeling,
loading and unloading practices for hazardous commodities. Over the road
operating practices have been principally the province of the individual rail-
roads, however, Some Federal Regulations exist in this area, many derived from
B of E recommendations. They are contained in 49 CFR 174, Excerpts from these
regulations applicable to tank car transport are appended, Of particular interest
is Paragraph 174.589, (i) and (j). covering position in trains of placarded

loaded tank cars,
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(i) Position in train of loaded placarded tank car. In a freight
train or a mixed train, except a train consisting entirely of placarded loaded
tank cars and as provided in paragraph (j)} of this section, a placarded loaded
tank car shall when the length of the train permits, be not nearer than the
sixth car from the engine, occupied caboose or passenger car.

(1} When the length of the freight train or mixed train will not
permit it to be so placed, it shall be not nearer than the second car from the
engine, occupied caboose or passenger car.

(2) When transported in a freight train engaged in ''pickup" or
"'setoff' service, a placarded loaded tank car shall be not nearer than the
second car from both engine or occupied caboose.

(i) Separating loaded tank cars placarded "'Dangerous' from other
cars in trains., In a freight train or mixed train either standing or during
transportation thereof, a placarded loaded tank car must not be handled next
to: -

(1)  Occupied passenger car, other than cars occupied by gas handlers
and authorized personnel accompanying shipment. :

(2} QOccupied combination car, other than cars occupied by gas handlers
and authorized personnel accompanying shipment.

(3) Any car placarded "Explosives."

(4) Engine or occupied caboose, (except when train consists only
of placarded loaded tank cars).

(5) Any car placarded '"Poison Gas' or "'Flammable Poison Gas."
(6) Wooden under-frame car (except on narrow gauge railroads).

(7) Loaded flat car, other than specially equipped cars in trailer-
on-flat-car service or flat cars lcaded with automobiles, trucks, or trailer
bodies which are secured by means of a device or devices designed and perman-
ently installed on the flat car for that purpose and of a type generally
accepted for handling in interchange between railroads. (Note: Flat cars
equipped with permanently attached ends of rigid construction shall be con-
sidered as open-top cars. See subparagraph (8) of this paragraph.)

.~ (8) Open-top car when any of the lading protrudes beyond the car
ends or when any of the lading extending above the car ends is liable to shift
so as to protrude beyond the car ends.

(9) Car, trailers or truck bodies on flat car with automatic re-
frigeration or heating apparatus in operation; car, trailers or truck bodies
on flat car with open-flame apparatus in service of with internal combustion
engines in operation.




(10}  Car, trailers or truck bodies on flat car containing lighted
heaters, stoves or lanterns except when car is occupied by gas handlers or
authorized personnel accompanying shipment.

(11) Car loaded with live animals or fowl, occupied by an attendant."

The mechanism by which railroad employees are informed of these regulations is
usually as part of the Operating Rules, or as Special Instructions issued in

General Bulletins., Seldom is the statutory nature of the requirement stated.

There are no speed restrictions by the Federal Government directed
specifically to tank car transport of hazardous commodities. Some individual
railroads have adopted speed restrictions with regard to hazardous commodities.

The Southern Railway, for example, has restricted the speed of convoy shipments 7
of LPG. The Detroit, Toledo, and Irontdn forbid movement of hazardous commodities

in 112A/114A series cars without special autnority from senior management.

Let us examine some relationships between derailment and speed. The
AAR has stated that "no causal relationship exists between higher authorized
speeds and derailments." This is a moot point with respect to part of our
discussion, since our primary interest is in the'relationship between the -
severity of damage and speed given a derailment. Severe damage and loss of
shell integrity is generally associated with those cars which have actually
left the rails, Examination of actual derailments and cbmputer simulations
performed as part of the RPI/AAR Tank Car Study (Reference 8) show an approxi-
mately linear increase in number of cars derailed with increasing Speed over
typical operating ranges between 20 and 50 mph. Considering intensity of
stress fields as a function of speed, it is clear that impacts of derailing
cars with stationary objects will certainly be worse with increasing car speed.
Considering damage potential as a function of kinetic energy, the potential
would rise as the square of the velocity. The magnitude of forces involved
with impacts between derailing cars moving at differential velocities would
not be expected to be a strong function of initial speed of the train at the
moment of derailment. These forces would appear primarily as the result of
decelerations due to friction between the car and ground, with friction co-

efficients being relatively independent of velocity. On the other hand, the
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time over which these forces would act, hence time over which damaging events
are likely to occur, is strongly dependent upon initial speed. The evidence
that these forces are capable of violating the integrity of # tank is ample.

It is interesting to note in Reference 6, page 5, the AAR states that ". . .
speed reductions in open country introduce increased accident exposure tthugh
adjustment of slack, possibility of break-in-two, hot wheels and car fires from
increased braking requirements." This statement is literally true; however,
their apparent equating of "'speed reductions" to "speed restrictions" is with-
out foundation., The necessity of speed reductions is wore common with relatively
high speed operations to accommodate such things as local changes in profile,
curvature, crossovers, restrictive signal indications, etc. while proceeding
throhgh a particular operating territory. On the other hand, the choice of a
more moderate peak operating speed can permit near uniform speeds to be main-
tained, hence avoiding many speed reductions. Only if speed restrictions were
in the 15 mph category and under would factors such as harmonic oscillations

or harsh slack action with emergency application be expected to exert a strong

influence.

The question of longer "exposure time' for slower moving trains must
be considered. Accidents between meeting and passing trains will occur (e.g.,
Crete, Nebraska 2/18/69). The probability is quite low, but would be expected
to increase if, for the purpose of discussion, we assume speed has no effect on
accident frequency. Examination of accident history indicates, however, that
single train accidents predominate by far. A slight increase in frequency of
between train accidents could not be expected to offset reductions in the
severity of single train accidents resulting from the adoption of speed res-
trictions. Considering increased "exposure time" of the single slower train,
the question of operating time dependency on frequency of accidents comes into
focus. Information available does not permit direct assessment of a possible
relationship, We note: that the RPI/AAR accident study (Reference 1) considered
only mileage and calendar time. However, the kinetic energy, which must be
dissipated during a derailment, increases with the square of velocity while
the exposure time is only directly related to it. As already stated, the rela-

tions between accident severity and kinetic energy have yet to be established.
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However, given the non-linear relation of velocity, a greater reduction in
accident damage, and therefore cost, would be expected with reduced velocity

and increased exposure time.

Reference 6, page 6, states that ''critical analysis of train accidents
has conclusively shown that no causal relationship exists between higher author-
ized speeds and derailments.” No supporting evidence or references are cited.
Considering the numbers of accidents due to equipment failure and failures in
the track system cited at the beginning of this discussion, it is obvious that
failure stress levels are being exceeded with regularity given current condi-
tions of ‘equipment and track in many areas of the rail system. It can be shown
that'stress levels in critical running gear, suspension systems and track
structures increase with speed. Given these facts, it is difficult to avoid
the conclusion that a causal relationship exists.

Therefore, while perhaps a defense can be made against imposition of -
blanket speed restrictions on trains handling hazardous materials by tank car,
there is little question that lower speeds in many areas would reduce signifi-

cantly the number of severe accidents,

Cost factors are far more variable with respect to operating changes
than with equipment modification. With respect to speed, costs, hence cost/
benefit factors, will be strongly dependent on the railroad, and even a partié-
ular route on a given railroad., Therefore, blanket statements of economic
margin tied to a specific speed cannot be made. Unfortunately, those rail
routes where speed restrictions from a safety standpoint would be most bene-
ficial, are frequently those where the greatest increase in immediate operating

costs would occur,

As part of the current everyday operating "traffic equation,' trains
moving at various speeds, with or without pick-up and set-off assignments, and
non-uniformly distributed over a system, must be accommodated in a manner to
maximize profit. Advance planning to optimize scheduling where possible, and

flexible physical plant and communications to handle non-optimum traffic
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conditions which can occur are obviously required to approach that goal. Con-
sider first a road with a transportation planning center, microwave data and
voice links, radio netS, and reverse signalled double track with centralized
traffic control. Such a system could accommodate, for exémple, occasional 30
mph trains interspersed with other higher speed traffic with minimal difficulty
and expense., Given typical divisional runs and the nature of time/mileage |
calculations for crew wages, additional labor expense for added running time

would be minimal,

A second example produces a different picture. Consider a single
track automatic block signal protected line operated by train order. Authorized
speeds of 60 mph for freigﬁt trains are permitted, and the line is subject to
seasonal variations in traffic which tax capacity. Introduction of a mandated
30. mph operation into this inflexible arrangement could easily produce opera-
tional dysfunction, with soaring labor costs and non-economical utilization

of equipment.

Many other conditions could be postulated with differing economic
factors. The main point is that consideration of speed restrictions should
not be rejected out ofhand--or introduced blindly.

‘ We have previously noted that some statutory restrictions already
exist with respect to placement of placarded tank cars in trains. No general
requirements for "buffer cars' exist, however. Loading rack, switching, and
way freight requirements virtually preclude any significant buffer arrangements,
even if it were otherwise deemed desirable. This leaves through-freight con-
siderations. We will examine first the probable effect of separated placement
of tank car ladings whose primary hazard is toxicity, rather than flammability.
The potential for at least cne in a group of cars involved in a derailment to
lose lading is roughly proportional to the number involved., On the other hand,
by scattering toxic ladings throughout a train, the probability of one such car
being involved in a derailment increases, whereas the probability of all cars
being involved decreases. Current accident information is not sufficiently

complete to fully assess these off-setting factors. However, cost considerations,
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as we will see later, in all probability remove a general requirement for sepa-

rat.d placement of toxic ladings as the avenue of choice.

Flammable ladings, particularly those requiring pressure cars, present
a somewhat different problem as presently configured. The sequence of events
following a derailment with grouped cars typically is as follows: (1) a single
car is punctured, frequently in the head; (2) a fire begins, enveloping adjacent
tank cars; (3) violent ruptures of non-punctured cars occur causing severe and
widespread damage; (4) violent ruptures will continue to propagate through the
entire string of flammable ladings.

Elimination of violent rupture is a desirable goal, even if the
frequency of fires without violent rupture were slightly increased. Section
5.3 of Reference 9 develops fire volume and duration information appropriate
for a carload of propane. An example of fire magnitude, considering a liquid
release of 100 lb/sec and emissivity of 0.1 gives an equivalent spherical diam-
eter of the fire of 145 ft and fire duration approximately 20 minutes. At 100
ft from the fire center the average heat flux by radiation is 9700 Btu/ftz-hr.‘
Within the fire, the average radiation flux rate is 24,500 Btu/ftz-hr. From
.observed accidents and computer simulations (Reference 8), it is apparent that
car separations of the order of 10 cars for 40 mph operating speeds, or 5 cars
for 20 mph would be required to secure substantial protection from propagation
of fire resulting in violent rupture and rocketing for cars with no thermal

shielding,

While there would be some similarity in the cost variations between
various routings to those described for speed restrictions, the reasons are
different. Terminal cost increases would become virtually unavoidable. In a
highly efficient operation it is likely that the average terminal costs probably
would still double. Using the example case of a hypothetical trip with 128,000
lbs of propane from Houston to St. Louis developed in Section III-F, Economic
Sensitivity, we can judge the effect on the price of the lading of doubling ter-
minal costs. Adjusting Tables XIX and XX to reflect doubling of the terminal

variable costs, a 2% rise in the destination price of the lading is indicated--
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not a great deal. On the other hand, this would be equivalent to the lading price
increase resulting from a $7500 increase in tank car price--without consideration
of the protection benefit. In other words, substantial sums of money can be spent

on thermal protection for tank cars to obviate the need for spacing with flammable
lading.

The potential for head punctures in terminal switching operations is
significant, Some of the most costly accidents, such as those at East St. Louis

and Decatur, Illinois, have occurred in this manner.

Proposed operational changes to reduce the probability of coupler
overtide due to impact have included the prohibition of uncoupling or cutting
off cars in motion. This eliminates the practice of 'kicking" cars in flat
yards, and prevents the normal gravity switching employed in “hump' classifica-

tion yards.

Without performing a detailed cost analysis, it is reasonable to
postulate that the effect on terminal switching costs could be easily of the
order of magnitude assumed in the preceding case, i.e., double. Based on this
assumption, up to $7500 could be spent on a head shield to provide the equivalent
protection provided by the operating restrictioms.

Note that any change in operational practice that results in 2 trans-
portation cost increase must immediately be borne by the carrier. The carrier
then has to try to recover this cost by rate increase through regulatory authori-
ties., On the other hand, changes in tank car equipment, such as head shields,
place the immediate burden upon the car manufacturer, who may elect to pass this
cost on without the encumbrance of a regulatory procedure. The ability of the
manufacturer to recover the increased cost may be limited due to competitive

pressures, however,

In summary, Calspan's conclusions with respect to changes in operating

practices to secure safer transport of hazardous materials by tank car are:
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Reductions in authorized speeds for trains carrying
hazardous commodities by tank car would, in the overall

picture, reduce the frequency of severe accidents.

Cost effectiveness of reduction in speed is highly
variable with respect to route. Many cases would not
show adoption to be cost beneficial. Individual con-

sideration of cases would be required.

Adoption of a2 general rule requiring the use of "buffer
cars' between hazardous material laden tank ¢ars is not

indicated,

Operational restrictions affecting standard practice in
terminal operations will tend to be an expensive option
when compared with car design changes to secure the same

level of safety,.
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ITI. EVALUATION OF DESIGN IMPROVEMENTS

In recent years, with the advance of technology; ever-increasing
varieties and quantities of hazardous materials are being shipped throughout
the country, many by railroad tank car. With the rising trend of railroad
accidents, the potential threat to property and life posed by these hazardous
materials has increasingly been converted to real danger. The objective of
the design improvements discussed here is to minimize the chance of catastrophe

in the transport of hazardous materials by tank car.

Each tank car design change has been considered on the basis of its
cost/benefit. That is, proposed solutions to be effective from a cost/benefit
standpoint must be capable of reducing losses sufficiently to pay for cost of

incorporating the change.

There are several factors which are required to determine the cost

benefit ratio of a proposed change. They are:

1. Accident loss data - used to compute the savings generated
by a 100 percent effective modification,

2. Estimate of the probable improvement in safety (i.e.,
effectiveness of the proposed modification in reducing
accident losses),

3. Cost of modification,

4, Expected life of modificatien,

5, Capital return expected by investor.

The RPI/AAR has reported that losses due to mechanical damage were
determined from a comprehensivé record of 3,853 tank cars damaged in 2,321
accidents during the six-year period 1965 through 1970. Of these, 625 cars
lost lading due to mechanical damage resulting in an economic loss estimated
by the RPI/AAR to be $23,300,000, During this same period, an additional 228

cars were damaged by exposure to fire, while loaded, resulting in the loss of
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$15,432,000. It is to be noted that these two loss figures are not additive

(i.e., some lost lading was originally due to mechanical damage which subsequently

caught fire and caused additional damage. In such a case the total loss would

be assigned to the mechanical damage category and the fire damage would also be

assigned to the fire damage category). Care has to be taken in assigning

losses to the correct category so that accurate loss figures are generated.

Table II is a summary of the losses due to mechanical and thermal damage pre-

sented according to the class of car as taken from RPI/AAR data, (We shall re-
evaluate some of thesé estimates later in this report but the values given in

Table II are satisfactory for present purposes.)

Because of the cost of making improvements to tank cars, it is
highly unlikely that cost-effective modifications can be made to any class of
car which has resulted in only small losses/car/year. As seen in Table II
only 112A/114A tank cars have been responsible for significant losses. There-
fore, in the work that follows, only modifications to this type of car will be
considered as being potentially cost' beneficial.

If one dollar is lost per car per year, the adoption of a 100 percent
effective design modification to stop that loss will essentially save one
dollar/car/year. If the modification has a life of 30 years, all other factors
remaining constant, in 30 years, the modification is expected to save $30.
Since it is expected that the modification will generate $30 over its lifetime,
the expenditure of $30 today to install the modification would at first be
expected to be justified, and the cost-benefit ratio would be unity. However,
since funds must be committed for 30 years which could be used elsewhere to _
earn some return, an adjustment in the expected saving is needed. At an interest
rate of 10 percent, this adjustment is accomplished by multiplying the loss
factor by 9,502 rather than 30.with the result that the amount which can be
spent on a 100 percent effective modification is not $30 but $9.502, Further,
if it is determined that the actual effectiveness of the real modification is
S0 percent not 100 percent, then the justifiable amount which can be spent on
the modification is only $4.751. A real modification, 50 percent effective

in stopping the loss of $1/car/year can cost no more than $4.751/car to
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Table I
SUMMARY OF LOSSES DUE TO MECHANICAL DAMAGE*

Steel, Steel, Pressure, |
Non-Press. |Non-Press.| Press. Non-Ins,
Riveted Non-Ins. Ins. Ins. 105A ) 112A,114A Other
"f;ggl_ IL;:‘?SOS' $945,770 | $2, 662, 261 | $625,330 | $961, 681 |$15, 937,749 |$195, 502
Avg. No. Cars 52, 500 33, 604 27,126 33,000 12, 000 6, 500
Cost/Year/Car 3.00 13,20 3.84 4. 85 221,30 5.01
(73]
7]
SUMMARY OF LOSSES* DUE TO FIRE EXPOSURE
Steel, Steel, Pressgure,
Non-Press.{Non-Press.,| Press. Non-Ins,
Riveted Non-Ins, Ins., Ins, 105A | 112A, 114A Qther
Total lLoss, $108,000 |$1, 418, 000 $296, 000 $1,419,000 $11, 879, 000 | $312, 000
1965-1970
Avg. No, Cars 52, 500 33, 604 27,126 33,000 12,000 6, 500
Cost/Year/Car 0. 34 7.03 1. 82 7.17 164. 98 8. 00

*Data taken from RPI/AAR Report RA-02-2-18, Reference 1.




install, If it costs more, it is not cost beneficial.

The RPI/AAR has estimated the benefit of making 100 percent effective
modifications to 112A/114A tank cars. These benefits are in terms of the
allowable initial cost of installing the modification. These costs are shown
in Table III. Here again, we shall adjust the figures of Table III in sub-
'sequent sections of this report, particularly in regard to head and shell
modifications, but the Table is sufficient to indicate that only head, shell,
coupler, and thermal protection modifications need be considered as having
real potential for being cost beneficial.

An extensive review of the ongoing tank car research has been com-
pleted in this work. The majority of tHe work has centered on study of the
Railroad Tank Car Safety Research and Test Project of RPI/AAR, which has acted
as the focal point of tank car research for the past five years although the
Federal Railroad Administration has also carried out research, often in con-
junction with RPI/AAR., Individual manufacturers have carried out some signi-
ficant work and this has been reviewed in conjunction with the similar work
performed by RPI/AAR. The majority of the research carried on by manufacturers
is, however, directed at improvements in fabrication and maintenance of existing
types of cars.

The RPI/AAR research has addressed itself to the specific task of
reducing the losses associated with tank car accidents. A comprehensive
collection and analysis of accident statistics was produced, followed by a
review of the tank elements which were most often related to tank failure,

Tank heads and shells, including the material from which they were manufactured,
relief valves, couplers, and thermal insulations were the components which were
investigated. Unfortunately, not all the final reports covering this research
have been issued by RPI/AAR, In particular, RPI/AAR's work on tank steels,

thermal effects, and valve functioning, have yet to be reported.

The following sections of this report evaluate design improvements
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Table I
ALLOWABLE INITIAL COST FOR 100% EFFECTIVE MODIFICATIONS TO 112A/114A CARS*

COST OF CAPITAL: 10%
ASSUMED LIFE: 30 YEARS _

Maximum

Type of Modification Allowable Cost
Head $ 527.47
Shell 1136, 15
Attachment 5.39
Bottom Fittings 4,32
Top Fittings 28,00
Coupler, 10-year life 346,53
Thermal Protection .

30-Year Life 2546-2717

10-Year Life 1694-1808

*From Reference 1

41



of tank cars related to safety. The general areas consist of accident statis-
tics, head shields, modified couplers, thermal shields, tank construction
materials, and modified safety relief valves,

A. Accident Statistics

The RPI/AAR, in its effort to determine the costs associated with tank
car accidents, compiled a comprehensive record of 3,853 cars damaged in 2,321
accidents. Of the damaged cars, 625 lost lading which resulted in $23,000,000
of additional damage. This damage assessment was broken down into two cate-

gories: (1) cost of lost lading, and (2) losses caused by the lost lading.

l. Re-evaluation of Losses

Calspan has reviewed the RPI/AAR data and, in particular, looked
in detail at the losses in five accidents chosen to be representative of a
range of dollar losses per accident. For this reassessment of losses, a number
of information sources were utilized. Individual accident files of the RPI/AAR
group, the National Fire Protection Association, Railroad Transportation
Insurers, eye witnesses, city officials, and an attorney were among the sources
utilized. This review found that in some instances the RPI/AAR estimates
omitted some of the actual losses. In other instances, more than direct damage
were included by Calspan such as cost of evacuation, manhours expended by '
- public safety personnel, and loss of earnings resulting from temporary evacua-
tion of businesses. Additional information was available at the time of the
Calspan re-evaluation as a result of actual litigation settlements rather than
projected settlements. The results of the re-evaluation are presented in Table .
IV. A complete explanation of what was included in these data is given in
Appendix B, In general, the RPI/AAR estimates are lower than the Calspan esti-

mates, primarily because Calspan included more than just direct damage.
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Table IV

RESULTS OF ACCIDENT RE-EVALUATION

AAR Calspan % Increase
New Athens, I11. - 4/9/70 $ 84,000 $ 128,000 52
Armitige, Ohio - 4/25/70 | 4,800 11,000 131
Crescent City, Ill. - 6/21/70 1,900,000 2,200,000 15
South Byron, N. Y, - 8/27/70 119,000 146,000 22
Crete, Nebraska - 2/18/69 2,000,000 2,000,000 0

The arithmetic average of the increased costs presented in Table IV,
is 44 percent. However, Calspan is of the opinion that increasing all costs by
44 percent based on such a small sample would be unrealistic. Our own investi-
gator was on the site at both Crescent City, Illinois, and South Byron, New
York, and these data are believed to be the most accurate. We believe that a
reasonable estimate of the increased costs is 25 percent. Thus the accidents’
costs were adjusted accordingly when the cost/benefit analyses were recomputed.

2. Update of Losses

The RPI/AAR loss data was obtained by examining data on accidents for
the years 1965 through 1970. This data is the most extensive available at the
present time, As more recent data becomes available, it should be utilized in
the analyses; however, obtaining the necessary data is beyond the scope of
this work. RPI/AAR is planning to compile losses for more recent years. In
the present report the losses for the period 1965-1970 will be updated where
necessary to present dollars to account for changing values of damaged items.
Two different time bases have been used in the present report for the value of
money. If cost of a modification and loss data are available as of a given
year, dollar values for that year will be used to give a consistent representa-
tion of cost/benefit. 1If losses are available only for a certain time period
and the cost of a modification has not been determined, the losses will be
updated to present dollars to provide information on economically justifiable

cost of a modification in terms of today's dollars.
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_ The dollar losses in the RPI/AAR report are composed of the cost of
lading and other losses caused by the loss of this lading including fire damage
to equipment, real property, and loss of life. Since the time period of the
report, the values of many of the damaged items have increased substantially.
For example, lost propane lading was priced at 6¢/gal. for the RPI/AAR report
but present source prices are 7.9¢/g51. for the 2/3 of the supply produced from
natural gas and therefore regulated and this is expected to go to 11-13¢/gal
shortly.10 The wholesale price index has increased by 67 percent since 1967
(U.S. Department of Labor). It it is necessary in the analyses to update the
loss values, values of ladings will be adjusted to their present worth and
other losses will be evaluated on the basis of the change in the wholesale
price index.

In the time period of the RPI/AAR evaluation of losses (1965-1970),
two accidents accounted for a majority of the total losses involving 112A/114A
tank cars, Laurel, Miss., 1/25/69, resulted in $7,800,000 in losses and Cres-
cent City, Il1l1,, 6/21/70, resulted in $1,900,000 in losses. Are accidents of
this size likely during a six-year time period? Since 1970 several large
accidents of 112A/114A cars have occurred. On October 19, 1971, in Houston,
Texas, two tank cars were punctured and the subsequent fire caused 112A/114A

tank cars to rupture.11

No detailed estimate of the amount of damage was pre-
sented in the National Transportation Safety (NTSB) report but one fireman was
killed, 50 people were injured including 20 hospitalized, 2 cars were destroyed,
14 cars were extensively damaged and six others lightly damaged. Also destroyed
were a residence, a fire truck, an automobile, and a railroad motor truck.

Several buildings incurred such damage as paint blisters or broken windows,

On January 22, 1972, an accident involving 112A tank cars loaded with
propylene in East St. Louis, Illinois, resulted in property damage of more than
$7 1/2 million and 223 people Qere injured enough to require medical treatment
including 19 who were hospitalized.12 A report has also been issued for an
accident at Oneonta, N.Y., on February 12, 1974, in which four tank cars ruptured

13

after exposure to fire. In this accident 54 people were injured and substan-

tial damage to residences was sustained at distances up to one mile, No
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damage estimate was given but based on the number of injured the losses were

substantial.

On July 15, 1973, at Kingman, Arizona, a car ruﬁtured after a fire
erupted on a siding. Thirteen people died as a result and 95 were injured,
many very severely. Extensive property damage occurred in the surrounding
area. Property damage has been estimated to be $1,000,000 (Fire Journal,
January 1974). No value of total losses can be made because litigation is still
is process but considering the number of deaths and injuries, the total is
expected to be more than $10 million. This accident is not being investigated
by the NTSB as it is not considered to be a transportation accident because the
car was parked in a private siding. However, the losses were a result of fire
exposure of a 112A/114A tank car and these losses must be assigned to the 112A/
114A caiegory. It is not known whether any non-transportation accidents were
omitted from the RPI/AAR data.

Other recent large accidents involving 112A/114A cars include,
Decatur, IliiHOi&, July 19, 1974, Houston, Texas, September 21, 1974, and La
Mirada, California, October 31, 1974, Detailed reports have not been issued
on these accidents so that conclusions on the amounts of losses must be tenta-
tive but the accidents indicate that there continues to be large dollar losses.
At Decatur, Illinois, damage estimates are $14 million and two people were
killed and 6 of 140 injured were in critical condition (Decatur Review, July
21, 1974)., (Four additional people later died.) In the second Houston accident
there was one death, 190 railcars destroyed, 240 cars heavily damaged, and several
residences and businesses damaged. Total damage was estimated by the railroad
to be $12-$14 million of which $4 million was damage incurred by the railroad
(Railway Age, October 14, 1974). At La Mirada, California, an LPG tank car
ruptured after fire exposure. There were no injuries but a railroad spokesman

estimated damage at $1 million (Los Angeles Times, November 2, 1974}.

The accidents mentioned above are a sampling of large accidents since

1970. They indicate a continuing problem of accidents involving losses of

45




millions of dollars. Hence, the years 1965-1970 do not represent an overly
severe loss period. There have been accidents since 1970 in which losses were
even greater than the Laurel, Mississippi, accident which was by far the largest
in the years 1965-1970, We shall use the losses from the.RPI/AAR Teport as

representative of the expected losses in future years.

B, Head Shields

A number of tanks have been punctured during derailments or other
accidents resulting in substantial dollar losses and casualties in large part
due to fires of spilled lading. Tank punctures are caused by striking couplers,
trucks, and other objects. Several methods have been proposed for decreasing
the likelihood of tank punctures. Among these are shields covering a portion
or all of the tank heads primarily to prevent couplers from preceding or
following cars from puncturing the tank during an accident. This section deals
with a cost/benefit analysis of head shields for new and existing 112A/114A
series tank cars. A cost/benefit analysis is composed of three key factors,
namely:

1. The magnitude of expected dollar losses.
2. The cost per car of implementing a proposed modification.

3. The effectiveness of the modification in reducing dollar losses.

The amount of expected losses can be estimated from statistical review
of historical data on losses. The cost of implementing a proposed modification
can be determined from engineering estimates of costs. The effectiveness of
the modification can be determined from analysis combined with available
experimental test data, The term effectiveness as expressed here is a dimen-
sionless factor determined by dividing expected overall reduction in losses
with modified cars by losses anticipated with unmodified cars., The reduction
in losses by adoption of the modification results from a reduced frequency of
occurrence of head puncture. Reduction in the magnitude of loss for a given

accident for which a puncture occurs is not implied.
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The amount of expected losses with unmodified cars multiplied by the
effectiveness determines the reduction in losses, i.e., savings, that can be
expected. These savings can be utilized to pay for the modification plus
interest over a number of years. The amount at 100 perceht effectiveness that
could be paid back, including interest, from the expected savings is termed
present value. Any reduction in effectiveness of the modification reduces the
present value proportionately. The economic benefit is the present value minus
the cost of the modification. If the economic benefit is positive, it is then

economically justifiable to make the modification.

The Railway Progress Institute (RPI) and the Association of American
Railroads (AAR) in a cooperative research program have already investigated
14,15 The RPI/AAR

reports list all tank cars known to have lost lading due to mechanical damage

head shields and the losses occurring in tank car accidents.

incurred in accidents during the period from 1965 to 1970. Incidents of loss
are sorted by class of tank car and cause of loss. Loss figures are composed
of two parts: (1) cost of lost lading and (2) other losses caused by the loss
of this lading, including fire damage to equipment, real property, and loss of
life, The RPI/AAR has reported the accident loss data due to punctures of

112A/114A tank cars. A review is given in Table V.
Table V

LOSSES DUE TO PUNCTURES OF 112A/114A TANK CARS”

Cause
Head Puncture Shell Puncture
Losses, § 3,997,633 8,610,791
No, of Cases 40 9
No. of Years -6 6
Avg. No. of Cars in Service 12,000 12,000
Losses, $/Car/Year 55.52 119.59

Total Losses - $12,608,424

*Data taken from Ref, 1, p.
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4, Distribution of Losses

The RPI(AAR,-in their review of tank car accidents, determined what
the immediate cause of a fire was and then assigned accident dollar losses
according to the tank element which failed. For instance, if during an acci-
dent, a tank head was punctured with a resulting loss of lading and/or fire,
the damage caused by the lost lading was assigned to the category of head
puncture. Similarly, if a tank shell was punctured, causing damage, these
were assigned to the category of shell puncture. "Shell" is considered to
include only the cylindrical portion of the tank and "head" only the ends of the
tank, In this way, the losses were assigned to a particular tank element and
an estimate was made of the potential savings which could be realized if the
frequency of occurrence for that type of failure could be reduced. The RPI/AAR
results for all head and shell puncture accidents involving tank cars have been
summarized in Table V. '

Historically, there were 40 head punctures and 9 shell punctures
which caused damage during the six-year period of 1965-1970. Intuitively,
this is the type of distribution which would be expected. The tank head is
exposed to the coupler of the adjoining car during the early phase of a derail-
ment when the cars are still relatively well in line. During this period, the
high compressive forces existing between cars, in conjunction with the vertical
motion between cars, allows the coupler of an adjoining car to contact the
tank head,

Later in the derailment sequence, once the cars are no longer in
line, contact between cars can occur, but there is a subStantially smaller
chance of a concentrated force being applied to the shell. Coupler-shell and
track-shell contacts occur, but so do the more acceptable shell-shell contacts.
As a result, the distribution of punctures presented in Table V is as expected.
The distribution of dollar losses presented in Table V is not, however, consis-

tent with the puncture data.
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The historical data imply that only 18 percent of the punctures are
responsible for 68 percent of the dollar losses, while the other 82 percent of
the punctures are re5poﬁsib1e for only 32 percent of the losses. Calspan is of
the opinion that simply relying on the relatively small amount of historical
data introduced a fallacy into the RPI/AAR cost/benefit analysis, If enough
tank car accidents were investigated over a long period of time, the loss distri-
bution should match the 3&214 puncture distribution. Shell punctures do not
inherently produce more costly losses than head punctures. Since head punctures
occur five times as often as shell punctures, in the long run, dollar losses due
to head punctures should approach five times the losses due to shell punctures.
In fact, it might be expected that head punctures would be more costly than
shell punctures because head punctures may tend to occur more frequently during
yard accidents near heavily populated areas. AccCident data since 1970 have
tended io agree with the revised distribution, i.e., the East St. Louis, Illi-
nois, accident on January 22, 1972, which was caused by a head puncture and
resulted in §7 1/2 million property damage plus 19 people injured enough to be
hospitalized.12 This accident resulted in dollar losses of the same magnitude
as the total of all the previous accidents involving either head punctures or
shell punctures, With such large losses from a single accident, the data can
be incorrectly distorted towards greater losses from either head or shell punc-

tures as the result of a single accident,

In support of the argument that losses should be proportional to the
frequency of puncture occurrence, the puncture data for all classes of cars
are sumnarized in Table VI, There are two entries for the 112A type of car,
The first includes the losses at Laurel, Mississippi, and Crescent City,
Illinois, The second excludes those losses. The effect of deleting these two
accidents is shown in Table VI to reduce the total losses by 60 percent, indi-
cating that these two accidents have a large distorting effect. In particular,
the losses due to shell punctures are decreased B85 percent by eliminating these
two accidents., The nature of this distortion can be determined by the last
two entries in Table VI. Using all the accidents, the losses are inversely
proportional to puncture frequency. When the two accidents are not included,
the opposite results occur and accident losses become more directly proportional

to puncture frequency, as would be expected.
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LOSS DUE TO PUNCTURES OF TANK CARS

Table VI

x1

Cause

tiead Punctures

Shell Punctures

= Fersie]

and Crescent City, I1l.
Data

Car Type $ Loss No. $ Loss ~ No,
Riveted Steel Cars 293,000 20 425,860 22
103 Non-Insulated 50,000 15 78,700 11
103 Insulated 3,100 1 30,665 3
111A Full Frame Non-Ins. 680,530 15 66,300
111A Full Frame Ins. 9,000 3 3,400 1
111A Stub Sill Non-Ins. 841,650 29 158,500 10
111A Stub Sill Ins, 292,550 12 30,000 3
105A Insulated 403,000 8 110,840 4
112A 3,918,000 40 8,439,265 9
112A Minus Laurel, Miss. 2,356,000 28 297,265 7

and Crescent City, Ill,

113 50,240 5 34,060 8
Total 6,541,070 148 9,674,855 75
Total Minus Laurel, Miss. 4,979,070 146 1,532,855 73

the known causes,

. :
Values are slightly different from those in Table V because in Table
V losses due to unknown causes were proportionately distributed among

Calspan has recomputed the cost/benefit analysis for head shields,

applied to 112A/114A cars, using the statistically correct losses.

head punctures were assigned 82 percent of the losses due to punctures, while

shell punctures were assigned 18 percent.

in Table VII using the same format as in Table V.

Hence,

The redistributed losses are shown

Applying the correct loss distribution, the cost benefit of head

shields is recomputed as shown in Table VIII.
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Table VII

REDISTRIBUTED LOSSES DUE TO PUNCTURES OF 112A/114A TANK CARS

Cause
Head Puncture =~  Shell Puncture
Losses, $ 10,292,591 2,315,833
No, of Cases 40 9
No., of Years 6 6
Avg. No. of Cars in Service 12,000 12,000
Losses, $/Car/Year 142,95 32.16

Total Losses - $12,608,424

Table VIII

HEAD SHIELD COST/BENEFIT ANALYSIS - REDISTRIBUTED LOSSES

Cost of Capital: 10%
Assumed Life: 30 yrs.
112A/114A Tank Cars

Losses/Car/Year x Present Value Factor"
$142,95 x 9.5 =
Shield Effectiveness (RPI/AAR estimate)

Present Value

Present Value at Stated Effectiveness = Present Value x Effectiveness

= $1358 x .50 =
Cost of Shield (RPI/AAR estimate)
New Cars
Existing Car
Economic Benefit = Present Value at Stated Effectiveness
- Cost of Shield
New Cars: $679 - $272 =
Existing Cars: $679 - $474 =

$1358
50%

$ 679

$ 272

$ 474

$ 407
$ 205

* .
Present value of a stream of payments of §1/year for 30 years discounted con-

tinuously at an annual rate of 10%.

51



head shield life, and the shield effectiveness values are unchanged from those
used by RPI/AAR. Head shields are now found beneficial by +$407 on new cars
and by +$205 on existing cars. Therefore, there is a net economic benefit to

be derived from installing heat shields on both new and existing 112A/114A tank
cars.

The results of this cost/benefit analysis are compared with those of
RPI/AAR in Table IX. In the first RPI/AAR study, the effectiveness of the head
shields in preventing head punctures was determined to be 77 percent. In the
second study, the effectiveness was downgraded to 50 percent and the cost of a
head shield installation and accident losses were updated. Other than the
redistribution of losses, the Calspan data utilize the same data and analytical
techniques as the second RPI/AAR report. Analysis similar to that in Table
VIII would show that head shields would be cost beneficial at effectiveness as

low as 20 percent on new cars and 35 percent on existing cars.

Table IX
HEAD SHIELD COST/BENEFIT STUDIES

SHIELD SHIELD | ECONOMIC
STUDY INSTALLAT ION EFFECTIVENESS|  COST BENEFIT
RPI/AAR-DOT HEAD | NEW 112A/114A's 77% $280 +$105
SHIELD STUDY, EXISTING 112A/114A's 77% $335 +$50
AUG. 71, REF. 12
RPI/AAR REPT. NEW 112A/114A's 50% $272 -$8
RA-00-1-22
OCT. 72, REF. 1 | EXISTING 112A/114A's 50% $474 | -$210 |
CALSPAN DISTRI- .| NEW 112A/114A's 50% $272 +$407
BUTION OF LOSSES
EXISTING 112A/114A's 50% $474 +$205
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2. Amount of Losses

From the above, it is shown that head shields are cost beneficial .
for new and exisfing 112A/114A cars considering only proper distribution of
losses reported by RPI/AAR, As a secondary effect, in addition to redistribu-
tion of losses, Calspan has also re-evaluated the amount of losses. (See the
section of this report: Accident Statistic Research, Re-evaluation of Losses.)
It was found that the RPI/AAR loss figures should be increased by about 25
percent. An increase of 25 percent in the accident losses increases the present
value of losses by the same percentage. Table X is a restating of Table VIII
utilizing a 25 percent increase in losses. The economic benefit is found to

increase to $577 for new cars and to $375 for existing cars.

Table X
HEAD SHIELD COST/BENEFIT ANALYSIS - REDISTRIBUTED LOSSES AND
25 PERCENT INCREASE IN LOSSES

Cost of Capital: 10%
Assumed Life: 30 yrs.
112A/114A Tank Cars

Present Value: 142,95 x 1.25 x 9.5 $1698
Shield Effectiveness 50%
Present Value At Stated Effectiveness $ 849
Cost of Shield
New Cars $ 272
Existing Cars $ 474
Economic Benefit
New Cars $ 577
Existing -Cars $ 375

All of the above dollar values are in terms of dollars at the time
considered in the RPI/AAR reports, i.e., 1965-1970. 1In terms of present
dollars, both present value and the cost of shield would be higher than
listed. It is beyond the scope of this work to convert these amounts to
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present dollars but undoubtedly the economic benefit would be about the same
or even greater if this was done. '

3. Cost of Capital

In the calculations by RPI/AAR of economic benefit of potential design
changes, such as a thermal shield, a stream of payments was converted to a
present sum by means of conventional interest formulas. The interest factor
used was 10 percent. The use of 10 percent for capital recovery and earnings
can be considered conservative. The question is, however, whether capital
recovery should be allowed at all for correction of a design defect affecting
safety. |

There is a very strong precedent for no capital recovery allowance
with respect to safety defects., It should be noted that automobile manufacturers
have absorbed the total cost of the vast majority of recall campaigns for the
correction of safety-related items. Other examples of instances where strict
cost/benefit analyses have not been adhered to can also be cited. Nursing
homes are subject to strict fire prevention safety measures. A cost/benefit
analysis would reveal that the cost of safety items exceeds the reduction of
losses. Because of the age of the victims, considerations of such things as
potential future earnings result in no change in the conclusion that improve-
ments are not cost effective. The response to the nursing home fire problem,
on the other hand, has been one of increasingly stringent design requirements.
A principal driving force behind these requirements has been the desire to
prevent injury and death, with consideration beyond simple dollar balancing.
Similarly, in the transportation industry, e.g., airline and pipeline, both
voluntary and mandatory standards have not been derived from equalized cost
of design versus loss data, For one thing, historical loss data are frequently

unavailable or, in the case of new design, not applicable,

Cost/benefit studies are a very useful tool. However, with regard
to safety considerations, they should extend beyond derivation of a balance

point between cost of improvement and loss reduction. As a minimum, assessment
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of the impact of adoption of an improvement on the viability of the service
should be considered. It is to this point that the sensitivity of transporta-
tion cost to car initiél cost applies. The RPI/AAR study did not address this
point at all. In essence, they looked only at a lower bound of a "permissible"
expense based on current economics and did not include a look at an upper bound,
i.e., the best design consistent with the viability of the service. The
National Transportation Safety Board (NTSB) commented on the problems of imple-
menting design changes following the Crete, Nebraska, incident.16 To paraphrase
this NTSB report: Changes to existing cars required because of faulty initial
design should be considered as corrections of an overlooked matter rather than
being considered as costly and profit reducing and therefore as questionable

improvements.

As an indication of the effect of considering a reduced cost of
capital, one computes the total savings attributed to a 50 percent effective
shield to be $142,95 x 1.25 x 30 x 0,5 = $2680, assuming 0 percent return
and 30-year shield life. Hence, a shield costing up to $2680 could be installed
on either new or existing cars with return sufficient to pay for the shield
over a 30-year period. That is,the reduction in losses minus the cost of the
shield would be $2408 for new cars and §$2134 for existing cars. The possible
amount of investment in shield construction might be expected to produce a
head shield having greater than 50 percent effectiveness and, thus, might
actually provide some return on investment. The maximum amount which can be
invested in a head shield with 30-year life and no interest return is, however,
limited to $5360 even if the shield were 100 percent effective in preventing

head punctures,

4, Review of Modeling and Test Work Done in Support of Head Shield Designs

The head shield work'completed by RPI/AAR was presented in two parts.
The original tank car research program included a task for investigating tank
head punctures, This work was funded by DOT and resulted in a report, Reference
14, which treats the design of a prototype head shield. Following the comple-
tion of the DOT head shield study, RPI/AAR continued work on a test program
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that was to include approximately 20 full-scale tests and 74 1/5-scale model
tests. This later work was reported in Reference 17. However, Reference 17
should be considered an appendix to the original DOT report inasmuch as all
fundamental decisions that affected the conclusions of the head shield were

developed and reported in Reference 14.

To accomplish the objective of the head shield study, the RPI/AAR
established six tasks which are listed here for reference.

Task 1 - Identification of Tank Head Failure Characteristics
- Task 2 - Establish Design Criteria

Task 3 - Establish Design Specification

Task 4 - Cost Analysis '

Task 5 - Performance of Test Specifications

Task 6 - Define Prototype Research Program

Calspan has the following comments on the execution of the testing
program., In view of the great cost of the test program undertaken, it seems
surprising that so little apparent use was made of analytical techniques which
are available for the direction of test programs. For instance, if at the
outset of the RPI/AAR's Task 2 analysis,the factors controlling head failures

were assumed to be:

1, Head properties: thickness, geometry, material

2. Commodity: outage, internal pressure, commodity weight
Impact characteristics: force and duration, impact velocity,
location, and orientation

4, Tank car design and attachment construction details

one could then assume the existence of a relation of form:

P (F,t,PM,Mp,V)) = 0
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where: t = head thickness
D = tank diameter
P = tank pressure

M., = mass of striking car

1

Mz = mass of struck car

V1 = velocity of striking car
F = contact force

A dimensional analysis could then have been performed to obtain a

set of dimensionless groups such that equation (1) could be written as:

3

' 3 M
F= Vv § [n%, t /' prMpv,? :I (2)

It is important to note that the functional relation, 35 s, 18 uﬁknown.
Experiments could be performed, guided by the dimensionless groups, to determine
the unknown function,EE . However, in spite of the 74 1/5-scale tests that
were run, no attempt was reported of using them in this systematic fashion.

The analysis that was reported in References 14 and 17 was an attempt
to match a single curve to all the experimental data. The final result of this

effort as reported in Reference 17 is:

F o 00383 () ¥/ (wlvl)l'f;-‘ (3)

Fa coupler force, 1000's lb
ha W, /W
= weight of striking car, 1000's lb

where:

= weight of struck car, 1000‘s 1b

< E =
™

= velocity of striking car, mph

/) = pressure parameter

The reason that momentum appears in Equation (3) rather than the naturally

arising kinetic energy of Equation (2) ils due to an a priori assumption whereby
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energy was ignored. This assumption was made in spite of the fact that most
penetration studies, sqch as those reported in References 18 and 19, indicate
that indentation is work-energy dependent. Regardless, the value of an analysis
lies in its ability to predict realistic effects. The value of Equation (3)

can be judged from Table XI, which gives a comparison between the measured

and predicted coupler force for the full scale 112A340W car tests, Reference 17.

Table X1

TEST RESULTS - 112A340W CARS

Test No. Measured Force Force Predicted from Equation 3 % Error
504,000 1b 1,244,000 146
2 675,000 1b 1,986,000 154

One may observe poor agreement between measured and predicted forces.
One finds closer correlation (%10%) when Equation (3) is used to predict coupler
force for a second series of tests run with riveted cars. This is understandable
since the vast majority of data points used in RPI/AAR analysis were obtained
using riveted cars. Further, the second series of tests were run at approximately
constant impact momentum while the impact momentum of 112A340W cars (Table XI)
was approximately three times larger. In the opinion of Calspan, the analysis
carried out under Task 2,3 of Reference 14 is unsatisfactory and anyconclusions
based on these results should be questioned.

C. Modified Couplers

The RPI/AAR study has found that couplers caused 26 out of the total
of 40 head punctures during 1965-19701 It was also determined that 4 punctures
were causéd by other than couplers and in 10 cases the puncture mechanism was
rnot known. No shell punctures were found to have been caused by couplers. In
view of the large dollar losses that have resulted from head punctures (see
Table VII), modification of couplers to prevent head punctures is a subject
worthy of study,
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Coupler research directed specifically at the problem of reducing
disengagement during derailment has been ongoing in the AAR's Committee on
Couplers and Draft Gear. Both type E and type F couplers have been used on
tank cars. E couplers do not have provision for prevention of vertical dis-
engagements when coupled with E couplers.  Presently type F couplers are
required for all new cars (49 CFR 179.14). Mated type F couplers provide a
measure of vertical disengagement protection. Type F couplers engaged with
type E couplers (the most common type on general freight equipment) inhibit
downward disengagement only. Modified E and F couplers have also been propo-
sed. These modified couplers include shelves on the top and bottom of the stan-

dard couplers intended to inhibit all vertical disengagement.

The safety shelf is not new but it has, for the first time, received
. some analytical consideration. American Steel Foundries published an investi-
gation (Reference 20) in which the modified E coupler was subjected to vertical
loads to determine the strength of the shelves. In addition, the dimensional
parameters were investigated to determine, for the F coupler with the top

shelf and E coupler with top and bottom shelf, if modified couplers will remain
coupled to standard couplers under all AAR allowable conditions. Their conclu-
sion, as presented in Reference 20, is that there is no guarantee that dis-
engagement can be prevented,

The AAR conducted laboratory tests on the modified E and F couplers
and reported the results in Reférence 21. However, no buff forces were simu-
lated while the vertical and horizontal'investigations were being conducted.

A real understanding of the action of a modified coupler during derailment has
not yet been accomplished.

A cost benefit analysis was performed by the RPI/AAR for the appli-
cation‘of‘the modified E and F couplers to 112A cars equipped with standard E
couplers.15 (All tank cars built after January 1, 1971, have been required to
have standard F couplers, but previous to that time tank cars were built with
standard E couplers.) Their conclusion was that modified E couplers on 1124/

11rA tank cars would be cost beneficial compared with standard E couplers and
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that modified F couplers would not be cost beneficial compared with standard
E couplers. Comparison was not made with standard F couplers because these
were judged by RPI/AAR not to have any increased effectiveness éven though
they cost more than standard E couplers. We shall reexamine the cost benefit
analysis of couplers along the guidelines used for the analysis of head

shields. We shall also compare shelf couplers with standard F couplers.

1. Distribution of Losses

As in the consideration of head shields, the RPI/AAR assigned dollar
losses aécording to the tank element that failed, head or shell, The total
losses due to punctures should have been apportioned between the number of
head and shell punctures. See the section: Head Shields, Distribution of -

Losses for a further discussion of the Calspan distribution of losses.

Table VII presented the redistributed losses due to head punctures.
Using the RPI/AAR data on the number of head punctures that were a result of
coupler strikes (26) compared with punctures from other sources (4), the losses
due to couplers can be apportioned. The results are shown in Table XII.
Modified couplers may be compared either with standard E of F couplers.
RPI/AAR chose to compare modified couplers with standard E couplers because of
their contention that standard F couplers have no advantage over standard E
couplers yet cost more. However, standard F couplers are now required in all
new car construction for the purpose of reducing punctures and jackknifing.
This would indicate that modified couplers should be compared against standard
F couplers, We shall present comparisons of modified couplers against both
standard E and F couplers. The cost benefits are computed in Table XIII.
RPI/AAR estimates are used for all terms except the amount of losses due to
redistribution of losses. All dollars, both losses and costs of modifications,
are in terms of 1965-1970 dollars. There is an economic benefit for all of

the comparisons.
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Table XIi

REDISTRIBUTED LOSSES DUE TO COUPLER PUNCTURES OF 112A/114A TANK CARS

Losses, § ‘ 8,920,245

No. of Cases | 26

No. of Years 6

Avg. No, of Cars in Service | 12,000

Losses, $/Car/Year ' 124
Table XIII

MODIFIED COUPLER COST/BENEFIT ANALYSIS - REDISTRIBUTED LOSSES

Cost of Capital: 10%
Assumed Life: 10 yrs.
112A/114A Tank Cars

Losses/Car/Year x Present Value Factor

$124 x 6,32 =

Modified Coupler Effectiveness (RPI/AAR Estimate)

Present Value at Stated Effectiveness = Present Value x Efficiency
= $§784 x .60 =

Present Value

Differential Cost of Modified E Coupler Compared With Standard E

Coupler (RPI/AAR Estimate)
Economic Benefit = Present Value at Stated Effectiveness -

Differential Cost of Modified E Coupler
= $470 ~ $97 =

6l

$784
60%

$470

$ 97

$373



Table XIII (Cont'd.)

Differential Cost of Modified E Coupler Compared with Standard F

Coupler (RPI/AAR Estimate) : -$285
Economic Benefit = Present Value at Stated Effectiveness -~ Differen-
tiai Cost of Modified E Coupler = $470 - (-$285) = $755

Differential Cost of Modified F Coupler Compared with Standard E

Coupler (RPI/AAR Estimate) 3424
Economic Benefit = Present Value at Stated Effectiveness - Differen-
tial Cost of Modified F Coupler = $470 - §424 = $28

Differential Cost of Modified F Coupler Compared with Standard F

Coupler (RPI/AAR Estimate)} ' '$42
Economic Benefit - Present Value at Stated Effectiveness - Differen-
tial Cost of Modified F Coupler = $470 - §$42 = $428
02
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The calculations are for a modified coupler being installed instead
of a standard coupler on new cars at the time of regularly scheduled installa-

tion of a new coupler. If a car was taken out of service before regularly

. scheduled and a standard coupler replaced by a modified coupler, the cost would

be more than shown. However, it is only considered here that as couplers are
replaced according to their normal attrition they would be replaced by modified

couplers.‘

2. Amount of Losses

In the preceding, the loss data were taken from RPI/AAR reports.
However, as discussed in the section: Accident Statistics, Re-evaluation of
Losses, Calspan has determined that the RPI/AAR loss data should be increased

" by about 25 percent. Table XIV is a restating of Table XIII utilizing a 25

percent increase in losses, The economic benefit is found to increase to +$491.

Table XIV

MODIFIED COUPLER COST/BENEFIT ANALYSIS - REDISTRIBUTED LOSSES
AND 25 PERCENT INCREASE IN LOSSES

Cost of Capital: 10%
Assumed Life: 10 yrs.
112A/114A Tank Cars

Present Value: $124 x 1.25 x 6.32 = $980
Modified Coupler Effectiveness 60%
Present Value at Stated Effectiveness 4588
Differential Cost of Modified E Coupler $ 97

Compared with Standard E Coupler

Economic Benefit $491

63




Table XIV (Cont'd.)

Differential Cost of Modified E Coupler
Compared with Standard F Coupler $285
Economic Benefit ' ' $863

Differential Cost of Modified F Coupler
Compared with Standard E Coupler $424

Economic Benefit $164

Differential Cost of Modified F Coupler

Compared with Standard F Coupler $ 42
Economic Benefit $546
3. Cost of Capital

In the section Head Shields, Cost of Capital, the possibility of not
including an interest factor in the calculation was discussed. At zero interest
rate the net savings of a 60% effective modified E coupler compared to a stan-
dard E coupler would be ($124 x 1.25 x 10 x 0.6) - $97 = $833 under the same
assumptions as Table XIV except for interest rate. Following the same order
of comparisons given in Table XIV, the net savings would be $1215, $506, and

$888, respectively.

Calspan would conclude that converting to modified couplers would
be cost beneficial. However, the present knowledge regarding the mechanics
of coupler interaction is still inadequate. More work is required, particularly

well documented full scale tests.,

D. Thermal Shields

The RPI/AAR have investigated thermal shields and the losses
The RPI/AAR reports

occurring in tank car accidents due to fires.l’zz’23
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list all loaded tank cars known to have been exposed to fire during the years
1965-1970. Some data were also published for fires outside of this time period
but primary emphasis was on these years. Incidents of loss are sorted by class
of tank car., Loss figures are composed of two parts: (1) cést of lost lading
and (2) other losses caused by the loss of this lading, including fire damage
to equipment, real property, and loss of life. A review of the RPI/AAR loss
data for 112A/114A tank cars exposed to fires is given in Table XV.

Table XV

112A/114A TANK CARS EXPOSED TO FIRE - 1965-1970"

‘Losses, $ _ 11,879,000 .
No. of Cases 65

Lost All of Lading Due to Fire 56
Ruptured 50

Avg. No. of Cars in Service 12,000
No. of Years 6
Losses, $/Car/Year 165

Data taken from Ref., 23 p. 7 and 8.

The RPI/AAR has also developed an estimate of the maximum value of a
100 percent effective thermal shield applied tec 112A/114A tank cars. The

analysis includes the effect of the reduction in costs normally incurred in

applying a corrosion protection coating on uninsulated tanks. Because the
thermal shield has not been specifically defined, the cost/benefit analysis
must be conducted on a somewhat different basis than the cost benefit analyses
of head shields and couplers. That is, because the cost and life of the thermal
shield are unknown, the analysis can only determine the maximum justifiable
cost that could be expended in installation of a thermal shield as a function
of the expected life. In this report, we shall discuss the possible effective-
ness that can be expected and present an update of losses in terms of present
dollars, a re-evaluation of losses, and the effects of cost of capital.
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1. Thermal Shield Effectiveness

The effectiveness of a thermal shield is a dimensionless factor
determined by dividing expected overall savings with modified cars by losses
anticipated with unmodified cars. Effectiveness as defined here is an index
of the expected effectiveness of the shields in the aggregate. It is not a
measure of the expected effectiveness of an individual shield in a given acci-
dent. Higher percentage effectiveness implies higher levels of overall pro-
tection. Because the thermal shield is not fully defined, it is not possible
to determine an effectiveness. Appendix C presents historical data on 105A
insulated tank cars which indicates that they have an insulation effectiveness
approaching 100 percent, Following sections of this report include analyses
which show the value of typical coatings in reducing heat input to a tank car.
These considerations indicate that thermal shield coatings in conjunction with
present relief valves sized for uninsulated 112A/114A tank cars can have an
efficiency of nearly 100 percent if the coating remains attached to the tank
shell during a fire. An efficiency of 100 percent has been used for all cal-

culations in this report.

2, Update of Losses

The RPI/AAR cooperative research program has evaluated losses due to
exposure of loaded tank cars to fire by examining data on accidents for the
years 1965 through 1970. This data is the most extensive available at the pre-
sent time. As more recent data becomes available it should be utilized in the
analysis; however, obtaining the necessary data is beyond the scope of this
work. RPI/AAR is planning to compile losses for more recent years, As this
data becomes available, the analysis should be modified. In this report the
losses for the period, 1965-1970 will be updated to present dollars to account
for changing values of damaged items. A re-evaluation of the losses also will
be made based on a more extensive investigation of losses for a few accidents.
Some discussion will also be presented of iosses since the time period of
the RPI/AAR report.

66

]
|
1
]
|
]
|
J
1




3

P il

P, sy

In the section Accident Statistics,Update of Losses, the increase in

the value of the ladings since the RPI/AAR reports was discussed along with the

increase in other loss factors. To account for these changes in loss values,

values of ladings have been adjusted to their present worth and other losses

have been evaluated on the basis of the change in wholesale price index. This

results in losses in terms of present costs of $19,800,000 compared with the

$11,879,000 of Table XV for the period 1965-1970.

In addition, in the section, Accident Statistics, Re-evaluation of
Losses, it was found that the RPI/AAR loss data should be increased by about

25 percent based on a re-evaluation of five accidents.
are given in Table XVI along with the 1965-1970 RPI/AAR data.

The updated losses

Presently there

are about 20,000 cars in service rather than the average 12,000 cars in 1965-

1970, The precise number of cars is not important because per car costs are

actually required for the cost benefit analysis.

Table XVI

LOSSES FOR 112A/114A TANK CARS EXPOSED TO FIRE

RPI/AAR Updated To

1965-1970 Present Dollars
Losses, §$ 11,879,000 15,800,000
Avg. No. of Cars 12,000 12,000
No. of Yrs, 6 6
Losses, $/Car/Year 165 275

3., Cost of Capital

Losses Increased
By 25 Percent
24,750,000
12,000

6
344

Increased
No. of Cars

41,250,000
20,000

6

344

In the Section, Head Shields, Cost of Capital, the possibility of not

including any interest factor in the calculation was discussed.

We shall com-

pute the justifiable costs of thermal shields on the basis of cost of capital

of both 10 percent and zero percent.
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4,. Justifiable Cost of Thermal Shield Coatings

The RPI/AARY?%3

I

I
determined the maximum justifiable cost of applying
100 percent effective thermal shield coatings to entire tank cars by estimating ' I
the cost of corrosion protection which the coating would replace and the acci-
dent losses that the coating would prevent, These savings can be utilized I
to pay for the modification plus interest over a number of years. The amount
at 100 percent effectiveness that could be paid back, including interest, from l
expected savings is termed present value, Any reduction in effectiveness of
the modification reduces the present value’prOportionately. The present value ]

represents the economically justifiable cost of using a thermal shield.

RPI/AAR determined that the value of the corrosion protection of a
thermal shield was $121/car/year. (Note: This saving would not be realized
for conventional jacketed insulation construction, Otherwise the savings would
be similar.) This was determined in 1972, We shall increase this by 20 per-

cent to $145/car/year to update the savings to present dollars. An upper and 3
a lower bound were put on the accident losses. The lower bound assumes that o
damage to the car itself (including trucks, brakes, etc.) would not be pre-

venfed by a thermal shield. The upper bound assumes that the thermal shield l
would have prevented all car damage. (Accident loss data have not delineated

whether car damage was due to fire or the initial accident which necessitates l

the upper and lower bounds on losses.) The upper bound was $165/car/year _
(Table. XV) and the lower bound was $147/car/year. We shall use these same i‘
values updated to present dollars and including an increment to account for the -
re-evaluation of losses. RPI/AAR used an interest rate of 10 percent in their

calculations. We shall use this value and also a zero percent interest rate . -

as discussed in the preceding section.

The results of the calculation of justifiable cost of applying a
100 percent effective thermal shield are shown in Table XVII. All of the up- |
dated values in this Table are based on current dollars. No projection has
been made in terms of future dollars. Also, Table XVII is based on the assump-

tion that the years 1965-1970 were a normal period for tank car accidents.
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JUSTIFIABLE COST OF 100% EFFECTIVE
THERMAL SHIELD COATING ON 112A/114A TANK CARS

LIFE OF RPI/AAR UPDATED TO PRESENT DOLLARS LOSSES INCREASED BY 25%
THERMAL | VALUES, 10% 10% INTEREST RATE | 0% INTEREST RATE | 10% INTEREST RATE | 0% INTEREST RATE
YRs. LOWER_ | UPPER LOWER |UPPER | LOWER | UPPER LOWER_ | UPPER LOWER_ | UPPER
BounD' | Bouno? | Bounp® | BounD® | Bounp® [ BounD* | BOUND® | Bouno® |  BOUND® | BoUNDS
1 $255 [$272. | $3n 8400 $390 ($420 $429 [$ 466 $ 451 | $ 489
5 1053 | 1124 1533 | 1651 1950 | 2100 1772 | 1922 2265 | 2445
10 1694 | 1808 2465 | 2654 3900 | 4200 2850 | 3090 4510 | 4890
15 2082 | 2222 3030 | 3263 5850 | 6300 3504 | 3800 6765 | 733
30 2546 277 3705 3990 11,700 12,600 4284 4646 13,530 |14,670

ACCIDENT LOSS
SAVINGS

&N =

147
165
245
275
306
344

CORROSION _ TOTAL
PROTECTION SAVINGS ($/CAR/YR)

SAVINGS
+ 1 = 268
+ 121 = 286
+ 145 = 390
+ 145 = 420
+ 145 = 451
+ 145 = 489

LOWER BOUND ASSUMES THAT THERMAL SHIELD DOES NOT PI;!EVENT ANY DAMAGE TO THE TANK CAR
UPPER BOUND ASSUMES THAT THERMAL SHIELD PREVENTS ALL DAMAGE TO CAR AND SUFFERS NONE ITSELF.

F



Based on the previous sections of this report, the columns headed "Losses
Increased by 25 Percent" are believed to more closely represent the actual jus-
tifiable cost., Also, the lower bound probably is closest to being correct
because it is believed that a thermal shield will not preﬁent much damage to

a car, at least the car will often have to be taken out of service and shopped,
which involves considerable expense. In any event, the lower bound provides a
conservative estimate of the justifiable cost of a thermal shield coating.
Based on the above comments, the justifiable cost of a thermal shield coating
has been defined dependent only on the expected life of the shield and the
chosen interest rate for cost of capital. For example, a coating with a life
of 10 years which might be a desired goal, can be justified if its installed
cost were $2850 at an interest rate of 10 percent or $4510 at zero interest

rate,

Development of costs of coatings is not within the scope of this work
but some discussion of the justifiable costs in terms of per square foot or
per gallon of coating is possible. A 33,000 gallon 112A/114A tank car has very
nearly 2000 ft2 of outside surface area. Therefore, the justifiable cost is
$1.40/ft2 to $2.30/ft2 for a coating with a 10 year life. Also, for this same
coating a total of 370 gallons of coating would be required for a 0.3 in. thick
coat. This is gallons actually remaining on the tank after cure. Depending on
the type of application procedure and evaporation percentage, the actual amount
of coating used could be much more. For 370 gallons the justifiable applied
cost is $7.70/gal to §$12.20/gal.

Conventional jacketed insulation such as found on 105A cars might
also be considered for thermal shields. The analysis presented in this section
would also be applicable to this type of construction except that the savings
due to the lack of additional corrosion protection would not be realized. This
type of construction would then only be justified if it were less costly or if
the life of the shield were expected to be longer or if the effectiveness were
greater, Shield life has been found to be longer compared with the coatings
tested to date but final comparisons await further testing. Because the

thickness is greater, the jacketed insulation would probably provide greater
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thermal protection and therefore effectiveness more closely approaching 100
percent, For this configuration, the best estimate of justifiable cost at 100
percent effectiveness Qould be $2907 for 30 years shield ;ife at 10 percent
interest rate. At zero interest the corresponding value would be $9180. Loss
of carrying -capacity is hotAconsidered in this estimate. Note that jacketed
insulation need not be apﬁlied strictly to 105 car specifications to be effec-
tive. Thinner insulations not meeting existing conductance specifications at
ambient temperature but maintaining integrity under fire exposure conditions
may serve the needs of safety. Hence, a smaller penalty in reduced cargo
volume would be incurred if this option were adopted for ladings which are
volume limited. Additional information on this point is given in Section II-

C, Capacity Limitations for Pressure Cars.

E. Other Modifications

Calspan investigated the use of mechanical shielding devices and
metallurgical improvements to determine their effectiveness in increasing the
tank's resistance to contact forces. The prevention of rocketing, caused by
propagating tank failures, was investigated by increasing the tank wall thick-
ness and changing the shell material properties. To this end, high-grade
steels were substituted for TC-128B. These steels have greater elevated
temperature tensile properties and better fracture toughness at the lower
temperatures. The use of a filament-wound tank concept was considered as an
alternative to steel construction. As an aid in stopping propagating type
failure, the concept of a discontinuous tank structure was analyzed. Each of
the proposed design modifications was evaluated in terms of applications to
both new cars and as retrofits to existing cars. Further, for each design con-
cept presented, an estimate of both the cost of implementation and the probable
improvement in safety (benefit) derived from its application was determined,
Using these figures, a cost-benefit analysis will determine whether the design

change can be justified.

An investigation of the effects on payload of increased car weight
caused by implementation of possible improved designs has been included in
Section II, Design and Operational Factors.
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The specific modifications which were given consideration in this

section are:

1. Change specification of plate thickness and/or material to
Tesist puncture forces and propagating failures.
2. Discontinuous tank structure,

3. Prevent coupler separation due to failure.

1, Tank Material Specifications

The primary mode of head failure is shear at the peripheral positions
of the striking coupler. To be sure, a considerable amount of elastic and
plastic buckling occurs prior to ultimate failure, but the amount of resisting
force generated by these deformations can be considered small for the purpose
of these approximate calculations. Based on the assumption that the shear
forces are dominant, the governing equation for computing puncture forces is

given by:

At T (4)

m
n

puncture force

where:

perimeter of striking coupler

plate thickness, and

F
A
t
}= ultimate shear stress at failure.

Equation 4 predicts that a doubling of the resisting force can be accomplished
by doubling either the plate thickness or the allowable shear stress. Armco
Steel Corporation has quoted a price of 11.3¢/1b for the present TC-128
material, while an improved steel, which has twice the allowable shear stress,
has been quoted at 16.8¢/1b. On this basis, the present cost of material used
in constructing the 112A/114A car (TC-128, 5/8 in. thick, and 2000 ft2 area)

is approximately $6000. Doubling the thickness would double the cost to $12,000.
On the other hand, doubling the allowable shear stress would increase the

material cost to $9000. Clearly, a change in material specification is preferable
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to changing plate thickness. However, what benefits can be expected from
doubling allowable shear stress by any means, The limiting force for the pre-
sent tank is approximately 400,000 1b. Doubling this force to 800,000 1b, is
still lower than the forces likely to be produced during actual derailments.”
From this standpoint, the effectiveness of increased shear strength is not
expected to be larpe, |

There are several other possible benefits which occur by adopting a
higher grade steel, The RPI/AAR has proposed a number of metallurgical changes
to reduce the number of tanks experiencing propagating type failures. Their
recommendations include changing of rolling schedules, improved grain size,
improved transition temperature limits, etc. Such minor modifications to the
TC-128 material will produce only marginal changes in the frequency of propaga-
ting type fractures and/or increased resistance to puncture. Upgrading the
material specification will allow the use of a steel with better fracture tough-
ness at low ambient temperature (0°F) and greater elevated temperature strength.
Some benefit can be expected from increasing the low temperature fracture
toughness, but the major benefit will be the increase in the elevated tempera-
ture strength. This latter benefit will be discussed in the section, Thermal
Protection,

A possible alternative to be considered is increasing the strength of
the heads only. However, the head shield is indicated to be a more effective
solution. This design modification has already been determined to be cost effec-
tive as reported in a preceding section,

One concludes that modifications to the tank material specification
and increase of plate thickness are not justified in view of their relatively

high cost and questionable effectiveness. Further, if applied to the head alone,

*
See, for example, selected results of the derailment simulation (Reference 8)
where draft forces reached as high as a million pounds.
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they are not as effective as a head shield. In addition, these modifications
" are not applicable as retrofits to existing cars, a consideration of importance

since 20,000 112A/114A type cars are currently in service.

2. Filament-Wound Tanks

The possibility of using filament-wound tanks has been investigated
in a preliminary fashion. The concept may immediately solve two of the most
pressing problems related to the 112A/114A car in LPG service. These problems
are catastrophic failure initiated by mechanical damage and retention of

strength at high temperature.

The positive attributes of filament-wound tanks have been demonstra-
ted experimentally on small scale tanks. Structural Composites Industries of
rAzusa, California, has performed a fire test in which a composite tank was
subjected to a fire (Q = 20,000 Btu/ftz-hr) for approximately 1 hour without
failure®, The external surfaces charred but retained their integrity. This
same company has demonstrated the resistance of filament-wound tanks to impact
damage.

The costs of these tanks are prohibitive at approximately 5 to 10
‘times the cost of a similar steel tank. Further investigation into fhis con-
cept has not been carried out by Calspan since it is not at present cost bene-
ficial. Further research, at a later time, to reduce the concept to economical

practice should not be precluded.

3. Discontinuous Tank Structures

The traditional means of dealing with a propagating fracture has been
to introduce a discontinuity into the structure, Some aircraft and missile

structures incorporate riveted or bolted joints periodically so that propagating

fractures cannot occur throughout the structure. The comparative cost of
riveted construction is approximately two times the standard welding construc-
tion now in use, primarily because special consideration must be given to

insuring that the riveted seam will remain leak free,

*Personal communication, ”
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The primary function of the discontinuity is to arrest a propagating
fracture. ilowever, in tank cars, the arrested propagating fracture can lead
to the formation of tubs, which, because of the thermodynamic state of the
lading, can result in rocketing. Because of this very real possibility, the
effectiveness of this solution has to be assigned a low value. This low
effectiveness combined with the higher construction costs has resulted in this

design modification being judged not cost beneficial.

4. Plastic Coupler Hinge

In a number of accidents, couplers have broken off at their shanks.
This failure is often accompanied by a twisting action. In other cases, the
coupler does not actually fail, but the sills are spread open by lateral forces,
Since modified couplers are designed to resist separation, it is expected that
larger loads can be brought to bear on the coupler components during derailment.
In the studies of modified couplers, no modifications to accommodate these
increased loads have been developed. As a result, it is expected that the num-
ber of coupler failures at the shank would increase upon adoption of modified

coupler design.

A coupler which has separated due to failure of the shank may cause
as much damage to the adjacent car as a coupler which has simply separated.
To prevent this type of failure from occurring, the coupler, yoke, draft gear,
and draft pocket must be designed as a unit. The incorporation of a weak link

into this system will insure that failure can occur in a controlled manner.

An illustration of a weak link incorporated into the draft system
is given by Figure 6. It consists of a plastic hinge which is capable of sus-
taining the 800,000 1b, static crush load and the 1,250,000 1b. dynamic load
imposed as per the design manual. At substantially higher load, but still
below the loads at which the coupler shank will fail, the hinge will yield
plasfically, allowing the constrained coupler forces to be relieved without

causing a complete separation. The relieving of these forces will reduce even
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Figure 6 CONTROLLED FAILURE DRAFT SYSTEM
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furthef the probability of head punctures and help keep cars aligned during

A further advantage may be gained by preventing separation of the

derailment,
In the past if cars separated,

cars. This is the reduction of shell punctures.
lateral restraining force ceased to be applied and the cars tended to '"jack
knife" thus exposing the shell of one car to the trucks of another. Since
shell-truck contacts are one of the most frequent causes of shell intrusion,
preventing the separation of cars and allowing constraining forces to resist

the turning motions of cars during derailments should reduce the tendency of

cars to 'jack-knife."

Any modification which can aid in keeping cars in line during derail-
ments will have a strong influence on reducing the costs of tank car accidents.
Placing a protective shield around the shell is too expensive to be cost bene-
ficial. Prevention of shell-truck contact by keeping cars in line may be a
practical alternative. However, a considerable amount of experimental work

will be required to determine the feasibility of this modification and to

establish an estimate of the expected benefit, Preliminary estimates of the

cost of incorporating this change into new cars are approximately $3000/car.

5, Thermal Protection

As discussed in the section, Thermal Shields, substantial amounts
of losses have been incurred due to fire exposure of tank cars. It was shown
that losses are $344/car/year and the justifiable cost of thermal shield. coatings
were determined, Several modifications could be made other than thermal shields
to reduce losses due to fires, Four other solutions appear practical enough

to warrant serious study. They are:

1. - Change tank material specification to resist thermally initiated

propagating fractures.

2. Modify valve area to allow more efficient tank venting.
3. Modify valve to be actuated by lading temperature.
4. Insure vapor discharge,
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A discussion of each of these modifications is presented in the following.

a. Tank Material Changes

There are two principal ways in which the frequency of thermally
initiated propagating type fractures can be.reduCed. The first is to require
a tank material with improved elevated temperature properties and the second
is to add insulation to the car. A calculation was made using the Calspan Tank
Car Thermal Model in which a standard, uninsulated car was compared with an
insulated car and a car made of increased strength steel. The results of this
calculation are shown in Figure 7. The conclusion based on this calculation
is that the probable increase in safety is greater for the addition of small
amounts of insulation than for changing the material specification. The under-
lying cause for this conclusion is that even an improved steel will not retain
a significant amount of strength above 1200°F, This fact is well illustrated
by Figure 8 in which the burst pressure of the tank has been plotted against
wall temperature. The data beyond 1200°F has been entered as a dashed line
to indicate that there is a considerable variation in properties at these high
temperatures. In addition, no allowances have been made for the creep proper-
ties of the steel when it is exposed to high temperatures for periods of time
greater than one hour. As a result, the estimated improvement in safety is
small. In addition, the $3000 increase in the car cost {see Tank Material
Specifications} is higher than several other, more effective modifications,
and therefore, this design modification is not considered further.

b. Increased Valve Area

An alternative to adding insulation for thermal protection is to
increase the safety relief valve capacity. The purpose of the increased valve
capacity would be to maintain a lower tank pressure and thereby prevent rup-
ture. Calculations have been made utilizing the Calspan Tank Car Thermal
Model which compare the standard, uninsulated tank with a 0.055 ft2 valve
area to a similar car with four times the valve area, The results are shown
in Figures 9 and 10. Also shown are results for an insulated tank with a

standard valve. For both of the heat fluxes considered (which are typical of
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fires), increasing the valve area by a factor of four would allow complete
venting of liquid without rupture. The insulation would provide a greater
margin of safety but tﬁe lower cost of the valve justifies further consideration
on a cost/beneficial basis, Modification of the existing valve arrangements

- may be required to allow for increased valve area particularly within the pre-

sent manway. Either a single larger valve or multiple valves could be used.

Valves of four times the area of the present valve will cost more
than the present valve but not by a factor of four, Extra cost has been
estimated to be $1000. This cost is significantly less than for a thermal
shield coating, The effectiveness of this modification in preventing losses
résulting from fire cannot be fully assessed because the historical data on
accidents is very incomplete relative to valve operation. It is not known in
most cases whether or not the valve operated. lowever, in the 20 fire exposure
cases in which it is known whether or not the valve operated, there were 1l

instances in which the valves did not open and only one of these resulted in

a major rupture.23 The indication from this limited amount of data is that

the tanks are not rupturing before valve operation but that even though the

- valves operate, ruptures are not prevented. As shown in Table XVII, the losses
for tank cars exposed to fire are $306/car/year, For a 30 year life and 10

! percent interest rate, the amount that could be invested in a 100 percent

i effective valve which would prevent the losses from fire exposure would be $305

. X 9.5 = $2907.

There is one serious defect with a change in valve area as a safety
improvement. According to the computer calculations, the top of the tank
reaches a temperature such that the top is very close to failure even though
the valve is cycling open and closed and maintaining pressure within the tank
at the valve setpoint. The fire input parameters and tank burst strength
are not known with sufficient accuracy (see Figure 8) to be certain tank
failure could not occur at the valve setpoint. The strength of the steel is
also known to decrease when held at elevated temperatures; a 25 percent decrease

Py
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may actually occur in some instances, An alternative valve solution which lowers

The uncertainty in these values is such that failure

tank pressure below the valve setpoint is discussed below. The valve arrange-
ment discussed in this section, however, appears to be a cost beneficial solu-
tion if it can be shown through further testing that shell temperatures will

not be excessive at the valve set point.

c. Lading-Temperature-Actuated Valve

Another safety relief valve modification worthy of consideration con-
sists of a primary valve which is actuated by excessive lading temperature,
Such a valve would open at a set value of lading temperature which could only
occur if the tank were exposed to fire., The valve would then remain open to
assure that the tank pressure decreased to near ambient pressure, thus, elimina-

ting the danger of tank rupture.

Present valves are made to open and close near a set point which

keeps the tank at.an elevated pressure (about 300 psig for 112A/114A cars).
If the tank wall temperature becomes high enough, the tank will fail even at
the set point. The required wall temperature is about 1200°F (Figure 8). This
temperature includes no safety factor or effect of reduced strength of steel

. held at elevated temperature for long periods. From the accident data it is
evident that tanks generally fail because the pressure is too high for existing
tank strength at the wall temperature. It is not known whether the tank pres-
sure was at the valve set point but it is assumed that there must be instances
where this has occurred. Appendix C includes data which shows that of 55 cars
exposed to fires of sufficient size to actuate the valve, 50 eventually ruptured.
In some of these accidents the valve must have had sufficient capacity to main-
tain tank pressure at the set point and yet they still ruptured. If the tanks
had a valve of sufficient capaéity, actuated by lading temperature, and remaining
open after first being actuated, then the tanks would probably not have ruptured

and accident losses would have been much less.
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To implement such a valve system, a secondary valve of conventional
type would have to be included to relieve the tank in the event of overfills or
if the tank goes shell full from ambient heating. To prevent the possibility
that the secondary valve would have sufficient capacity to keep.the pressure
at its set point, the secondary valve should have a set point pressure above
the saturation pressure corresponding to the temperature set point of the pri-
mary valve., For example, the primary valve could be set to open at a lading
temperature of 140°F (corresponding to a propane saturation pressure of 290 psig)
and the secondary valve could be set to open at 300 psig., In operation the secon-
dary valve would open any time the pressure reached 300 psig such as during
an overfill or if the tank heated sufficiently from the sun to overfill (115°F
at summer loading conditions) but the only condition that would open the pri-
mary valve would be a lading temperature of 140°F.

This would only happen
during a fire,

The primary valve would then remain open and the pressure in
the tank would drop to safe levels. The accident data make it evident that
pressure reduction is necessary to prevent tank rupture.

If the lading reaches
14OPF, the tank must be involved in a fire.

With the present valve system, a

fire results in a rupture 91 percent of the time (see Appendix C). The con-

sequences of venting all of the lading are much less than for a rupture so that

complete venting is the preferable alternative. The valve setpoints listed

above are satisfactory only for propane. Other ladings such as liquefied

ammonia would require a valve change.

As described in the preceding section, the‘amount that could be inves-
ted in a valve system which would be 100 percent effective in preventing losses
from fire exposure would be $2907. The net cost of the lading-temperature-
actuated valve system will be about the same as the increased size valves
described in the preceding section, j.e, $1000, Therefore, an effectiveness of
only 34 percent would result in a cost beneficial modification. As discussed
above, the indication from the limited amount of accident data is that tanks
have not been rupturing before valve operation and therefore a valve actuateé |
by lading temperature is expected to be very effective, Calspan bélieves this

technique warrants further study as a potentially cost/beneficial modification.
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d. Positive Vaﬁor Discharge

Reference 9 shows that vapor discharge from the safety relief valve
poses a much less stringent requirement on valve size than liquid discharge.

During an accident, a car may overturn and the valve may be required to flow

liquid, potentially the most dangerous situation. A possible modification would

consist of an arrangement that would insure that the valve was always communi-

cating with the vapor for any tilt angle of the car. This might be accomplished

by a flexible tubing connection from the valve to the vapor space; the end in

the vapor space being attached to a float.

Besides the possible complexity of this type of modification in practi-

cal use, it suffers from the same deficiency as increased valve size., That is,
even though the valve has sufficient capacity, it still operates to maintain
the pressure near a set point and the tank could fail at this set point pres-
sure if the tank walls reach a high enough temperature. Therefore, this type
of modification is not expected to have a high effectiveness and the lading-
temperature-actuated valve is believed to be the preferred alternative.

F. Economic Sensitivity

In determining an upper bound consistent with a viable service, Cal-
" span performed a sensitivity study to determine the effect of increased tank
car cost on the delivered price of the shipped commodity even if the car modi-
fication were not strictly cost beneficial. This study was limited to the
shipment of LPG a distance of approximately 800 miles in 112A340W type cars.
The general conclusion of this study is that for a tank car carrying only LPG,
a 10 percent increase in the tank car cost would produce only a 0.5 percent
increase in the delivered cost of the LPG. Since LPG is probably the lowest
priced commodity to be shipped. in the noninsulated pressure car, this 0.5 per-
cent represents an upper bound on price increase. Similar conclusions would

be obtained for trips of different lengths.
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The assumptions used in this study are presented in Table XVIII along
with the references from which these data were taken. Transportation costs
were computed using the data and procedures presented in "Rail Carload Cost
Scales by Territories,' Reference 25. A hypothetical trip of a 112A car from
Houston to St. Louis carrying 1280 cwt of LPG was used for the basic computa-
tion. Tank car initial costs were increased by $500, $1000, and $2000. These
increased costs were spread over the 30-year life of the tank car so that, on
the average, the car would return the increased cost.

In this country, the majority of the pressure cars are privately owned
with approximately 60 percent owned by leasing companies. For cars owned by
leasing companies, loading and car movement reports are furnished by the shipper
to the lessor. Mileage earnings are then paid to the lessor by the railroad
and credited to the lessee to be applied against rental charges accrued under
respective leases. As a result, two sets of payments are made to the car lessor:
(1) the mileage charge, and (2) an unknown lump sum specified by the lease agree-
ment. Since only the mileage charge is visible, the increased tank car cost
was incorporated into it. This procedure inflates the shipping rate to the
benefit of the shipper's commodity price at the point of origin. The cost of
the commodity at its destination, however, properly reflects the increased car

cost.

Table XI¥ presents the method used to incorporate the increased car
cost into the variable cost portion of the transportation rate. Table XX.

presents the computation of the transportation rate as a function of the increased

car costs, and Table XXI presents the computation of the increased commodity
costs. Figure 11 presents the last result graphically. '

If the car modification is installed to reduce losses, there is a
benefit derived from increasing the tank car cost. An attempt has been made
to determine the magnitude of this benefit and incorporate it into the trans-
portation rate computations., As an example, the modification was assumed to
reduce the increased traﬁsportation rates by 25 percent. The result is plotted
on Figure 11 as the 75 percent cost line.
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Table XVHI

INCREASED CAR COST SPREAD OVER THE 112 FLEET

Average No., of cars, p. 4, Ref. 1 ., ., ., ., ..
Average No. of years . . . . + + v o v v o o &

Average annual tank car usage .. .. . . .
(car * miles/year - loaded) (p. 24, Ref. 1)
Increasedcarcost., « « « v ¢ ¢« v ¢« 4+ 5 5 s s

General overhead rate . ., . . . . . . . . . .
Region IV, Table 7, Ref. 25
Empty returnratio . . .. .. .. ... .. .
Region IV, Table 3, Ref. 25

88

12, 000
30

6.7 % 10"
$500
$1000
$2000
0.17473

1.08




Table XIX
CHANGE IN CAR RENTAL RATE TO INCLUDE INCREASED CAR COST

cost/car x car

ARC = Tmile/yr {1 + E/R) ¥ (T + OH) x yr (¢/mile)
Region IV
ARC 75% ARC
$ 500 0.122 0.091
$1000 0.244 0.182
$2000 0.488 0.364

INCREASED VARIABLE COST TO REFLECT INCREASED CAR COST

Region IV _
CCM' = CCM + ARC * (1 + OH) (1 + E/R) (¢/mile)
' CCM! CCM!
Way Train CCM 100% 75%
$ 500 47,76796 48,0659 47,9914
$1000 48, 3640 48,2150
$2000 48,9602 48, 6621
Through Train
$ 500 42,44149 42,7394 42, 6649
$1000 43, 0375 42,8888
$2000 43, 6337 43,3335
ARC Change in rental cost
E/R Empty return ratio
OH Overhead factor
Tmile Total miles = car x miles/car/yr. = miles/yr,
CCM Cost per car mile
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Table XX
TRANSPORTATION RATE AS FUNCTION OF INCREASED CAR COST

HOUSTON TO ST. LOUIS

794 MILES

REGION IV CIRCUITRY 1.16
100% 1280 CWT
Increased Car Cost $0. $500 $1000 $2000
Variable Cost
Terminal ‘
Per carload 4132, 544 4132, 544 4132, 544 4132, 544
Per cwt 0.018 0,018 0.018 0.018
Total (per cwt) 3.2465 3.2465 3,2465 3.2465
Way Train
Per car-mile 47.76796 48, 0659 48, 3640 48, 9602
Per cwt-mile 0.01294 0.01294 0,01294 0.01294
Total cwt-mile
Through Train
Per car-mile 42,.44149 42,7394 43, 0375 43, 6337
Per cwt-mile 0.01017 0.01017 0.01017 0.01017
Total cwt-mile
Constant Expense
Terminal per cwt 1,179 1.179 1.179 1,179
Line-Haul per cwt-mile 0.0082 0. 0082 0.0082 0. 0082
Fully Allocated Cost
Way train cwt-mile 0.06781 0.06808 0. 06835 0.06889
Through train cwt-mile 0.05977 0. 06004 0. 06031 0.06085
Total terminal cost 4.4255 4.4255 4,4255 4,4255
Total way train cost 5. 6962 5.7187 5.7415 5. 7869
Total through train cost 42,4379 42, 6296 42,8214 43.2050
Total cost/cwt 52,5596 52,7738 52.9884 53.4174

90



-~

Fo

Ly |

Table XX (Cont.)

HOUSTON TO ST. LOUIS

794 MILES

REGION |V CIRCUITRY 1.16
75% 1280 CWT
Increased Car Cost $0 $500 $1000 $2000
Variable Cost
Terminal
Per carload 4132,544 |4132.544 4132, 544 4132, 544
Per cwt 0.018 0.018 0.018 0.018
Total (per cwt) 3. 2465 3.2465 3, 2465 3,2465
Way Train o
Per car-mile 47,76796| 47,9914 48.2150 48,6621
Per cwt-mile 0.01294 0,01294 0.01294 0.01294
Total cwt-mile
- Through Train
Per car-mile 42.44149| 42,6649 42, 8885 43,3335
Per cwt-mile 0.01017 0.01017 0.01017 0.01017
Total cwt-mile
Constant Expense
Terminal per cwt 1.179 1.179 1.179 1.179
Line-Haul per cwt-mile 0. 0082 0.0082 0.0082 0. 0082
Fully Allocated Cost
Way train cwt-mile 0.06791 0.06801 0. 06821 0.06862
Through train cwt-mile 0. 05977 0. 05997 0. 06017 0. 06058
Total terminal cost 4,4255 4.4255 4, 4255 4.4255
Total way train cost 5.6962 5.7132 5.7296 5.7642
Total through train cost | 42.4379 42.5817 42,7256 43,0119
Total cost/cwt 52,5596 | 52,7204 52. 8807 53,2016

[
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. Table XXI
PRICE INCREASE AT DESTINATION VS. INCREASED CAR COST

1
1
|
|

$500 $1000 $2000
Works Price 110. 00 110. 00 110. 00 110,00 I
é/cwt :
Transport Cost 52,55 52,77 52.99 53.42 B
¢/cwt 52,72 52. 88 53,20
Price at Destination 162. 55 162.77 162,99 163,42 .
¢lewt 162,72 162, 88 163, 20 _ ]
% Increase 1009 0.13 0.27 0.53
75% 0. 09 0.20 0. 39 ]

ey

I I 1 N
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The scope of this sensitivity aﬁalysis is too limited to draw broad
general conclusions. However, it does indicate that for modifications to tank
cars of the order of $2000 to $4000 (including adjustments for economic life
and cost of capital factors) the price increase of the delivered LPG will
probably be 0.5 to 1 percent, a not impractical increase considering the
protection afforded especially in light of the recently much greater increase

in delivered price of LPG due to increased source prices.
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IV.  SUPPORTING STUDIES

Several studies are reported in this section in'shpport of the evaluation
of design improvements for tank cars. One of these supporting studies concerns
the extension of the tank-fire computer simulation developed by Calspan. Use
of this updated computer simulation in the analysis of‘the 1/5 scale and full
scale fire tests which have been conducted at White Sands Missile Range is also
presented. Also reported is a review of existing thermal research which is being
conducted by FRA, RPI/AAR and others. Finally, several individual topics
related to thermal research are reviewed.

A. Description of the Calspan Tank Car Thermal Model

The Calspan computer program for the mathematical model of the tank
car, or thermal model, represents a tank car either upright or rolled over at
any angle, that is enveloped by fire. The complete program is given in Appen-
dix D. The tank car geometry is described by inputs for its length, diameter,
shell thickness, number of relief valves, their position along the tank, their
flow area, discharge coefficient, and the tilt or roll angle from the vertical.

In addition, if external insulation is present, it is specified by
its thickness, thermal conductivity (which may be varied with temperature),
and the product of density and specific heat.

The tank is divided into elements for computation by specifying the
number of divisions around half the periphery and the number of divisions of
length. The steel of the shell is described by burst pressure tables that are
based upon ultimate strength, and are prepared by calculating burst pressure
from a simple thin shell relation. That is, thermal stresses due to circumferen-
tial or longitudinal temperature gradients are assumed to be negligible. This
is in agreement with analyses of failures of tanks in fires which indicate that
the predominant failure mode is thinning of the shell over the vapor space followed
by the initiation of a crack along a longitudinal line. This indicates a pres-
sure induced failure rather than a thermal stress failure.
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Valve operating pressure limits must be specified for opening and
closing, The lading is described by an array of thermal properties for the

saturated conditions, i.e., enthalpy, temperature, pressure, and specific volume
of both liquid and vapor. In addition, its ratio of specific heat, gas constant

and the total weight of lading per foot of tank must be given.

The heat input from the fire is described by inputs for its tempera-
ture, emissivity, and the heat transfer coefficient for convective heating,
An emissivity for the tank shell must be given. Heat input to the lading is
described for liquid and vapor separately by a heat transfer coefficient.
Liquid heat transfer coefficients are computed by equations that represent

curve fits to experimental data, and are valid for propane only.

Fundamental assumptions were made in the theoretical development of
the model which contributed to rendering the problem tractable while keeping
the model practical. These are listed as follows:

1. Temperature of the bulk of liquid is uniform.

2. The heat transfer coefficient for shell to lading heat
transfer is uniformly distributed over the surface although
a distribution is made between liquid and vapor heat trans-
fer coefficients. The coefficient for vapor is constant
but that for liquid is variable with pressure and tempera-

ture differences,

3. Conduction of heat in the tank shell in a direction parallel
to the axis of the tank is negligible.

4, Thermal properties of the shell do not change with tempera-

ture but thermal conductivity of the insulation may vary.

5. The location of the liquid surface is identified only by
the angle to the centroid of the particular element of the
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tank car shell that it contacts. In all other respects,

the surface is assumed to be confined to a horizontal plane.

- The model computes heat penetration to the ladiﬁg, which results in
a computed rise in temperature of the external insulation, if any, the tank
shell, the vaporized lading, and the liquid lading. In computing the external
heating, heat is reradiated to the fire at increasing rate, and convective
heating decreases as the outer surface temperature rises, resulting in a
reduced heat penetration to the lading.

The initial effect of heat input to the lading is to cause pressure
to rise because of the increase in vapor pressure as lading temperature rises.
The amount of liquid also increases as it is heated. If the tank contains
sufficient lading, a point is reached where the tank becomes shell full, and
no vapor is present.

Such effects as these are duly represented as a result of computations
using heat and mass balances on the lading. Given the specific volume for both
vapor and liquid from either a previous computation cycle or the initial values,
the masses of liquid and vapor per foot of length are computed. If the pressure
at this previous time is sufficiently high.to open the valve, the mass lost
through the valve is computed for the computing interval and subtracted from
the total mass of lading. of course,'a distinction is made between liquid and
vapor flow depending upon the rell position of the valve relative to the instan-

taneous depth of liquid.

The solution for the conditions in the tank at the end of a computing
interval is obtained by an iterative method because numerous simultaneous equa-
tions must be solved, which involve unknown variables that must be evaluated
using tables or arrays of input data, such as the thermal properties of saturated
lading. These equations include the heat balances mentioned earlier and mass
balances that update the masses of liquid and vapor to maintain consistent sets
of conditions,
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The iteration procedure starts by estimating a new pressure and deter-
mining the saturated-lading thermal properties that correspond to it. Separate

schemes are used for the open valve case., Then an equation for the heat balance
to the liquid is used to solve for the new mass of liquid at the end of the com-

puting interval. If an open valve lies below the surface of liquid, the mass
of liquid is adjusted to reflect the liquid discharge. If no valves are open,
the change in mass of liquid is restricted to either vaporization or condensation.

To continue, the iteration proceeds by computing the enthalpy of the
vapor from a second heat balance that is taken on the vapor space. This enthalpy
is not allowed to exceed the enthalpy of vapor at the temperature of the liquid
by an amount corresponding to 0.7 times the difference between temperature of
the liquid and temperature of the top element of the shell. Then new‘values
for specific heat, temperature, and specific volume are computed from curve
fits of the superheated propane vapor data which are described in Reference 26.
These are used in a computation for QIN, the heat absorbed by the lading, which
is obtained from an equation for the overall heat balance on the lading. QIN
is compared to the summation of the heat transferred to the lading from the
shell, PREV, which equals the total heat input to the liquid, QLSUM, plus the
total heat input to the vapor, QGSUM. If agreement between PREV and QIN is

unsatisfactory, a new pressure is estimated on the basis of the departure of

QIN from PREV and the iteration procedure is repeated.

When agreement is achieved, a second test must be passed to insure
that the tank pressure does not drop significantly below valve closing pressure
in the event the valve has been open, or above valve opening pressure if it has
been closed. When these results occur they simply indicate that the computing
interval is too long to represent events accurately, Consequently, a feature
is provided that alternately reduces the computing interval, recomputes all
heat inputs, temperatures, etc;. and reiterates for pressure. When the com-
puting interval is reduced sufficiently to produce the correct tank pressure,
relative to valve operation, the computation proceeds to the next phase., Note
that this procedure does not restrict the tank pressure from rising to values

above the valve opening pressure.
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After the pressure has been determined, a computing loop is entered
which checks for tank rupture due to excessive pressure at the shell element
of highest temperature: If tank pressure exceeds the allowed pressure for burst,
the computing stops, giving a burst condition printout, ‘

Next, stresses are computed for the shell, which are printed out for
the uppermost element. Time is updated, the original computing interval is
restored in the event it had been changed during iteration, and a check is made
for mass of liquid, If it has been reduced to zero, the computation stops. If

not, it proceeds to the next cycle.

B. = Improvements to the Tank Car Thermal Model for USe in Engineering Studies

The computer program for the tank car thermal model was devised in
fulfillment of previous contracts (Reference 26). It has been further developed
and refined during this present contract in order to make it more suitable to
the needs of the work that is now underway, All changes made to the computer
program were confined to the MAIN routine so it is the only one discussed in
subsequent paragraphs. A FORTRAN listing is presented in Appendix D.

The first revisions to the program pfovide a variable temperature
with distance above the liquid level in the vapor space. Previously, this was
treated as having uniform temperature throughout. A single value for vapor
temperature is required for the pressure iteration scheme which deals with the
heat balance on the bulk of vapor. Consequently, an average value for vapor
temperature is determined., The upper limit of vapor temperature is found at
the extreme top of the tank and is the inside shell temperature there. The
lower limit is the temperature of the liquid lading. The average value is
higher than the lower limit by 0.7 times the difference between limits. This
factor (0.7) is subject to change depending upon results of studies of fire test
data and can even be made a variable to depend upon such characteristics as
vapor space geometry, which changes with depth of liquid. The average tempera-
ture is introduced in the computation of average enthalpy of the vapor, TSTHG.
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_ A scheme was devised for computing the temperature of the vapor adja-
cent to each shell element so that it would be available to the computation for
QG, the heat transferred from shell to vapor. However, this complicates the
program further and the advantages of using it are minor,'inasmuch as the pre-
cision required of this computation is only moderate (which is fortunate because

there is little information extant concerning heat transfer to propane vapor).

A second revision, and a major one, was to refine the iteration pro-
cedure for pressure in the tank car. First, iteration is necessary to solve
all the equations (some are represented by tables) that define the changed con-
ditions of the lading after a time interval while heat is added to the lading.
This is explained in more detail in Reference 26. However, the procedure pre-
sented in that report is oversimplified. The chief relations were mass and
heat balances on the overall lading and the mass balance was not complete
because too many unknowns existed, although prior values for some were used
which provided partial compensation for this deficiency. This situation has
been remedied by providing separate heat balances for liquid and vapor in addi-
tion to the overall heat balance. Incorporating these equations required
changing the logic of the iteration scheme in many respects although the basic
concept was retained, i.e., one of estimating pressure, then evaluating the
thermal properties of the lading for that pressure to permit computation for
the heat absorbed by the lading during the computing interval and finally,
comparing the heat absorbed by the laaing with the heat transferred to it from

the shell and revising the estimated pressure to repeat the iteration if the

heat absorbed did not agree with the heat transferred.

Since this revision, the computer program has been exercised numerous

times and it has been observed that the iteration procedure has been convergent
for all conditions imposed upon it. These range from the case of high heating

rates experienced by a bare tank in a fire to one of greatly moderated heat

"penetration to the shell resulting from the use of very effective insulation

and include computations for full size tank cars as well as 1/5-scale tanks.
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A third revision is an improved model or technique for representing
insulation placed around the outside of the tank shell. The technique provided
with the previous model, Reference 26, neglected the heat storage term in the
heat conduction'equation. It included a representation of the ‘degradation of
effective thickness of insulation that decomposes when heated to excessive
temperatures, This model has been replaced with one that is somewhat more
complicated, in which the heat storage effect is included, but the degradation
scheme has been dropped. (It is possible to incorporate degradation although
this would require more effort because changes in logic are required to adapt
it to the new procedure.)

Moreover, the improved model is two-dimensional in its treatment of
insulation, The computations are similar to the determination of tank shell
temperature, whereby a grid system is used that provides for radial heat con-
duction through the shell and heat conduction in the peripheral direction.

‘Calculations have been made of the response of a tank car to fires
using the improved computer programs. The calculation conditions are listed
in Table XXII from the best available information. The fire temperature and
effective emissivity were taken from the one-fifth scale test results. as
described in the next section. The effective emissivity used is an experimen-
tally determined value required for the heat transfer calculations and is not
necessarily the same as the optical emissivity. A body within a fire cools
immediately adjacent gases which then shield it from the bulk of the fire.

This reduces the effective emissivity to which the body is subjected.

Several of the other calculation conditions relate to a typical 112A340W
tank car of about 33,000-gallon capacity containing propane at the summer
loading density. The calculations have considered membrane failure of the tank,
with steel strength as given by test specimen No. 7 of AAR Research Department
Report MR-453, Figure 8. However, there are several other failure criteria
which may also be used. The test pressure of 112A340W tank cars is 340 psig
and the AAR's Specification for Tank Cars limits the allowable tank pressure

to 306 psig for any shell temperature. This failure criterion is conservative
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Table XXII
CALCULATION CONDITIONS
Fire temperature: 1700°F
Effective fire emissivity: 0.4

Convection coefficient adjusted to give a cold wall heat flux equal to that given

on curves
The whole tank car is subjected to the same cold wall heat flux
Initial tank temperature: 70°F

Summer loading of propane, i.e., shell full conditions are reached at lading

temperature of 115°F
Tank diameter: 10 ft.
Tank length: 60 ft.
Tank wall thickness: 0.625 in.

Tank material: TC 128 with strength properties of test specimen No. 7, AAR
Research Department Report MR-453

Amount of insulation: None
Valve discharge coefficient: 0,65

Valve fully opens at 295 psia and fully closes at 280 psia

102

oot f l ' .




o

P, etessymy  pmeme-mgmy el

—

Y

i

[ S

iy

in that it includes a safety factor for most values of shell temperature and it
is the only criterion that is based on actual tank test pressures.

Another failure criterion that we have considered is applying a safety
factor to the burst pressures. We have used a safety factor of 1.5. Data
supplied by Armco Steel Corporation for TC 128 steel indicate that a 1.5 safety
factor applied to AAR strength data is not overly conservative. In fact, at
temperatures above 1100°F, the Armco data indicate less strength than the AAR
data with a 1.5 safety factor. To account for these differences at high tempera-
ture, we have reduced the AAR strength data by either a 1,5 safety factor or
200 psi, whichever is greater.

The calculation conditions relative to valve operation are not weli
known due to the lack of actual test data, but the values shown in Table XXII
represent the best available information. Data from the valve tests being con-
ducted at Edwards AFB and full-scale fire tests should provide more definitive

information on valve performance.

Figures 12 and 13 show a 33,000 gal. 112A/114A tank response to a
fire of 17,000 Btu/hr ft2 cold wall heat flux. Figure 12 is with the valve
vertically up (vapor discharge) and Figure 13 is with the valve at 150° from
the vertical (liquid discharge for the majority of the time). For the vapor
discharge condition, the valve appears to have sufficient capacity to prevent
pressure buildup above 305 psia. However, the temperature of the shell reaches
a magnitude such that the tank is close to failure at the valve 0pening pressure
of 295 psia. The borderline nature of this case is also a consequence of the
fire conditions used in the calculations which are not precisely known. If the
200 psi safety factor is utilized for this circumstance, the tank would have
been considered to have failed at 1720 sec.

Figure 13 shows conditions in a tank with the valve at 1500, i.e., for
liquid flow for the majority of the time. This figure gives an indication of
the increased severity of liquid flow circumstances, The conditions are the
same as those calculated for Figure 12 other than the valve location. For the
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liquid flow circumstance, the pressure increases to a much higher value until
the lading level reaches the valve and gas flow begins. The pressure then
decreases rapidly, Even though the flow rate is higher for liquid flow, tank
pressures are observed to be greater. Tank failure at 306 psig, the maximum
allowed in the specifications, occurs at 600 sec, Failure'af 340 psig, tank
test pressure, occurs at 800 sec and at a 1.5 safety factor at 1200 sec.

C. N.0.L., Fire Testing and Results

A series of fire tests were conducted by the Naval Ordnance Laboratory

(N.0.L.) for the Federal Railroad Administration (FRA). 263 The purpose of
the tests was to gain information regarding:

The fire environment to which tank cars might be subjected.
2. The thermal effects of fire on the tank céntents and tank
shell,
The performance of the Midland A-3480 safety valve.
The effectiveness of thermal shield coating materials
toward reducing the thermal load to the tank shell and lading.

In pursuing the study program, 1/5 model tank cars containing water
and propane were subjected to the fire environment produced by continuous feed
of JP-4 fuel into a fire pit., A total of six fire tests were conducted for
which test data for the last four tests of tanks containing propane only have
been procured. Data for the first two tests of tanks containing water have
not yet been obtained but are believed of little value, in any event, due to
stated difficulties with temperature instrumentation in those tests. This

section, therefore, deals with the results of the four propane tests.

1. Test Instrumentation

In seeking information by which tank car performance in fire environ-

ments could be assessed, a number of measurements were desired. Although

instrumentation techniques for the above mentioned four 1/5 scale fire tests
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were not identical, the information desired was the same. For this reason,
the description of instrumentation given here is general and essentially
relates to all four fire tests.

Temperatures were measured by means of thermocouples. Temperatures
of the shell, lading, fire and, if appropriate, insulation, generally were
obtained. Shell temperatures were measured at a sufficient number of circum-
ferential locations that good representation of thermal gradients around the
shell could be obtained in addition to indication of the angle to the propane
liquid by observation of shell temperature break* points. The lading tempera-
tures were indicated through a gridwork of thermocouples placed within the
tank. A number of these thermocouples were provided with radiation shields in
an effort to prevent overtemperafure indications in the vapor space due to
radiation from the hot shell walls. Fire temperature indications were obtained
by a ring of thermocouples placed approximately four inches from the tank outer
shell, Temperatures in the intumescent mastic insulation were obtained at a
number of circumferential locations. These thermocouples were topcoated with
the insulation system under test.

Tank pressures were obtained by use of two redundant pressure trans-
ducers placed within the tank.

The 1ift of the valve or valve displacement was obtained by use of a
Iinear differential-transﬁormer interior to the tank and a rectilinear potentio-
meter external to the tank. These units were calibrated prior to test and their
signals were recorded continuously during test.

lieat flux from the fire was indicated by use of a Hycal heat flux
calorimeter capable of continuqus recording through the test period, and a
large calorimeter bottle containing water by which gross measurements of heat
flux could be obtained. In addition to these devices, total heat flux to the
shell could also be estimated by determination of rate of propane loss from the
tank.
x
Discussed later,

107



2, Description of Tests and Observations

As mentioned above, the first two water tests will not be considered.
The third fire test, conducted March 17, 1972, consisted of an uninsulated 1/5
scale tank having the relief valve placed vertical. In this test, 239 gallons
of propane were loaded into the tank and the fire test was initiated under
calm wind conditions. Venting of propane was observed at about 78 seconds
after initiation of the test. Temperature of the lading, shell, and fire were
recorded as were the pressures in the tank., Due to an oversight, water
cooling of the heat meters was not provided. Hence, their output for the first
minute only was considered reliable. Liquid level devices were inoperative.

Valve lift measurements were highly questionable.

The fourth fire test, conducted June 20, 1972, consisted of a 1/5
scale tank outfitted with a nominal 7/16 inch thickness of the N.O.L. insula-
tion system. As in test No. 3 the full sized A-3480 Midland valve was in the
vertical position. In this fourth test, 226 gallons of propane were loaded
into the tank and the fire test was initiated under calm wind conditions.
Temperature data were obtained for the lading and shell. Heat flux data for
the first 24 minutes of test were obtained by the llycal heat flux sensor. The
calorimeter bottle also functioned satisfactorily. Application of secondary
. pressure instrumentation after failure of the primary pressure transducers
prior to the test was apparently unsuccessful in that questionable pressure
data was obtained, The linear transformer was inoperative and valve lift mea-
surements as given by the rectilinear potentiometer appeared erroneous. Tem-
peratures at the exterior surface of the insulation were also obtained through

the majority of the test but were no doubt indicating éssentially the flame

temperature of the fire,

The fifth fire test was conducted on July 12, 1972, for the purpose

of investigating the effectiveness of a proprietary coating system consisting of

a mastic and an overcoat. Again, the A-3480 Midland safety valve was in the
vertical position. Temperatures of the lading and shell were obtained as were

temperatures of the fire. Temperatures recorded at the exterior surface of
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the insulation were unreliable. The heat flux gage failed shortly after the
start of test, and water temperature within the calorimeter bottle exhibited
questionable behavior. Tank pressure as a function of time was obtained for
thirty-seven minutes of test time. The rectilinear potentiometer failed after
only about 30 seconds of operation, but the differential trahsformer indicated
essentially no valve motion throughout the test.” Post test examination of
the spring of the safety valve indicated it to be approximétely 9 percent
longer than that of the valve spring of the fourth fire test. The effects pro-
duced by overheating of the spring were also evidenced.

A sixth 1/5 scale fire test was conducted on November 1, 1972, The
purpdse of the test was to establish the effects of fire on an uninsulated tank
containing 226 gallons of propane, having the safety valve oriented at 90° from
the vertical. Data regarding temperatures, heat fluxes, tank pressures, and
valve displacement were obtained in this test. It was observed that mild vent-
ing of the valve occurred for 2 seconds after about 45 seconds into the test.
After 74 seconds, near continuous cyclic discharge was noted with sound des-
cribed as that of a steam engine,.

3. Reported Test Results

Data obtained in the tests despribed above were reduced, analyzed,
and submitted through several brief notes and progress reports issued by N.O,L,
to the FRA, Items included in these analyses were exterior heating rates, fire
temperatures, tank pressure, heating rate to lading, valve opening time and
displacement, shell temperatures, and lading temperatures. Unfortunately, as
noted above, information on all of these items was not obtained in each test
due primarily to equipment failure, In addition, analysis of each test did
not always include determination of the same quantities. For the most part,
however, information regarding fire environment and tank car thermodynamics was
reported. Table XXIII illustrates the reported data for fire tests No. 3 through
6. Simple comments with respect to values cited are given at the foot of the

*
At 500 seconds into the test, a single impulse was observed.
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Table XXIII

REPORTED RESULTS FOR FIRE TESTS OF 1/5 SCALE TANKS CONTAINING PROPANE

PR—

1 Average
Test Valve Fire Max. Shell Heat Flux Heat Flux Heat Flux Valve Valve Discharge
No. Test Type Position Temp. Temp. {meter) {bottle) (lading) Time Displacement Rate
3 non- vert. 15-1900°F  1380°F  45,000°  --—- 33,6000 78 sec . ——-
insulated
4 NOL vert. ———— 1000 26,500 30,300 2,600 604 - ———-
insulation
5 Proprietary vert. 16-1800 1000 ———— 21,000 ——— 420 —-———— 0.55
Coating Sys, 1b/sec
6  non- horiz. _—-- 980 38,300 _— 39,000° 45 0.25 in. S—
= insulated

General Note:

lSpecified time to first valve action

Tabulated values rounded for simplicity.

2
zA.verage of two heat meter readings in the first minute of operation, Btu/hr-ft

3As given in "Analysis of 1/5-Scale Fire Test Data," by L.J. Manda, Railroad Tank Car Safety Research and Test
Project, RPI/AAR Report RA-11-2-14, April 12, 1972.

4This reported value believed to be reported in error by ten to one; better estimate is §QQ sec.

5Some juestion regaraing accuracy of this figure due to insufficient data.
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table.. The following section gives a more complete commentary regarding methods
utilized in generation of the reduced results and gives added perspective con-
cerning information gained as well as possible conduct of future tests.

4, Examination of Results and Discussion

In reviewing the reported results, one must consider the degree to
which the purposes of the test program have been met, as well as the precision
of the reduced results. The foilowing is intended to form a brief summary and
discussion of the information thus far gained with some supplementary analysis
of data. Suggestions for possible future testing are also included in the
section,

a, Fire Environment

The two chief items of importance relating to fire environment are
the fire temperatures and the heat fluxes (both radiative and convective} pro-

duced. Fire temperature is of importance in the sense that it is the controlling

or driving potential for heat flow to the tank or insulation surface., In this
respect it is to be noted that it is, therefore, the highest possible tempera-
ture to which any exposed object can be heated. The heat fluxes are of impor-
tance in that they govern the rate of change of temperature of exposed objects
and/or the rate of vaporization of material. In this'regard, it must be noted
that heat flux is not solely a property of the fire environment but is also

governed to a degree by the geometry and temperature of the exposed object,

Convective heating is differently affected by object size and temperature than

is radiative heating, and therefore discrimination between convective and radiative

flux is necessary. Relative to observed data (see Table XXIII), it is evident
that JP-4 fire temperatures approached peak values near 2000°F with a reasonable
average of 1700°F over the majority of the test time. While JP-4 is certainly
not propane, it may be taken as a reasonable representation of hydrocarbon

fuel fires including that of propane.

The heat fluxes generated by the fire in the 1/5 scale tests were
evaluated by a number of methods, but unfortunately no actual determinations
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of radiant heating were obtained. Heat flux values reported are gross measure-
ments in which both convective heating and radiative heating are combined. In
generalizing the heat flux data (Table VII), one observes the total heating
rate to be of the order 35,000 Btu/hr—ftz. There is, however, significant dis-
persion in the heat flux data depending upon the method by which it was estab-
lished, It must be noted that heat flux measuring devices respond to net inci-
dent flux to the devices not necessarily to the object under test. Hence,
probably the best measure of heating rate is that obtained by evaluation of
lading loss by vaporization signified by rapid change in circumferential shell
thermocouple outputs (break points) which were taken to indicate height of
liquid in the tank as well as wetted surface area. The range of values for_
the.lading appears to be from 33,000 to .40,000 Btu/hr-ft2 in the number of non-

insulated tank experiments conducted (two).’

There are discrepancies in the heat flux data obtained from the
bottle calorimeter, For example, the heat flux determined in test No. 4 was
30,300 Btu/ft¢ hr. However, more detailed inspection of the temferature
output of the calorimeter bottle in this same test shows a definite arrest at
~ the boiling point of the water. This arrest is found to exist for no more
than 850 sec. Inasmuch as there was 10.66 1b. of water in the bottle and
the heat input was presumed to be over the exposed area of a 7-1/2 inch

diameter circle (0.305 ftl), one gets

10.66 (970) 3600
850 (0.305)

vaporization =

Btu
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This value is inconsistent with the above and further appears much too large.

It would appear that values generated by the calorimeter bottle can be consid-
erably in error possibly due to heat penetration of the asbestos paper insul-

ation surrounding the container.

As noted above, the individual components of the surface heating rate
convection and radiation were not established and this limits the usefulness of
the data toward establishing tank temperatures and resulting net heating of the
unwetted tank shell. There was, however, observed a maximum inner shell tem-
perature of about 1380°F in fire test No. 3, It would be expected that this
shell would radiate at near blackbody conditions. Hence, the reradiation at
this shell temperature is about 20,000 Btu/hr-ftz. To be supplied solely by
convection from a source at 1700°F (approximate flame temperature) would require
a convection coefficient of about 62 Btu/hr-ftz-oF. This would result in an
unreasonable initial tank heating rate of 62(1700-70) = 100,000 Btu/hr-ftz.
Hence, a -large portion of the heating of the tank must be by radiation. Assum-
ing the initial total heat flux to be about 40,000 Btu/hr-ft2 (as indicated by
lading vaporization) and the average flame temperature to be 1700°F, it follows
that the initial radiation contribution must be at least 15,000 Btu/hr-ft2 in
order to produce a maximum shell temperature of 1380°F. This requires a fire
emissivity of about 0.4. Further, the convective heat transfer coefficient
must be approximately 15 Btu/hr-ftz. Table XXIV summarizes the best estimates
of the fire source parameters.

The values in Table XXIV corresponds favorably with those estimated
and utilized in Reference 9 for evaluation of thermal effects on tank cars.
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Table XXIV

FIRE SOURCE PARAMETERS BASED ON ANALYSIS OF NOL DATA

Initial Total Heat Rate 40,000 Btu/ft?-hr
Initial Convective 2 ‘
Heating Rate 25,000 Btu/ft"-hr

Inittal Radiant 2
ileating Rate _ 15,000 Btu/ft"-hr

Convection Coefficient 15 Btu/ft’-hr-CF

Flame Temperature (JP-4) 1700°F

Flame Emissivity 0.4

b, Thermal Effects

The thermal effects of the fire environment on the tank and lading
were observed quantitatively by measurements of tank shell and lading tempera-
tures as well as tank pressures. Two major items of importance were noted.
First, the vapor in the vapor space above the liquid was considerably super-
heated at the existing tank pressure. The degree of superheat increased in
proportion to the vapor space shell temperatures. There are counterbalancing
effects of superheat in the vapor space, (1) more energy is absorbed per pound
of material vaporized and superheated, and (2) less material can be expelled
as a vapor through the relief valve with access to the vapor space or more
liquid must be expelled through a valve communicating with the liquid. There
is little doubt that vapor superheat exists in the tank and recent efforts have
been directed to include the superheat effect in the thermal mathematical model
which describes tank cars subject to fires, It must be noted, however, that
the counterbalancing effects described above are nearly complete for propane.
That is, the additional heat absorption in the superheat nearly counterbalances
the reduction in flow associated with the vapor volume expansion. Thus, earlier

simplified analyses are probably nearly correct for propane.

A second observation deemed of greater importance than that of the

vapor superheat is the apparent existence of significant compressed liquid in
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the tank during the heating period prior to and during the initial valve dis-
cnarge period. This effect was particularly evident in fire test No. 6 in
which the initial. discharge was presumably liquid inasmuch as the valve was at
909 from the vertical. In that test, the pressure increase rate within the
tank was several times greater than-that expected with uniform temperature rise
in the lading. This is illustrated in the following:

Total Mass of Lading
In Tank 980 1b.

Pressure in Tank at
34.3 sec after Fire
Initiation 160 psig

Pressure in Tank at
initial Opening
Valve (44.9 sec after
Fire Initiation) 270 psig

Total Exterior Surface P
Area 70.5 ft

If one were to assume saturation conditions to prevail throughout
the heating period prior to valve action, the approximate change in internal

energy of the liquid lading in the tank from 160 psig to 270 psig would be

Au =2 980 (289.5 - 266.2)

= '19,300 Btu

Further, this heat input would enter through, at most, the total shell area

in a time of 10.6 sec. lience,

q » {12.3000(3600) _ 93 000 ptu/hr-£t’

(70.5) (10.6)

This value is more than twice the observed flux during other portions of the
test and indicates that only about one half of the tank contents is heated and

this in turn does not appear to mix sufficiently with the rest of the contents
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to transfer its heat of vaporization. The pressurization of the tank is, thus,
produced with great stratification between vapor and liquid (approaching almost

]
1
complete thermal separation). The effect of this stratification is to reduce 'I
the time to pressurization of the tank to the valve set-point. Subsequent

effect is to reduce the required valve capacity while the remaining liquid is

being heated to the saturation temperature. This effect is clearly evident in -]
inspection of the valve action of test No. & where after the initial valve

discharge at 44.9 sec, essentially no further valve action was observed for an j]
additional 30 sec in which the remaining liquid contents were absorbing nearly

the entire external heat load with possibly some minor (unobservable in the

data) fluid efflux., The effect of stratification is also witnessed through

tion for the prevailing pressure were observed in the liquid lading.

inspection of the lading temperatures, whereby temperatures much below satura- _ -]

Because significant heat capacity remained in the compressed liquid
at the valve opening during discharge of liquid in Test No. 6, it is to be ]
expected that less fluid flow is required to reduce tank pressure than is :ﬂ

necessary if the discharge had occurred at saturation conditions within the

tank. Tank cars exposed to actual fire conditions may be preheated to satura- .:]
tion conditions by moderate heating. With full fire conditions then applied

during discharge at saturation conditions,; greater burden would be placed on :]
the safety valve than produced in the 1/5 scale test. One therefore questions
whether the 1/5 scale fire test as conducted is sufficiently representative,
especidlly for nonvertical valve placement. Further testing is supgested to

explore effects of preheating of the tank.

| S S =

C. “Valve Performance

The full sized A-3480 Midland safety valve at a discharge coefficient
of 0.6 should be capable of discharging (full open) a minimum of 40 1b/sec of
vapor or 100 1b/sec of liquid. Because the 1/5 scale tank contained nominally
1000 1b of material a maximum of 25 sec would be required for a complete dis-

charge of vapor and 10 sec for complete discharge of liquid providing that
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sufficient heat input was available to support these loss rates.” When this

is compared to the maximum times of 3000 and 1200 sec for the full sized tank
car, one can readily abpreciate the inherent safety factor in the 1/5 scale
tests. Because the 1/5 scale tank was constructed with the same size wall
thickness as the full sized car, buﬁ with only 1/5 the diameter, the strength
and safety of the scaled car was further improved., Nonetheless, the perform-
ance of the valve can be partially assessed for those instances in which valve
displacement and tank pressure data were obtained. Unfortunately, of the total
of four propane tests conducted, only the last test provided reliable data con-
cerning both valve displacement and tank pressure as well as discharge time,

From this information, valve performance has been assessed in the following:

The data obtained from fire test No. 6 allows determination of approxi-
mate values of discharge coefficient for the Midland valve when discharging
liquid or vapor. Several items of importance were obtained in this fire test
of an uninsulated 1/5 scale tank car having the valve oriented at 900 from the
vertical: first, the approximate tank pressure at which the valve opened;
second, the approximate valve displacement during each valve action; third,
the number of valve actions and the duration of each during the discharge
period; and finally, a reasonable approximation of amount of material dis-
charged during the discharge period and the distinction between liquid and
vapor flow. Table XXV illustrates the best estimated values of the above items
for both liquid and vapor flow, It is now of interest to evaluate the approxi-
mate discharge coefficients for the valve. The theoretical discharge rate
for venting of liquid has been presented in Reference 9 (Figure 11) at a pres-

sure of about 270 psia to be:

m F— 2800 CLA ib/sec (5)

For the valve, the discharge area is:

2

A=7TDh ft (6)

*
A discharge time of one second was erroneously given in several of the NOL
reports.
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Approximate Average Tank
Pressure During Valve Action

Approximate Average Valve
Displacement

Number of Valve Actions
Approximate Total Open Period

Approximate Amount of Material
Discharged

Total Time to Discharge After
Continuous Cyclic Valve Action

Average Discharge Rate

Table XXV
VALVE~RELATED TEST DATA

Liguid Discharge

118

268-245 psig

0.25 in.
42

11.5 sec

465 1b

59 sec

40.5 1b/sec

Vapor Discharge

230-200 psig

0.25 in.
34

30.75 sec

430 1b

200 sec

14 lb/sec
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where: D is the nozzle diameter (3.25 in.),

h is the valve displacement.

Combining Equations 5 and 6 we get:

m = 2800 CL’ﬂ”D h
BUT h = 0.25 in.
D = 3.25 in.

therefore = 2800 7(3.25)(.25) .
144

m = 50 CL 1b/sec, theoretical

From the data (Table XXVI):

xﬁL - 365 . 40.5 1b/sec
11,5
Hence,
40.5
CL = T = 0.81

(73

The theoretical discharge rate ddring venting of vapor is again taken from

Reference 9 (pages 96-97), and at an average pressure of 230 psia is:

m, = 865 CVA 1b/sec

But

A = £-(3.25)(.25)
_ 144

Then

m, = 15.3 Cv lb/sec, theoretical
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From the data (Table XXVI):

. . .

. 430
m, ~ 3578 = 14 1b/sec
Hence,
o 14
% 153 = 091

Evidently, relatively high.discharge coefficients prevail during
periods of low rates of discharge. Detailed inspection of the data observa-
tions of fire test No. 6 suggest that the above computed values of discharge
coefficient may be higher than those which would actually be realized in a
full-scale fire test. First, as mentioned earlier, it was found that during
a major portion of the period of discharge of liquid, a majority of the tank
contained liquid at less than the saturation temperature for the prevailing

tank pressure. Hence, during this period, liquid under partial compression was
being discharged. Equation 5 is based upon saturation conditions with likely
increase in the amount of theoretical discharge expected during passage of com-
pressed liquid due in part to less conversion to vapor. The net result is to
estimate a lower theoretical flow than actually prevails and a corresponding

increase in liquid discharge coefficient. Second, the rates of discharge of

l
|
liquid are much less than would be expected for a full-sized tank. For this 3
reason, the valve displacement was only a small portion of that required for ;J
a full-sized tank. Small displacements of the valve closure would place the
restriction on flow near the seat of the‘valve where flow contours appear to q
be excellent and with little change in effluent flow direction. With greater
discharge, the limit on flow becomes that of the valve orifice which may operate
motre nearly like that of a sharp-edged orifice. Furhter, the presence of the -
valve closure creates a significant flow obstruction in that a 90° change in
the exhaust flow is required for exit from the valve. This might severely -
limit actual flow by introducing completely irreversible flow patterns and

iarge momentum changes. J

Relative to vapor discharge, it must be noted that the second of the

above explanations also applies to it. It is reasonable to believe that discharge
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coefficients approaching unity can be obtained for vapor discharge, especially
during use at far from maximum flow conditions. Once maximum flow conditions
are realized, it is to be expected that the flow coefficignt would be reduced.
One must cbserve as well that the measured pressure range of operation of the
valve during vapor discharge (Table XXV) was much below that expected. This
might indicate either a change in the pressure-output characteristics of the
pressure transducer due to heating or a difference in the valve construction.
Either or both of these, if erroneous, could partially account for the high dis-
charge coefficients derived from the data.

_ The above comments on possible extraneous effects on computer dis-
charge coefficients are intended to caution the reader with respect to the
accuracy of the coefficients derived. . For the most part, such extraneous
effects would be expected to be minor. Therefore, the analysis of data from
fire test No. 6 seems to indicate relatively good valve functioning during
small valve displacements., Yet to be established is its operation at con-
ditions approaching maximum displacement and the pressure range over which
this displacement takes place.

Valve performance investigations would be improved while utilizing
the 1/5 scale tank if a smaller safety valve were to be tested. There is, in

fact, sufficient justification for such a test. One notes that insulated 105A

series tank cars subject to fire conditions have been observed to undergo

catastrophic rupture which perhaps is attributable to an underdesigned safety
valve. Inasmuch as the valve on the insulated cars has approximately one-
tenth the capacity of the A-3480 valve and is of equivalent design, it is
suggested that this valve be tested in carefully controlled 1/5 scale fire
tests in an attempt to generate data more nearly approaching maximum valve
design requirements, From this information, it is reasonable to expect that
valve deficiencies, if any, might be observed and improvements implied.

d. Thermal Shield Effectiveness

The effectiveness of thermal shield materials tested, namely the
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NOL insulation system, and the Albi 89X mastic with Albi 144H overcoat was found
to be excellent for both materials. Reductions in heat input to the lading
approaching 10:1 were observed. On a thickness basis, the coating effectiveness
was about the same for each type of coating, although a greater reduction in
total heating was obtained with the thicker (7/16-inch) NOL insulation system.
Significant reduction of heat input to the lading through the use of an in-
sulative mastic coating of the order of 0.3 inch thick would be expected , as

illustrated in the following simplified analysis,

The effective combined radiant-convective coefficient for the fire-

tank combination was about:

\ _ 40,000
comb 1700

1 = 23.5 Btu/ft°-hr-OF

Considering the conductance of the coating to be given by:

hcoating = k/§

wWhere k is the thermal conductivity of the coating; & is the coating thickness.

The composite or net effective heat transmission coefficient is given by:

n o Deom® 235k
eff E+Hcomb6‘ k+23.54

The ratio of heat input to the lading for an insulated versus a non-insulated
tank is given by

heff

qs e v
1ns/qnon comb

"k
qins/qnon T k+23.54

The thermal conductivity of the insulation is not known with any degree of
precision but for reasonable insulation would be expected to range from 0.1 to
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0,3 Btu/ft-hr-oF. For an insulation thickness of 7/16 inches and assuming no
intumescence, we get

0.105 < = 0.26

qins/qnon

Hence, substantial reductions in heating should be expected if the insulation
- remains in place, The apparent success of the insulation in the 1/5 scale

i tests indicates that a substantial pértion of the insulation must have been
effective throughout the test period. Post-test descriptions of the quality
i of the insulation residue are, however, lacking in the reported results. It
is suggested that post-test data relative to insulation strength be gathered
in future fire tests. ' '

H D. Full Scale Fire Test

Ballistic Research Laboratories conducted a full scale fire test of
a 112A (uninsulated) tank car containing LPG.27 (An insulated tank car test was
subsequently conducted but results were not available for this report.} The car
was a 33,000 gallon 112A340W modified with an extra, remotely operated valve in-
tended for excess pressure relief. The tank car was located in a 150 ft. x 100
! ft. x 26 ft. excavation. An 80 ft. x 30 ft. dike under the car contained the JP-4

{ . jet fuel for the fire. The safety relief valve was vertically up and communicated
;- with the vapor space throughout the test. Temperatures and pressures were measured
l within the tank throughout the test. The test data has not been examined in great

detail but several conclusions can be stated based on a preliminary examination
‘ of the data even though there are a number of anomalies in the data. Preliminary

observations indicate:

1. The tank did not become shell full prior to initial valve
relief,

2, Heat flux to the tank was of the order of 25,000-35,000 Btu/
ftz-hr to the wetted surface or roughly 4 times that assumed in the
AAR Specifications for Tank Cars determined from Q = 34,500A0‘82.
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3. Tank rupture occurred at 24.5 minutes after fire initiation
with about one-half the lading still in the car.

on the average was discharging 50-70 1b/sec. This is approxi-
mately the value estimated for the valve using a discharge

coefficient of 0.8 for vapor flow,

4, Based upon time and propane loss, it appears that the valve dl
5. The relief valve had insufficient capacity to limit the tank _I

pressure to 306 psig as required by the Specifications or to

below the tank test pressure (340 psig).

6. At the time of rupture, the peak indicated tank shell tempera-

ture was about 1200°F with a tank pressure of about 335 psig.

7. Tank rupture occurred at about pressure-temperature conditions
indicated by uniaxial strength data for the TC 128 steel as

given by Figﬁre 8.

8. The tank pressure was found to change from 125 psig to about 51
270 psig in a period of about 125 sec, after which relief valve '
action was observed. lad saturation conditions prevailed within ]

the tank through this initial period, the required heat flux

to the tank would have to have been about 60,000 Btu/ftz-hr.
Because this is much in excess of other more reliable heat flux _l
indicators, one concludes that non-equilibrium conditions were
present during the initial stages of heating due to temperature i
stratification within the liquid lading and/or the presence of

non-condensibles in the vapor space.

9, Generally, saturation conditions prevailed within the tank

during a majority of the test duration, after valve action.

E. Effect of Insulation on Safety Relief Valve Sizing

Safety relief valve sizing as given by DOT Regulations are based on

equations derived in AAR Specifications for Tank Cars, effective October 1, 1972,

The equations are based on gaseous flow and an average heat input to 34,500A0'82
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for an uninsulated car, both of which are not believed to be the limiting con-
ditions as discussed in Reference 9. However, it may be instructive to compare
the valve sizing requirements as given in the AAR Specifications for insulated
and uninsulated tank cars.

The formuia given in the Specifications for the required flow of a
valve on an uninsulated car is Qa = GuA0‘82 (Formula A8.01(b}) where Qa is
the required air flow in cubic feet per minute at standard conditions, Gu is
a constant for each commodity at the flowing conditions, and A is the cutside
area of the tank in ftz. The value of the constant Gu is tabulated in the
Specification. For LPG with a flow rating pressure of 306 psig (112A340W and
114A340W cars), Gu is 54.98. The outside area of a 112A340W car of about
33,000 gallons capacity is about 2000 £t°. Therefore, Formula A8.01(b) indi-
cates that the required air flow is Qa = (54.98)(2000)°:82 = 27,980 sctm.

For insulated cars, the Specification requires less valve capacity
because of the reduced heat input to the car. The resulting value of required
air flow is given by Qa = ZGJ'.UAO'82 (Formula A8.02(b)) where Gi is a constant
for each commodity at each flow condition for insulated cars, and U is the
insulation conductance in Btu/hr-ftzoF. For LPG with a flow rating pressure

of 306 psig, Gi = 6.733. The conductance, U, is limited to a maximum of 0.075

‘Btu/hr-ftzoF in the Specification. Therefore, the required valve capacity

for an insulated 33,000 gallon 112A340W car would be
0.82
Qa = 2(6.733)(0.075) (2000) = 514 scfm

Insulation is actually not permitted on 112A cars by the DOT Regulations but
it is interesting to note the large reduction in flow capacity that is cal-
culated using the formulas in the Specifications. The reduction in valve
capacity is 54 to 1.

DOT 105A300W cars are insulated and utilize valves which meet the
criterion of Formula A8.02(b). An 11,000 gallon car has an outside area of
about 1000 ftz. For this car carryihg LPG, Gi is 6.442 and the required air

flow is
125



Qa = (2)(6.442)(0.075) (1000)°+82

= 278 scfm

In practice a valve of larger capacity than required is actually
used. For 105A300W cars, valve no. A-1247 made by Midland Manufacturing Company
has been used., This valve has a nominal capacity of 3070 cfm. That is, this
valve has an excess capacity according to formula A8.02(b) of 3070/278 = 11/1.

The Midland valve used for 33,000 gallon 112A340W cars has been valve
No. A-3480 with a nominal capacity of 36,640 cfm. This valve has an excess
capacity according to Formula A8.01(b) of 36,630/27,980 = 1,3/1, Perhaps the
larger safety factor of the valves used on the insulated 105A300W cars partially
acc&dnts for the lower incidence of Tuptures for these cars during fire exposure
than for uninsulated 112A340W cars.(See Appendix C - in which it is shown that
during the time period 1965-1970, 3 of 20 (15%) insulated cars which had been
exposed to fire eventually ruptured and of 55 series 112A/114A cars exposed to

substantial fires, 50 ruptured (91%).

The validity of the valve sizing formulas has been questioned pre-
viously  (Reference 9)., For example, instead of the average heat flux being

0'82, it has been shown that the heat flux is more nearly

proportional to A
proportional to A. With this being the case, Formula A8.01(b) should be
modified for gas flow to be Qa = GuA. The required air flow for a valve on

a 33,000 gallon 112A340W car would then be
Qa = (54.98)(2000) = 110,000 scfm

and Midland valve No. A-3480 would be severely underdesigned. Of course,
liquid flow requires even larger valve capacity as discussed in other portions

of this report and in Reference 9.

Similarly, for an insulated car Qa = 2GiUA and the required flow for
an insulated 11,000 gallon 105A340W car would be:

Qa = (2)(6.733)(0.075)(1000) = 1010 scfm
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!F and Midland valve No. A-1247 would have sufficient capacity for this vapor flow
by a factor of 3070/1010 = 3/1,

It has been shown, Reference 9, that the ratio of required liquid to -

l vapor mass flow rates for an overturned car is
Yoy Vg

——

Mymin Ve

where M is the minimum required liquid mass flow rate, MV is the
L,MIN »MIN

minimum required vapor mass flow rate, and Vg and Ve are the specific volume

! of gaseous and liquid propane, respectively, at the discharge conditions. At

the discharge conditions of 105A300W tank cars, the flow ratio is

e

M '
L,MIN _ 0.3;21 = 10.2 (Required ratio)
My, v O

P

Reference 9 also includes the calculation procedure for determining
; the liquid and vapor flow capacity of any particular valve. For a valve on a
105A300W car with equal liquid and vapor flow coefficients, the ratio of liquid
- to gas flow has been calculated to be

* M

B H% = 2,4 (Capacity ratio)
i

It was shown above that the A-1247 valve is overdesigned for vapor flow by a
3 factor of 3/1. Therefore, the amount of liquid flow capacity of valve A-1247
4

is (2.4)(3) = 7.2 times the required vapor flow. However, the required liquid
flow is 10,2 times the required vapor flow (see above). Therefore, the valve
is underdesigned for liquid flow when installed in an insulated 105A340W car
by the ratio 7.2/10 = 0,72, In the above analysis, the Specification values
of the effectiveness of insulation have been used even though Reference 9
indicated several reasons why the insulation may not be as effective as the

— w—a—ly | e |

Specification suggests, particularly due to increase in insulation conductivity

at elevated temperatures. However, the above analysis does suggest some possible

JR——
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problem areas. The calculations show that present valves ysed on 112A340W

tank cars do not have sufficient capacity to prevent pressure buildup for
either liquid or vapor flow. Also, the valve on the insulated 105A300W car has
sufficient capacity for vapor flow but insufficient capacity for liquid flow.
These calculations tend to be verified by the fact that in actual service when
exposed to fires, 15% of the insulated 105A cars ruptured and 91% of the 112A's

ruptured.

Safety Valve Sizing

For every safety valve there is a corresponding maximum heat input
rate to a tank for which the safetyrvalve can pass sufficient commodity to
prevent pressure buildup. The equations for estimating this heat input rate
are given in Reference 9. The allowable heat input rate is based on liquid

flow through the valve., The governing relation for this circumstance is:

MLL
Q‘W (8)

where Q is the total heat input rate, ML is the mass flow rate through the
valve, and L, V , and Vf are the latent heat, and specific volumes of the

gas and liquid at the internal tank conditions. For LPG, the mass flow rate

is given by:

ML = 3000 CLAV 1b/sec (9

where C, is the liquid flow coefficient through the valve, and Ay is the valve

L >
area in ft~,

Combining Equations. (7) and (8), the maximum heat input rate that

will not cause increasing tank pressure is given by:

3000 CVAVL
D | (10)
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For a safety valve for a 112A340W car, CL has not been precisely determined.
RPI/AAR Phase 6 tests for water flow indicate a value of only 0.2, We have
calculated for test 6 of the 1/5 scale fire tests conducted by the Naval

Ordnance Laboratory with liquid propane flowing that C, is 0.8l1. The maximum

valve flow area is 0.057‘ft2. At the maximum allowablg pressure of 306 psig
(DOT Specification for Tank Cars, 179.102-11), V_is 0,305 fts/lb, and Vf-is
0,0375 ft3/1b, and L is 111 Btu/lb. Therefore, %y Equation 10, assuming CL =
0.81, the allowable heat input rate is Q = 2060 Btu/sec = 7,420,000 Btu/hr.
The above heat input rate corresponds to an average flux over the whole car
(2000 ftz) of 3710 Btu/hr-ftz. This is in contrast to the heat flux of about
35,000 Btu/hr-ft2 that has been measured from a fire. That is, the valve may
be ﬁnderdesigned by the ratio 35,000:3710 = 9.4:1 for liquid flow under the

criterion of no pressure increase above 306 psig.

G. Review of Edwards Air Force Base Valve Test Facility

The Edwards Valve Test Facility is a facility for measuring flow
characteristics of the tank car relief valve that should permit excellent
control of the conditions of each test., However, the possible range of the
conditions are limited. The arrangement represents a compromise between reser-
voir volume and capacity for heating the propane. First, the steam generating
plant, while of sufficient capacity (100 HP) to heat the lading to cause valve
opening in a reasonable time, cannot approach the heat input/pound of lading that
can be produced by a fire because the reservoir volume is so large. Consequently,
blowdown runs are planned for determining flow characteristics. These will be -
initiated by release of a hold down latch. Valve functioning tests are also
planned whereby the valve will be allowed to open by itself, but the extent of
opening achieved (the displacement of the valve) will not be as great as in a

large fire.

A depth of 2 ft, of liquid is required to cover the steam pipes of
which there are 16, and they extend the full length (54 feet) of the tank. The
upper flow nozzle extends down from the top of the tanks about 18 inches so
that the working range of depth change is about 3 feet (the tank is 84" in
diameter). |
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The flow indicating nozzle has an 18" diameter throat with four
pressure taps around its periphery. Very sensitive transducers are connected
to the taps with a short run of tubing. The recorder for this transducer has
extremely high resolution (1 part in 10° over a range of 2 psi). If this
proves to be the case and if damping of the system is good subsequent to valve
opening, good measurements of flow rate should be possible in spite of the low
pressure drop of the nozzle (1/2" of water for maximum flow rate). However,
we believe that a greater probability Jf success would be obtained in the
measurement of flow rate by using a smaller flow nozzle. This would relax the
requirement for a highly sensitive and delicate transducer., ¥or example, the
maximum flow rate through a nozzle having a 5-1/2 inch diameter throat would
produce a manometer deflection of 45 inches of water., (The diameter of the

-valve housing at its entrance is 5-1/2 inches.) The maximum nozzle diameter
that is recommended for good practice is 10 inches, which would yield a
manometer reading of 4 inches of water at the maximum flow rate. Use of this

nozzle would greatly facilitate measurement of pressure, especially at conditions

leading to partial valve opening. The pressure change would have to be much
greater than 4 inches of water to produce any detectable effect in the quality
of the vapor i,e,, the amount of condensation would be negligible when the

pressure is decreased from 290 psia by several inches of water,

Installation of load cells was investigated as a means of providing
redundancy in measurement of mass flow rate. After discussing the difficulty
‘of installation and the limitations of load cells (considerable experience
has been accrued at Edwards Air Force Base on their rocket engine test stands
and then have a very large (10° 1b) calibration facility), it was decided that
this was impractical in spite of the low probability of success anticipated

for the present flow rate measurement,

Data recording and processing facilities are excellent and impose no
limitations on the quality of data to be expected. Calspan suggests, however,
that tests be run on smaller commercially available valves. This would permit
investigation at conditions approaching maximum flow and for substantial test

duration.
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V. AREAS REQUIRING FURTHER RESEARCH

A. Tank Car Thermal Environment

1. External

Continued investigation using small models and full scale tank cars
is required to define the effects of external fires on the tank insulation,
structural material, and lading. In particular, the effects of localized
heating at fluxes as high as 150,000 Btu/ftz-sec should be investigated.
Research should be carried out to determine if a coating and/or insulation
can be found which, when applied to the 112A/114A car, will be cost effective.
If no cost effective solution is avaiiable, research into minimizing the cost
of applying insulations should be undertaken. The application of an insulative
coating to the 112A/114A type car is one plausible solution which may have

the greatest payoff in terms of reducing catastrophic type failures.

2. Internal

Investigations should be continued into defining the thermodynamic
state of the lading during heating. For instance, the present sequence of
tests indicates that lading does not heat up uniformly. The sequence of
events which occurs during heating has an effect on the type of pressure
relief device which should be specified for tank cars, The tank car thermal

model should be modified to account for this non-uniform lading temperature,

B. Valve Designs

The 1/5 scale tests and the full scale tests at White Sands tested
the safety relief valves under the most adverse conditions. Most of the testing

. has been conducted with the valve flowing vapor whereas the condition of the valve

flowing liquid presents the most severe condition. The operation of the present
valve has not been fully determined under flashing liquid flow conditions. Do

the valves pop open or do they act as proportioning valves, slowly opening?
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What are the ramifications and expected effectiveness of specifying latching
lading-temperature-actpated valves? A low lével of heating followed by a sudden
burst of heating may cause vaporization of the lading at a rate higher than

the valve is capable of discharging. Different heating schedules may affect

the valve's ability to protect the tank from rupture. Continued testing with

different heating schedules should be carried out.

C. Couplers and Head Shields

No full scale crash tests have been conducted to define the perfor-
mance of Modified E and F couplers in the derailment situation. There is,
however, an RPI/AAR "Railroad Coupler Safety Research and Test Project' which
has proposed some laboratory test work. To what extent this will include

modified coupler and full scale testing is not known.

Gptimization'of head shield location, size and thickness have yet to
be accomplished. Full scale tests and/or computer simulation are needed to
define the effectiveness of modified couplers and head shields in preventing head
punctures, These problems should be investigated analytically and with full

scale confirmation tests.

D. Car Structﬁral Desiga

The number of ton-miles carried by all freight cars per year has
generally been increasing over the last ten years (Reference 28), This is
particularly true of the new tank cars which have entered service during this
period. Further, the speed at which trains are being run is also increasing.
As a result, the loading and stress level at which tank éar components are
expected to operate have increased significantly and failures due to fatigue

and general overloading are increasing.

The design manuals used to design tank cars (References 29 and 30)
are generally based on static-elastic types of analysis. It is recommended
that a thorough review of tank car design be made which will utilize the refine-
- ments developed in the last ten years. Such a review would include:
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1.  Structural analysis of the tank using finite element

techniques,

2. Estimation of fatigue life of each critical tank car
component and a comparison with present life cycles to

determine weak points,

3. Experimental determination of force levels developed by

in-service tank cars. -

4., Analysis of the experimental data generated above by
statistical methods so that fatigue factors and component

loads limit can be set on a rational basis.

5. Review of quality control and manufacturing procedures.

E. Thermal Shields

A considerable amount of research work is being invested in develop-
ing coatings which can be applied to tank cars as thermal shields. The majority
of this research is concerning itself with the thermal properties of the coating,”
while its ability to withstand ten years of railroad type service has not been
proven. Recent experience with painted tank cars has indicated that organic
coatings exposed to railroad service are not performing as expected. The
economics of applying thermal shields to tank cars will be greatly affected
by its ability to withstand the railroad environment. Evaluation of a coating's
ability to withstand this environment should be included in the screening

process, -

Alternate methods of constructing thermal shields should be inves-
tigated, Construction similar to that now used on the 105A series cars should
be considered for the 112A/114A type car. This type of construction may not
be strictly cost effective but because of the large increase in the time to
rupture produced by even a small amount of insulation, this car modification

should be given serious consideration.
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F. Accident Statistics

The compilation of accident statistics should be continued so that
more complete and more recent data are available for the evaluation of proposed
modifications, Particular effort should be placed on the correct estimation of
losses suffered by non-railroad connected persons including injuries and deaths
and damage to property., A small number of large loss accidents include a
major portion of the total losses and because of their influence on overall loss
figurés, a proportionate amount of effort should be expended on obtaining loss
data for these accidents. Re-evaluation of past accidents should be a continuing
effort so that as more information on losses becomes available, such as settle-

ments of litigation, it can be included in the loss estimates.
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l APPENDIX B
[ RE-EVALUATION OF LOSS DATA FOR FIVE ACCIDENTS

Calspan has re-evaluated the loss data for five accidents chosen to

e 2 iy

be representative of a range of dollar losses per accident, Columns 1 and 2 in
Table A-I show a comparison between the RPI/AAR values used in their cost-bene-

fit analysis and the re-evaluation. The bases for these figures are discussed
in subsequent paragraphs.

iy

Both the RPI/AAR and Calspan estimates are based on those costs of
{ the accident traceable to the presence of tank cars in the accident. Tank cars

-—

did not initiate the accidents examined, and therefore, the costs shown are
less than the total cost of the accident. The RPI/AAR totals do not include the

.

cost of mechanical damage to tank cars that lost lading on the assumption that
the cost to repair a mechanically damaged tank car is the same, whether or not

it has been modified. The Calspan reassessment accepted this assumption unless
a high cost car of unusual construction {e.g., 113 series double-wall car) was

! _involved. For the special case, a diffe;ential value was used {reduction in
damage to the car due to a modification less the cost of modification replace-
ment). Totals for lading losses were in reasonable agreement. Calspan included
i a billing increment added to FOB carload prices. RPI/AAR values for lading

. were high enough to include some transport increment in some cases, although this

—

is not so stated. Estimates on thermal damage to tank cars stated in the RPI/AAR
report23 were used by Calspan. -

The principal cost differences in the reassessment show up in what the
RPI/AAR report termed the "other loss'" category. This category has the highest
dollar loss when considering the total accidents in the 1965-1970 base period and’

contains the pivotallfigures in the RPI/AAR cost/benefit analysis. Before pro-

Wkt el

ceeding further with general discussion, we will consider the five specific
cases in Table B-l.

-
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Table B-1
COST OF ACCIDENT COMPARISONS BETWEEN SELECTED SOURCES

Accident Location and Date Cost and Source
New Athens, DL - 4/9/70 $ 84,000 . $ 128,000 | $ 450, 0003
Armitage, Ohio - 4/25/70 $ 4,80 s 11,100% |3 66 000?

Crescent City, TIL - 6/21/70 | $1,900,000' ' $2, 200, 000% | $6, 800, 000% | $1, 500, 000® | $1, 700, 0007 [ $3, 000,0008
South Byron, N.Y. - 8/27/70 | $ 119,000" ' $ 146,000° | $ 121, 000’ '
Crete, Neb, - 2/18/69 $2, 000, 000! ' $2, 000, 0007

—

3 L |
NOTE: Cosgt from = and = include costg derived from loss of lading from tank cars only, not entire cost of accident.

Other sources are derived on different bases--see tent.
! RPI/AAR Tank Car Safety, Research and -Test Project Report Nos. RA-02-1-10 and RA-0Z2-2-18,
Z Calspan Review,
3 FRA Office of Economics estimate
4 Railroad "Unusual Occurrences Report' with appended costs plus cost of lading - RPI-AAR General File.
5 Calspan estimate including projected lost business receipts discounted to present worth.
6 TP & W R. R. claims estimate - August 197!, as reported in St. Louis Globe Democrat.
7 National Transportation Safety Board Release - 13 July 1972,
8 National Fire Protection Association - Fire Journal, November 1970,
ki AAR.Bureau of Explosive Tank Car Incident Report {Form 25-T-1).
i L { L H t ! b H ' H i L A i ; | B | . ; : - - el
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Crete, Nebraska - 18 February 1969

This accident-produced a very high death toll (nine) and numerous
serious injuries. Property damage assessable to lading release was slight,

Death and injury resulted from the rupture of a car of anhydrous ammonia in a

_staﬁding train struck by a derailing train on an adjacent track.

The RPI/AAR figures were apparently derived principally within the
project group, rather than from railroad figures, Even though more than four
years have elapsed, litigation from this accident continues. Therefore, it is
not surprising that "official" estimates were not available., According to
sources contacted by Calspan, settlements on the order of three-quarters of a
million dollars have been paid to date, with the largest single settlement to
date being $290,000. Three major damage suits are just coming to trial,
Calspan assessment is based on projected future earnings of victims discounted
to a present sum plus estimated injury settlements. The total projected
earnings were relatively low for an accident with the number of deaths (nine)
involved, due to the fact that three victims were transients for which no earnings

were projected,

New Athens, Illinois - 9 April 1970

Thirty-three cars, including a variety of liquid chemical cargo,
derailed in this community of 2000. Fire from a punctured vinyl chloride car
caused failure of four loaded, nonpressure cars. The town was evacuated, and
the water supply shut off for fear of contamination from leaking chemical cars.,
Ten fire departments responded to the scene, including a foam truck from a nearby
air base. This accident was extensively covered by the RPI/AAR project group.'

The Calspan assessment for lading loss is higher than that shown in
Reference 1, There was no gross lading release from one car of vinyl chloride;
however, the car was considered to have been heated sufficiently to impair
the quality of the lading. Therefore, the lading was presumed "lost" in the
Calspan estimate even though the tank shell maintained its integrity. Calspan
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used replacement cost figures for homes and vehicles destroyed. Cost of evacua-
tion, manhours expended by public safety personnel, and loss of earnings resulting
from temporary evacuation of businesses were utiliied in the Calspan estimate,
which was 52 percent greater than that estimated by RPI/AAR. The $450,000
estimate from FRA is believed to be a direct loss estimate for the total 33-car

derailment and therefore not directly comparable,

Armitage, Ohio - 25 April 1970

This was a small accident involving double walled DOT 113 series cars
containing liquefied ethylene. The railroad requested and received technical

assistance from Union Carbide (shipper) personnel sent to the scene from

el el e e el el e

Charleston, West Virginia,

-

For this special car type, Calspan considered that a mechanical damage

assessment should have been made. A cost increment of $5000 was added as the

Y |
L]

difference in repair cost between a modified and unmodified car. Travel expenses
for Union Carbide personnel were also considered as an assessable accident cost.
The total Calspan estimate was a 131 percent increase over the RPI/AAR estimate.
Direct losses for the total accident were $61,000 in equipment destroyed plus

the cost of the lading of one car.

South Byron, New York - 27 August 1970

Twenty-eight cars of a Penn Central freight derailed in an unpopulated

area of western New York., One car of vinyl chloride was punctured and caught

S Ry SOND= S SO L-;d

fire. A second car violently ruptured. A third car of vinyl chloride adjacent
to a burning boxcar received moderate fire damage. The threat of explosion of

(-

this car and the presence of a fourth pressure car which had been dented slowed

up clean-up operations on the heavily traveled two-track main, Sixteen hours

(.

elapsed until limited service was restored. FRA, AAR, state officials, and a

Calspan representative were at the scene.

The Calspan reassessment is approximately 23 percent higher than the
RPI/AAR loss calculation. The principal difference lies in the fire damage
152
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estimate to other property. Note 10, page A-45, of Reference 23 is incorrect in
stating fire damage was .confined to the tank cars. Five box cars burned, two
of which were not damaged heavily in the initial derailment. The lading in at
least two of these cars was destroyed by fire, one containing canned goods and
a second with fiber-bituminous pipe. 'Reference 1 does show a $51,000 "other"
loss, but this does not cover fully the loss attributable to loss of a tank car

lading.

+ Crescent City, Illinois - 21 June 1970

Crescent City was a major disaster resulting from fire and explosion
of LPG cars involved in a derailment within the city limits. The business dis-
trict of the small town of 650 persons was virtually destroyed, in addition to -

25 residences. Sixty-six persons were injured, but no deaths resulted.

The RPI/AAR project made an extensive investigation of this accident
and made several revisions in their cost estimates. The $1.9 million total is

published in August 1972 reports.l’23

Components of the Calspan $2.2 million
estimate included the replacement value of homes and personal property destroye&,
business property destroyed (including equipment and inventory), lost business
receipts in the immediate post-accident period, and home-owner insurance living
expenses for temporarily displaced persons. The TP § W railroad figure of $1.5
million for the accident is presumed to include only damage claims paid. The
séurce of the $1.7 million NTSB figure is unknown, but it may have come from
Reference 23. The $3.0 million estimate by the NFPA, an experienced assessor

of damage from fire, was a total loss figure,

The same Calspan representative who visited‘Crescent City at the time
of the accident recently revisited the scene to assess recovery of the community.
Crescent City now has a modern business district but, unfortunately, much reduced
in size from that before the accident. Only about half of the business establish-
ments returned. It may be instructive to examine some of the cost potential in
lost business to the community of Crescent City. For example, if eight permanently
lost establishments in Crescent City had average annual gross receipts of $50,000
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over a projected lifetime of 20 years, accumulated losses of $8,000,000_w0u1d
accrue, Discounting this sum at 6 percent to a present value of $4,600,000

and adding the previously estimated $2,200,000 direct loss .gives an estimated
total loss of $6,800,000, This might be considered to be the loss to Crescent
City but it is not necessarily a loss assignable to the accident because pre-

sumably the businesses would move to a different location.
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APPENDIX C

HISTORICAL LOSSES OF INSULATED AND
UNINSULATED TANK CARS DUE TO FIRE

As an aid to estimating the efficiency of thermal shield coatings for
reducing losses due to fire, this Appendix examines the losses that have been
experienced historically by 105A (insulated) tank cars in comparison with
112A/114A (uninsulated) tank cars.

Prior to the introduction of the 112A/114A series tank cars, series
105A tank cars were utilized for compressed gas service and 105A cars are still
utilized for this service. The 105A cars consist of an inner tank which is
covered with insulation., The insulation is covered with a metal jacket. The
insulation is required to '"be of sufficient thickness so that the thermal con-
ductance at 60°F is not.more than 0,075 Btu per hour, per square foot, per
degree F temperature differential® (49) CFR 179.100-4) but is otherwise unspeci-
fied. Typically, the insulation is rock wool, glass wool, cork, or a foamed in
place synthetic material. The major concern of this report is insulators which
are coated directly on the tank shell without an outside metal jacket. However,

the purpose is thermal insulation similar to that of 105A cars. It is informa-

. tive to look at the history of losses of 105A insulated cars compared to 112A/

114A uninsulated cars that have been exposed to fires,

Insulated cars are allowed to have smaller safety relief valves because
of the reduced heating load through the insulation. For safety valve sizing, the
assumed heating load is increased over that through an insulator of 0.075 Btu/hr

2o
ft
bility of losing insulation in an accident, and the heat transferred through connec-

F because of the increase in conductivity at elevated temperatures, the possi-

tions and fittings. The sufficiency of the assumed increased heating has been found
to be somewhat dubious (Ref. 9, p. 47). That is, the supposed large safety factor
in safety valve sizing for insulated cars (105A's) may not exist. However, in
actual practice, the valves that have been used for uninsulated 112A/114A cars

are only 30 percent larger than the minimum allowable according to the specifi-

cations whereas the valves that have been used for insulated 105A cars are 11
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times the minimum allowable (see Section IV-E). If insulating coatings were put
on 112A/114A cars without changing the valve from the one used for the uninsulated
cars, then the valve would also be substantially oversized .compared with the
specified minimum allowable. Therefore, looking at the efficiency of the thermal
shield on 105A cars would appear to be indicative of the efficiency that could

be expected for one particular specification of thermal shield on 112A/114A cars

with the present safety relief valves,

Reference 23 gives the RPI/AAR data on loaded tank cars exposed to
fires for 1965 through 1970. "Exposed to fire" is defined as suffering visible
fire damage, i.e. at least blistered paint. Loaded tank cars includes all cars
“"'which were known to have been loaded when exposed to fire as well as ‘those
where it was not known whether the tanks lost lading prior to the fire exposure
‘due to a puncture in the initial accident. Tank cars punctured initially are
excluded only if they were known to be essentially empty when later exposed to
fire.," Thirty series 105A cars were reported to have been exposed to fire. Of
these, 26 lost all of their lading due to fire including 9 that ruptured.
Further examination of the data in Reference 3 indicates that 5 of the cars ex-
posed to fire were 105A100W's containing ethylene oxide and all five of these
cars ruptured (actually stated as exploded in this instance). Ethylene oxide
may polymerize when heated. It is not a commodity that is shipped in 112A/114A
‘cars. LPG is the major commodity shipped in 112A/114A cars and it does not
polymerize., Commodities that may polymerize and which are commonly shipped in
both 105A and 112A/114A cars are vinyl chloride and butadiene. However,
explosive polymerization in tank car fires of these commodities is rare, where-
as it is not in the case of ethylene oxide. Therefore, 105A100W cars loaded with
ethylene oxide should be eliminated from histo}ical data on the efficiencies
of thermal shields considered for 112A/114A cars., In addition, one of the cars
that ruptured was actually an ARA V series car which is a predecessor of 105A
series cars and probably not indicative of modern insulated car technology.
Eliminating the five 105A100W cars loaded with ethylene oxide and the ARA V
car leaves 24 of the series 105A cars which were exposed to fire. Twenty of
these lost all of their lading, including 3 that ruptured, Of the three that
ruptured; one was loaded with anti-knock compound and had been heated an unknown

156




—— by

- e

[ NSy

s i

-

PP

[

W . el

+ rechat &y

time before rupture, one was loaded with butadiene and had been heated for 8
hours and 52 minutes, and one was loaded with vinyl chloride, and had been
heated for 10 hours and 15 minutes. Valve operation or lack of operation is

not known for two of these ruptures but in the third, the valve was known to
have remained closed, an anomaly which may indicate faulty valve operation and
which may have influenced car rupture. Also, none of the ruptured cars contained
LPG, the major commodity shipped in 112A/114A cars and formerly shipped in great
quantities in 105A series cars. In any erent, the vast majority of 105A cars

did not rupture during exposure to fires.

By comparison with 105A series cars, of the 65 112A/114A series cars
exposed to fires, 56 lost their lading including 50 that ruptured. Of the 15
cars without ruptures, 7 did not vent at all, i.e., they-must'have been very
small fires as the contents could not have heated to even 115°F, the maximum
summer loading condition, For three cars, it is not known if they vented or
not and it was assumed by RPI/AAR that one or more of these were punctured in
the initial accident, Eliminating the 7 cars in which there was no venting
and the 3 cars for which venting was not known, leaves 50 ruptures of 55 cars

exposed to fires which were at least of sufficient severity to cause venting.

In summary, during the time period 1965-1970, 3 of 20 (15%) insulated
cars which had been exposed to fire eventually ruptured and some of these ruptures
may have had safety equipment failures. Of 55 series 112A/114A cars exposed to
substantial fires, 50 ruptured (51%). It is evident that 105A cars are very
much less apt to rupture on fire exposure than 112A/114A cars, This information
suggests that the insulation combined with safety relief valves larger than
called for in the Tank Car Specifications result in cars less prone to rupture
during fire involvement.

“In the decades prior to 1965 some 105A cars loaded with LPG have ruptured when
exposed to fire, but it has been a rare event, The Shattuck, Oklahoma, accident
of March 4, 1958, being about the only notable major accident.
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APPENDIX D

MATHEMATiCAL MODEL OF A TANK CAR EXPOSED TO FIRE

1, Fortran Nomenclature

Input Nomenclature

ALPHA
GAMMA
GASCON
HGT

HLT

HFT
LT
MTOT

PLT

TLT

s
VFT
VGT

A
ANG
CINS1,2

1, Input Specific to Lading

Thermal expansion coefficient of liquid
Ratio of specific heats

Gas constant

Gas heat transfer coeffi¢ient for internal
tank car environment

Liquid heat transfer coefficient for internal
tank car environment

Specific enthalpy of saturated liquid

Heat of vaporization

Total mass in tank car per unit length
Pressure values for enthalpy and volume
data

Temperature values for enthalpy and volume
data

Sonic temperature

Specific volume of saturated liquid

Specific volume of saturated vapor

2, General Input

Relief valve flow area

Angle values for HEATX data

Slopes of lines describing variation
of thermal conductivity with tempera-
ture. 1 refers to ocuter layer, 2 to
the inner one.
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cu, ft/°F

Btu/ft2-hr-°F
Btu/£t2-hr-°F
Btu/1b
Btu/1b

lbs/ft

psi

cu.ft/1lb-
cu.ft/1b

ft2

degrees



"\L

cp
CD
DELX
DELTA
EI

EMO

FK1,2

FKS
HEATX

LAGTH1,2

NEL

NRAD

NX

PBT
PITCH
PR
PRL
RHOSK
RHOTNK
RTANK
SKTHK
TDCMP

Specific heat of tank car shell material
Relief valve flow coefficient

Longifudinal element size

Computing interval

Emissivity of inside surface of tank car
shell

Emissivity of outside surface of tank car
shell

Thermal conductivity of insulation at
reference temperature

Thermal conductivity of shell material
Heat transfer coefficient external to tank
car

Thicknesses of insulation layers, 1 refers
to the outer layer, 2 to the inner one
Number of tank car shell elements around
circumference

Control number for circumferential element
temperature plots. NRAD = 1 means a plot
will be generated for every element, NRAD =
2 will produce a plot for every second ele-
ment, etc., starting with the first one
Number of elements along tank car (longi-
tudinal)

Burst pressure of tank

Pitch angle defining tank car attitude
Reliev valve opening pressure

Relief valve closing pressure

Density of protective skin over insulation
Density of tank car material

Inside radius of tank car shell

Thickness of protective skin over insulation
Temperature where insulation loses its
effectiveness
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Btu/1b-°F

sec

Btu/ft-hr-°F
Btu/ft-hr-°F

Btu/ft2-hr-°F

inches

psi
degrees
psi

psi
1b/cu.ft
1b/cu.ft
ft

inches

OF




TEM1, 2 Reference temperatures for thermal

conductivities of insulation layers, 1

indicates temperature for outer layer,

2 for the inper one OF
i TEMPX Fire temperature values for each HEATX
' ‘ value °F
TIMET Time table for HEATX data o sec
(. THICK Tank car shell thickness ' inches
y TILT Roll angle to relief valve centerline degrees
: TFI Initjal temperature of liquid _ B
. TLENTH Length of tank car ft
i TLT Temperature table corresponding to burst
pressure - 9F
! TPLOT Time interval between points on pressure
‘ plot seconds
! | VOL : Total internal volume of tank car per unit
: length £t3/ft
i VENPOS Distance to each vent from end of car
[ defining vent position ' ft
[
i
g
1
l
:
: 161
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Computational Variables

AEL

CON
CRV

DA
DAO
DANG
DELX
FLG

FLIQ

HF
HG
HTCL
KK
KP
MG
ML
MR

MR1
MR2
PL
PS
QG

QGT
QGSUM

QINTO

Medial area of each element of the

tank car shell

KK.THICK.DELTA/AEL
C.RHOTHICK-AEL

RTANK.DANG.DELTA

DELTA.AEL

DANG. (RTANK + THK + THICK/2).DELTA

Included angle of each tank car element
Length of each tank car element

Signal for valve closed (FLG = 0) or open
(FLG = 1)

Signal to indicate valve below liquid level
(FLIQ = 1) or above (FLIQ = 0)

Specific enthalpy of liquid

Specific enthalpy of vapor

Liquid heat transfer coefficient

Thermal conductivity of shell

GAMMA

Mass of gas in tank car per unit length
Mass of liquid in tank car per unit length
Mass flow of material through relief valve
per unit length

Mass flow of liquid relieved

Mass flow of vapor relieved

Pressure in tank car

Sonic pressure for gas flow through valve
Gas heat transfer rate per unit area for
one element of tank car shell

Heat loss from element of shell

Total heat input to the internal gas envir-
onment from the tank car wall

Heat transfer rate per unit area applied

to the outside wall of the tank car -
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Btu/1b
Btu/1lb
Btu/ft2/hr-OF

1b/ft
1b/ft

ib/sec-ft
1b/sec-ft
1b/sec-ft
psi

psi

Btu/ftz-hr
Btu/ft2-hr

Btu

Btu/ftz-hr
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QL
QLSUM

SIG C
SIG T
T(N, IDELX)

T (N, IDELX)

TAU

TE
TG
THET

THETA

THK
TI

TL
TO

TS

TSURF
uc

VF

VG
VOLG
VOLL

Liquid heat transfer rate per unit area for
one element to the tank car shell

Total heat input from the tank car wall to
the liquid '
Circumferential stress in tank car shell
Transverse stress in tank car

Temperature of tank car shell element
located at circumferential location N and
length location IDELX

Temperature of tank car shell element at
time increment previous to T(N,IDELX)

Shear stress at 459 plane in tank car shell
element

Fire temperature

Temperature of gas in tank car

Angle from 0 = 0 to liquid-gas interface
at tank car shell

Position of the centroid of each element
of the tank car shell

Thickness of effective insulation
Temperature of inside surface of tank car
shell element

Temperature of liquid in tank car
Temperature of outside surface of tank car
shell element

Sonic temperature for gas flow through
relief valve

Surface temperature of protective skin
Critical velocity

Specific volume of liquid in tank car
Specific volume of liquid in tank car
Volume of gas in tank car per unit length

Volume of liquid in tank car per unit length
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Btu/ft2-hr

Btu
1b/in2
1b/in?

OF

OF

1b/in2
OF
OF

degrees

radians

OF
OF

OR

OF

ft/sec
ft3/1b
ft3/1b
£t3/1b
£t3/1b




2. Program Logic and Computation

The computer program consists of a main routine and several subroutines,
The bulk of the computing is done by MAIN, which calls the subroutines for special
purposes. All input is set up by the INPUT subroutine, which also contains
write and format statements for print-ouf of input data. Subroutine OUTPUT con-
tains the general purpose write and format statements for printing the results
that define the conditions in the tank. The FORTRAN names for all input
variables are listed and identified in the section on "FORTRAN Nomenclature."
The units cited are those which must be used for each variable. An explanation

of the computational variables is provided, also.

Subroutine HUNTEM is a table look-up procedure useéd to obtain values

from input data arrays,

Subroutine FPLT is a Lagrangian interpolation procedure for obtaining
intermediate values for the thermodynamic properties of the lading from the in-
put data array of specific volume (liquid and vapor), pressure, temperature,

and latent heat versus enthalpy,

A printer plot subroutine is included called PLOTR, which provides the
option of obtaining plots of shell temperature histories and tank préssure
_history. This option is achieved by giving the value 1.0 to the input variable,
PLOT. Subroutine PLOTR calls subroutine PLOTTR, which contains most of the.
logic of the plotting scheme. It is supported by subroutines NORMAL, AXSCAL,
and £ RID in the plotting function. Each stage will be explained in detail.

The general organization of the program is illustrated in Figure D-1.
Four stages, corresponding to the four main computations, have been designated

as follows:

1, Stage A Computations required if tank is shell full.

2, Stage B Computation for shell and surface temperatures.

3. Stage C Valve state logic.

4, Stage D Iteration computations to establish tank pressure.
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A careful study of Figure D-1 should be made before proceeding with

this discussion, Each stage will be explained in detail.

The computation starts by establishing the thermodynamic properties
of the lading based on initial temperature and pressure. Thus, the quantities
PL, VF, VG, and LT are determined while HG is obtained from HG = HF + LT. All
shell temperatures are initialized to TL. With the known volume of the tank
and the mass of the lading in the tank, computation for the separate masses of
liquid and vapor are made. Finally, the logical variables FLIG, FLL, and FLAG

are set to zero and computation can begin,

Stage A (see Figure D-2) is entered to determine if the tank is liquid-
full. Using the known volume of the tank and the mass and thermodynamic prop-

erties of the lading, Equation D-1 gives the mass of liquid present in the tank.
ML ~ (VOL - MTOT * VGS) / (VF - VGS) (b-1)
The mass of vapor in the tank is, then:
MG - MIOT - ML

If MG is not zéro, the tank contains both liquid and vapor, and the
computation proceeds to Stage B. However, if the tank is liquid-full, a com-
putation of the flow capacity of the valves is made to determine if the increased
lading volume due to an expanding liquid can be relieved. If the valve does not
have sufficient capacity, the tank ruptures and the computation is stopped.
Otherwise, the volume of the liquid is set equal to the volume of the tank, and
a new mass of liquid, ML, is computed. A new MTOT (resulting from loss of fluid

by relief) is now set equal to ML.

A test is now made, using the parameter FLIO, to determine if the valve
inlet is submerged. If it is, a second test is made to determine if the tank
pressure, PL, is above the valve set pressure, PR. A negative result for this

test causes the parameter FLAG to be set equal to one, indicating that the tank
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is full and the valve is closed. A positive result allows the computation to

proceed.

Returning to the test for a submerged inlet, a negative result leads
to a second test on valve flow capacity. If the valve is not capable of passing
the amount of lading whiéh is being vaporized during this time step or the tank
pressure is less than the valve set pressure, the parameter FLAG is again set
equal torone and the tank is considered full of liquid with the valve closed.

On the other hand, if the valve does have sufficient capacity and the tank pres-

sure is above the valve set pressure, the computation is allowed to proceed.

The final step in Stage A is to determine the angle of the gas/liquid
interface. This step involves the determination of the liquid level; specifi-
cally, the angle THET that measures its position. THET is half the included
'angle of the segment of a circle that is described by the points of the inter-
section of the level surface with the tank. The area of the segment of a circle

is:
2 : 2
A~ 1/2r" (Y - sin ¥Y) = 1/2r" (W)

Rearranging and multiplying by 77"/7}-— ,

A _2a _ _27VOLG .
1/2:2 g2 VOLG + VOLL

4

Once V is computed, it is used to step off in a search routine for Y. The
"test is on the integer difference between V and W, and as soon as it becomes
less than 1 x 10'3, THET is computed from THET = 0.5 * Y,

Stage B {(Figure D-3) is now entered to estimate the tank shell heat
transfer rates and the shell temperature. The shell has been broken into N
circumferential elements, and each pass through Stage B makes computations for

a single element.
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Figure D-3 STAGE B — SHELL TEMPERATURES
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The first step in this stage is to obtain the heat transfer coefficient,
HEATX, from the data by .table look-up and interpolation (HEATX versus ANG need
not be specified in increments of shell element width). The same is done for
TEMOX, the fire temperature. Then, the element touched by the liquid level is
identified (NG). The heat transfer rate into any element from the environment
(QINTO) is computed from HEATX and TEMPX. If the element being examined is
above the element NG, the gas heat transfer coefficient, NGT, is used to obtain
QG, the heat into the vapor. QG is infegrated as QGSUM during subsequent passes
through the loop. QG is corrected to obtain QGT, the heat loss from the shell
element. If the element is below NG, the computation for liquid heat transfer
coefficient, HTCL, is made. It depends upon TI, inside surface temperature
of the shell, as does the heat transfer rate. TI is estimated from the average
shell temperature for the previous time, and from QINTO. The formula for heat
transfer coefficient is a curve fit to experimental data, Reference 21, for pro-
pane exposed to a horizontal surface. It depends upon tank pressure as well as
the temperature difference between shell surface and bulk of the liquid. The

*
quality of the curve fit is demonstrated in Table D-I .

Shell element temperatures are computed from a relation that is derived
in Appendix D-4. This permits a new surface temperature to be computed. At the
beginning of the computation, the surface temperature‘(TSURF (N, IDELX)) is set
to a temperature slightly (30°) above TL to induce a smoother start. The inside
and outside surface temperatures of the shell, TI and TO (N,IDELX) are computed
from relations representing a parabolic temperature profile passing through T
(N, IDELX) for elements of the shell above the liquid level. It can be shown
analytically that the parabolic profile is valid for a slab of finite thickness
with the heat flowing out one side equal to a small proportion of the heat

entering the other side. A proof for this is presented in Appendix D-5.

The temperature profile through the shell at elements below the liquid

level is assumed to be linear, which is a valid approach for the case of a slab

*A comparison of the tabulated values shows the lower limit of the range of good
.fit to correspond to a heat transfer rate of 20,000 Btu/ft2-hr with degradation
increasing as the rate decreases.
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" Table D-I
VALIDITY OF EQUATION FOR CURVE FIT TO BOILING HEAT TRANSFER RATE

Experimen-ta.l Data from Reference 31
85, Temperature , o Computed Heat Transfer
PrES§ure Differ_encte, Wall . q, Heat Tranzfer Rate froE'n Equati0121 of
- psia and Liquid Bulk - *F | Rate - Btu/ft“-hr | Curve Fit - Btu/ft“-hr
168 18,4 28, 850 27,300
170 14. 9 19, 380 16, 300
168 11,0 13, 180 7, 500
245 23,3 65, 600 64, 100
240 19.5 40, 300 7 . 40,100
248 16,1 27, 600 25, 000
245 14,7 17, 060 19, 070
295 15, 6 31,200 29,300
295 13.3 20, 100 19,400
378 15,2 41,200 41, 200
375 19. 9 88, 300 82, 600
375 17.7 54, 750 60, 800
375 13.3 28,100 ; 29,500
5‘(2;75‘ - 15.0 + 0.0642 x 1078 p3+347
s
or h = HTCL = g’; =(15.0 + 0.0642 x 107° P3'347)B;'55
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of finite thickness that is transmitting most of the net incident heat, This
statement is similar to.stating that the rate of heat storage in the shell shell

is negligible compared to the rate of heat conducted through it. Consequently,

in the heat conduction equation (Equation 1 of Appendix II) the term ©c 3T/2 t—0.
In addition, for the case of uniform heating around the tank, azT/aE92 = 0, and
the eguation reduces to dzT/dr2 + 1/r dT/dr = 0. This may be simplified to
dzT/dr2 = 0 for r large compared to § , the thickness of the shell, which enters
the problem as a boundary condition. integrating dT/dr = c, which indicates
linearity, and the boundary condition, dT/dr w ﬁ/k establishes the value of c.

(q is the heat transfer rate at the surface, w).

The condition of negligible heat storage may be justified by comparing
the heat storage rate with the heat transmitted to the liquid during a fire.
Test results show that the rate of temperature rise of the portion of the shell
that contacts liquid averages only 1/2°F/second when a heating rate equal to
40,000 Btu/ftzhr is imposed upon it because the temperature of the shell is con-
trolled by that of the liquid. The corresponding rate of heat storage,ﬂachdT/dr
= 3600 Btu/ftzhr. Subtracting this from the imposed heating rate yields the
rate of jieat transmission to the liquid, which is over 90 percent of the total.

Provision is made in the program for the variation of thermal conduc-
tivity with temperature of any insulation used to cover the tank shell. Two
separate layers of different materials are allowed. In preparation for computing
thermal conductivity of the insulation, its average temperature (either Tkl or
Tk2) is defined in terms of the prevailing heat transfer rate, thicknesses,
and outside and inside surface temperatures, Then thermal conductivity of
each layer is computed (KK1 and KK2) as a linear variation from a reference
value (FKl and FK2), which is specified as input data at the reference tempera-
tures, TEM1 and TEM2. This permits TSURF (N,IDELX) to be computed from heat
transfer rate, thicknesses, and temperatures of the outside surface of the shell.

As soon as the outer surface of the insulation reaches the decomposi-
tion temperature, TDCMP, the program is directed to compute a reduced thickness
of insulation. The first calculation for thickness, (TFK) reduces the outer
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layer to a thickness that will just support the established temperature gradient
with an external temperature of TDCMP. (Temperature gradient is dictated by
QINTO/KK1.) After THK reduces completely to LAGTH2, the thickness of the inner
layer of insulation, a second computation, for THK, dominates the procedure and
it operates by using the ratio QINTO/KK2. The insulation surface temperature,
TSURF(N,IDELX) is maintained at TDCMP as long as any insulation remains, and
this is defined by statement 160. TINT(N,IDELX) is an indexed variable for inter-
nal surface temperature of the shell to be stored for print-out,

It is conceivable that all insulation can be decomposed after a time,
in which case TSURF is equated to TO{N,IDELX).

When computations have been made for each tank element, Stage C,
Figure D-4, is entered. Upon entering, this stage, a signal is set FLQ to
indicate whether vapor or liquid will be flowing from the valves. This para-
meter depends upon TILT, the roll orientation of the valve, and THE, the liquid
level. The previously set parameter FLAG is tested to determine if it is
greater than zero, If it is, this indicates that the tank is liquid full and
the valve is closed. Immediate exit is made to the valve closed routine of
Stage D. However, if FLAG is not greater than zero, the valve state logic is

entered.

If the valve was not previously open and the tank pressure is still
less than the valve set pressure, the valve remains closed and exit is made to
Stage D. When the tank pressure is above the set point, FLG, is reset to one,
indicating valve is now open, and the parameter FLIQ determines if liquid or gas

equations will be used to compute flow through the valves.

A second case is possible, namely, the valve was previously open. If
the tank pressure is not greater than the valve closing pressure, PRL, FLQ is
set to zero, indicating that the valve is closed, and exit is again made to
Stage D. If the tank pressure is above the closing pressure, FLIQ is used to
determine if liquid or gas equations will be used to compute flow through the

valves.
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FROM STAGE B

(THE-TILT} > 07

NO
-

YES
< IS VALVE INLET SUBMERGED ELIQ = 1.0

COMPUTE VALVE
DISCHARGE AREA

YES IS FLAG > 07
IF YES, TANK IS SHELL FULL
VALVE 1S CLOSED

NO NO / IS THE VALVE OPEN,
-——( IS PL > PR? AfidA >
YES
YES
OPEN VALVE
FLG = 1

l- : YES (_Is PL>PRL? )
luo
< IS VALVE INLET >ﬂ
SUBMERGE =12
D FLIC =1 CLOSE wuwe_.@

o

lvgs FLa=0
COMPUTE OUTFLOW COMPUTE QUTFLOW
BASED ON LIQUID FLOW —— BASED ON GAS FLOW
EQUATIONS EQUATIONS
TO STAGE D TO STAGE D

Figure D-4 STAGE C — VALVE STATE LOGIC
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The primary function of Stage D (see Figure D-5) is to iterate on esti-
mated tank pressure until a lading state is reached which is consistent with
the energy transferred to the tank from the environment, There are two entry

points to Stage D, depending on whether the valve is open or closed.

Iteration on pressure, for the open valve casé, starts by arbitrarily
assigning it a new name, PL2, and 95 percent of its previous value. The pro-
perty subroutine FPLT is then called to get the Eorre5ponding equilibrium
values for VF and HF., Correct values for liquid and vapor masses are established
and enthalpy of the vapor is then computed from a heat balance equation for
the vapor. The specific heat of the vapor, CPG, is obtained from HG and PL2 by
an equation which is a curve fit to data tables (Reference 32). (Its quality
of fit is evaluated in Table D-II)T This permits the computation of TG; Next,
VG is computed from the equation of state for the vapor, which was also obtained
by a curve fit to the tables of Reference 32, (The validity of this equation
is demonstrated by Table D-III).**The revision of this value requires revision,

in turn, of the mass of liquid and the mass of vapor.

At this point, all requirements have been satisfied for computing QIN,
the heat input to the lading during the computing interval that is necessary to
justify the pressure rise to PL2. After assigning QIN a new name, TEST, it is
used to find the departure of QIN from the actual heat input over the computing
interval, PREV, The difference is called DELQZ. A test is made whereby DELQ2
is compared to a small percentage of the absolute value of (PREV + 10.0). If
it is greater than this percentage, the test is not satisfied and PL is corrected
by means of a linear extrapolation to the value of PL for which DELQZ goes to
zero. DELQl and PL1 are reset to DELQ2 and PL2, respectively. The iteration

" :
The tabulated values demonstrate a good fit to specific hekt data from the
saturation condition to 400°F and 400 psi. As either pressure or temperature
are increased beyond this, the fit degrades slowly.

*w
A good fit is demonstrated by the table over the whole temperature and pressure
range of interest to present tank car studies,
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FROM STAGE C FROM STAGE C
O, ®

i

VALVE IS CLOSED VALVE IS OPEN

1. ESTIMATE PL2 = 1,05 PL* 1. ESTIMATE PLZ = 0.95 PL*

2. ESTIMATE LADING 2. ESTIMATE LADING
THERMODYNAMIC PROPERTIES ‘ THERMODYNAMIC PROPERTIES
BASED ON PL2 BASED ON PLZ

3. COMPUTE HEAT TRANSFER 3. COMPUTE HEAT
TO LADING i TRANSFER TO LADING

1 1

IS THE EXTERNAL HEAT
TRANSFER SUFFICIENT
FOR THE LADING TO

IS THE EXTERNAL HEAT
TRANSFER SUFFICIENT FOR YES YES
THE LADING TO BE IN A
BE IN A STATE
. STATE CORRESPONDING TO PL2 CORRESPONDING TO PL2

§ NO : § NO
-—‘ INCREASE ESTIMATE OF PL2 | | DECREASE ESTIMATE OF PL2 |——.-

YES ' ' YES :
@<—( IS PL >1.00 PR & VOLL <VOL? ) { IS PL < 1.02 PAL? )——-@ :
ves § no g NO o
@-c—( IS PL >1.03 PR & ML <. MTOT ) FLG=0 .
CLOSE VALVE

NO *

FLAG = 0
( 1S PL >1.02 PRL?

' ; \ ; C } ; .

i 1

YES OPEN VALVE
FLO= 1

J FNO ‘
'

CHECK FOR TANK

RUPTURE DUE TO THERMALLY

WEAKENED WALL AT PL

TIME = TIME
+ DELT

ISML < 0?

—d

RETURN

*THIS ESTIMATE 1S MADE ONLY DURING UPON ENTRY. SUBSEQUENT ESTIMATES
ARE PROVIDED IF THE TESTS ON HEAT TRANSFER IS FAILED. SEE TEXT.

Figure D-5 STAGE D — ITERATION COMPUTATION TO ESTABLISH CORRECT
TANK PRESSURE
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Table D-H. .
VALIDITY OF EQUATION OF CURVE FIiT FOR AVERAGE SPECIFIC HEAT

|
Cpr Average Specific Heat
P, Pressure | T, Temperature | H, Enthalpy [ Ref. Value | From Equation
psi °F Btu/1b from H/T of Curve Fit
[ 200 200 450, 0 0. 682 0. 681
i 240 470, 1 . 672 .676
280 492, 6 . 666 . 669
300 503, 7 , 663 . 665
340 526. 6 . 658 . 659
360 538.3 , 656 . 655
250 160 420.4 . 678 . 684
200 443.5 .672 . 678
240 466, 0 . 666 . 672
340 523.6 . 654 . 655
300 160 424, 4 . 684 . 680
200 446, 2 . 676 .673
240 468, 0 . 669 . 667
340 524.3 . 655 . 650
400 240 459, 2 . 656 . 660
400 555, 9 . 646 . 633
600 240 439. 6 . 628 . 649
400 548, 4 . 637 . 616
600 649. 4 L 612 . 576
1 -
{
! C. = 0.829 - 0,000298 H - 0,00009 (P - 50)
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Table D-IIL
VALIDITY OF EQUATION FOR CURVE FIT FOR VAPOR STATE DATA

P, Pressure - psia
T, Ten-:perature Vg' Spec3ific Volume ' ) _ From Equat?on
F ft°/1b From Ref, 32 of Curve Fit
100 ) 0.5144 20Q,0 207.0
200 . 7038 203 203,7
250 . 6080 250 248.3
300 . 6706 ' 250 247.17
300 . 3910 400 395.6
400 ‘ L4731 _ 400 393.8
450 . 3683 500 491.4
500 .4312 500 492.0
600 . 4043 600 592, 0
700 . 3858 700 690, 5
800 L3721 800 791, 2
1000 ) . 3532 1000 994, 5
. 0.2433 T 23.081
T V.- 0,052 ° 2
g Ve
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count, ICOUNT, is raised by one, and the computation is repeated with the new
estimates. If ICOUNT i; excessive, i.e., if it exceeds 10, computafion is
stopped. When the test on DELQ2 is passed, the tank pressure is tested to pre-
vent this pressure from dropping to a value less than the value closing pressure, .
which would be unrealistic. If PL has dropped to less than PRL in order to
satisfy the iteration procedures, the time interval is reduced and the-computer
is routed back to the beginning of Stage B, the pivot where new computations
start for all quantities dependent upon DELTA. It is necessary to reduce the
time interval until the mass lost by relief valve flow is satisfactory for a
reduction of tank pressure to PRL. An index, M, counts the number of times the
computing interval is divided so that the initial computing interval is divided
s0 that the initial computing interval can be restored. |

The closed valve case starts with an arbitrary increase in tank pres-
sure, called PL2. Then FPLT is called, for HF and VF. As in the open valve
case, ML2 and MG2 are defined, HG, CPG, TG, and VG are computed. Then ML2 and
MG2 are recomputed preparatory to computing QIN. In the case when valves are
open, QIN is an enthalpy difference; but for valves closed, it is an internal
energy difference, which must be determined by subtracting the flow work terms,
(PL x VF) + (PL x VG), from the enthalpy, because internal energy is not other-
wise available, The constant is obtained by converting square inches to square
feet and ft/lbs to Btu's, i.e,, 144/788 = 0,185l.

After setting QIN = TEST, the departure of QIN from PREV is computed
as DELQ2. (PREV is the total heat input over the computing interval.} The
same kind of test is made comparing PL to 1.03 times PR, and the subsequent logic
is similar to that of the valve open case, except that the limiting tank pressure
for the valve closed is the set point for valve opening, PR. The computing
interval is shortened until this pressure limit is satisfied.

A check is now made for tank rupture due to overpressure by vapor expan-
sion, For each shell element, a table look-up rpocedure gets the tabulated
values for temperature in the burst pressure versus temperature table that
brackets the temperature of the elements. Then, a linear interpolation is made
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between their corresponding pressures to find the burst pressure, PB, for the

temperature of the element.

A term is computed to accocunt for thermal stress, called THISTRS. This
actually performs as a decrement in allowable tank pressure and is used by
adding it to tank pressure to get a' working pressure that may then be compared
with the burst pressure. This procedure is valid because thermal stress may
be superimposed upon stresses caused by mechanical loading. The formula for

maximum thermal stress from Reference 33, page 174 , is

(Tl = Tz)

(1 -4

o - o B
max 2

where T1 and T, are outer and inner surface temperatures, o< is the expansion
coefficient, E is Young's modulus, and is Poisson's ratio. For the tank car
steel this becomes Ghax = 128,0 (T1 - Tz). The internal pressure that would
produce the same stress is 128 t/r (Tl - Tz], where t.is tapnk thickness and r

its radius. The working pressure, PALL, is obtained by adding this to tank pres-
sure and multiplying by the factor RTANK/5, which scales the burst pressure |
tables to the model tank. (The burst pressure tables are based upon the full

size tank car which has a 5-foot radius.)

Finally, a comparison is made between PALL and PB,- I¥ PALL is greater

than PB, burst is indicated and computation is terminated.

Time is updated and the output subroutine is called before the state-
ments in the program set up the temperature parameters to be plotted. The pre-
sent configuration of the program generates outside surface temperature histories
(TEMUAT (WPT, NEL, IDELX) vs. TIMDAT (NPT}). A bypass is provided in case no

plotting is desired. A maximum of 200 peoints is permitted by a logical IF state-

ment, The pressure parameters are defined for plotting tank pressure history,
PDAT (NPP)} vs. TIMPDT (NPP). A maximum of 400 points is permitted.

Computation now returns to the beginning of Stage A for computation

during the next time increment.
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3. Approximate Method for Predicting the New Mix Conditions

The method uséd in the original model to compute_the state conditions
of thé new mix after a computing interval was approximate because it was based
entirely upon conditions at the beginning of the interval. It has been dis-
continued but is presented here for the sake of completeness.

Previous toc computing the new mix conditions, it is necessary to esta-
blish the heat input te the tank shell, the mass of gas,'MG, and liquid, ML,
in the tank, and the total heat input to the liquid as well as to the gas., These
are done by the existing methods explained elsewhere,

Then, the following equations are used to compute the increase in the
heat content of the liquid in the container. Two specific cases exist. The
first case is that for which no mass is lost through the relief valves. Thé,
second case distinguishes between liquid or gas flow out each relief valve.

The index M indicates time for purposes of this explanation and was not a cémpuf
ting index. The program is recycled to execute computations for a new time.

Equilibrium conditions between liquid and vapor were assumed to prevail.

Case 1:
MR = 0
DGy = QG0N - MGG - 1)) 544,
DHF = (QLSUM(M?EETQGSU“(‘?‘ OMG (M) L(M) "3e00)
ML(M)} + (DML (M) 2‘;‘%
Case 2:

For liquid flow through the relief valve, if one connects with the

element X,

MRL(M,X) = 192000 CD A
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For gas flow through the relief valve, if one connects with the
element, AX,

_ CD A UC(M)
MR2 (M,X) = =g
where UCM) = GAMMA-32.2-GASCON<(TL(M) + 460)exp(=re—o)/ 2
. P\GAMA + 1
2
GAMA + 1

and V(M) < GASCON<(TL(M) + 460) -

2

The total mass loss is computed:

=NX X=NX o
MR(M) = Z MR1(M) + Z MR2 (M)
X=1 X=1

E .t Ti |

and the remaining mass is inventoried:

MTOT (M) = MTOT(M - 1) - MR(M) %

Then the enthalpy of the remaining liquid is determined:

DHG - HG(M) - HG(M - 1)

N = NX N = NX :
> QUSIM(M,X) + >,  QGSUMM(M,X) - (DMG + MR)-L--E-?L;-%-MG-DHG
N=1 N =1

DELTA

HF (M + 1) = HF(M) + DHF
The value of HF(M + 1) as computed above is then used in conjunction
with the liquid-vapor saturation tables to obtain values of PL(M + 1), TL(M + 1),

VF(M + 1), VG(M + 1), and L(M + 1).
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4. Derivation of Formula for T(N,IDELX)

The unsteady heat conduction equation in a polar coordinate system in
&*
terms of radius r, angle 9, and time t with constant thermal properties is:

dr_ x 9%, %t k or |
F° Tt 2 :;E§-+ k 2.2 ‘T or (-2)

When this is expressed as a difference equation, using central differences, and

transformed to a curvilinear system in r and y using Ly = rAQ, it becomes:

Tt T Ty + 1 2Ty’+ Ty'l Te w1 2Tt Tp
e / °F 2 + k 2
. t Ay Ay 4

_'_E(Tr-rl'Tr-l) .
T Ar (D-3)

where Ty is the temperatﬁre at time t, T¢-1 is the temperature at the previous
time step, Ty-l and T&+1 are the temperatures at elements adjacent in the y-
direction, and Ty_1 and T,,; are the temperatures at the elements adjacent in

" the r-direction,

Equation 1 must be accompanied by boundary conditions and initial
values in order to use it to describe a problem. For example, the heat transfer
rate (k dT/dr) may be specified at the boundaries and a specified uniform tempera-

ture may be given as the initial value.

Now the use of Equation (D-3) implies a quasi-steady treatment for an
infinitesimal time interval. Furthermore, the size of elements of the tank shell,
as measured by Ay, that would be practical for computation is considerably
greater than the shell thickness. Consequently, it is practical to consider the
element thickness, Ar, to be tﬁe same as shell thickness, These two considera-
tions mean that the terms for conduction in the radial direction may be expre-
ssed in terms of the boundary conditions. Using a part of the shell in contact
with the vapor as an example,

*
-¢.f, Carslaw, H.S., and Jaeger, J.C., Conduction of Heat in Solids, Oxford
University Press, 1959,
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Te w1 - 2T * T )+ k (Tr +1 " T o 1)__ (heat conducted Tl
k A 2 T AT ~ through the insula- .
T tion minus QGT)/ .
thickness

The heat conducted through the insulation minus QGT is equal to (neglecting
the effect of its mass): . '

THK -

where the quantity in parenthesis corrects for the area change with radius.

Putting it in terms of the grouped variables:

' I . ;i‘

QINTO 1 THK \ QGT . DAO-QINTO - D*QGT
THICK RTANK ] THICK THICK-AEL-DELTA

Substituting this into Equation (D-3) and using CRV = C RHO THICK. AEL and CON =
KK THICK DELTA/AEL

S ]

CRVe (T(N,IDELX) - T'(N,IDELX) _ DAO#QINTO - D.QGT
THICK#AEL*DELTA - THICK «AEL *DELTA

+ CONeAEL (T(N + 1, IDELX))
THICK#DELTA *(AEL) 2

[ L;-d

2eT(N,IDELX) + T(N - 1, IDELX)) -
-(CON ¢ AEL) - ——IQyeK DELTA (EDYZ 3

Solving for T(N,IDELX), which represents here the variable T_, the relation for

t
T(N,IDELX) in the program is obtained.

T(N, IDELX)= EIIW (DAO QINTO+CON [T(N - 1, IDELX)-T' (N,IDELX)) |
, CON o (T(N + 1, IDELX) - T/ (N, IDELX))

CRV ‘ -

_QGT D + T' (N,IDELX)
CRV ]




5.  Proof for Temperature Profile Used for Shell

If a function, say f(x), is continuous on an interval a € x =b, then

its average value, or mean value, is given by

b
't'=bfal £ w

a

In particular, if.0 = x = d" and the profile for T is the parabolic

form:

- ot x 1 |
T-ﬁ-@-ﬂ) 23 (D-4)

then

0
_dt
§
Define FO =°—‘-12i, Then T = FO. Now, from the requirements that at x = 0. T = To,
and at x =4 , T = Ti' then substititing in Equation (D-4):
_ ot 1l _= 1
T=7*35°7T*3
et 1 _F_1
Ti=g2°67°%

Setting up T in terms of T, and T, gives

=, 1
T*g

|1}
LS

7%

=31

~]
n

.
6




or 1 "3 -

7T+ T;=3T

T=L (1 +o2m)
3 o i

which are the desired formulae, as used in the program.
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6., Derivation of Equations for Vapor Mass Flow Rate

The basic equation for conservation of mass in one dimension states
that a(Afpu)/¢9 x = 0 at any point along a flow passage, i.e., that mass flow
rate, m= Apu = Au/v, where A is flow area, u is velocity, © is density, and
v, specific volume, when the valve on a tank car is open only for pressures of
magnitude greater than about 200 psi. This insures choked flow through the vaive
because the ratio of atmospheric pressure to tank pressure is less than the criti-
cal value. This means that at the point along the passage where its flow area
is minimum the flow velocity will be sonci, The relation for sonic velocity in
a gas of constant ratio of specific heats is u = VGEEF§¥;1 where g is the acceler-
ation of gravity, ¥ is the ratio of specific heats, R is the universal gas
constant, and T_ is the stream static temperature. Ts can be obtained from Ts =
(TR)Z/(UA'I)* where TR is a reservoir or total temperature and in the present
case T, = T, , temperature of the vapor in the tank,

R
At this critical point where velocity is sonic, the specific volume is
desired, also. From the perfect gas equation of state, v, = RTSIPS.

In real flows the full value of Au/v is not realized, and a flow
coefficient is defined as the ratio of actual to ideal flow rate of C = ﬁ/Au/v.

Thus, all the relations used in the program to compute MR, i.e., ﬁ, are explained.

This method for computing mass flow rate of vapor is a simplified one
inasmuchl as it assumes the fluid to reamin in the vapor phase during its expan-
sion. A small amount of liquid actually forms although its effect is negligible.
Flow of vapor could have been treated.by the method described below for liquid.

x

fSee any textbook on gasdynamics, e.g., Shapiro, A.H., Compressible Fluid Flow,
Ronald Press, 1953,
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7. Derivation of Equations for Liquid Flow Rate

Flow of fluid through a relief valve is assumed to be isentropic, at
constant total enthalpy Total enthalpy is u /Zg + h where h is static enthalpy.
Therefore, u1/2g + h1 = u2 /Zg + h2 where the subsctripts refer to two different
stations along the flow passage. Let 1 represent the inlet at tank conditions
2" \vﬁETﬁ}':'3257
The mass flow rate is m - CAZuZ/V2 (See Appendix D-6). Combining these two

equations.

and 2 be the minimum area condition, But u, = 0 so that u

¥
i, [E D
CA2 - v2

Now the enthalpy at 1, hl’ is that of saturated liquid found in the thermodynamic

table for the fluid. To find h, and v,, use S,» the entropy of saturated liquid
{from the table), which is equal to 52. At any given pressure, Pys downstream
in the valve, the fraction x,, of liquid to total fluid mass (i.e., quality)

can be determined from x = S - Sf/Sg - Sf where f and g denote liquid and vapor
(i.e., gas), respectively. Then enthalpy, hz; and specific volume can be
determined from the relations:

h)

x(hy - hy) + by

v
2

x(vg - vf) + Ve

Calculations for various pressures, Py yield curves of n.1/CA2 versus
Py each with a single maximum. A curve through these maximum points appears
as shown in the following figure, which is for propane. (The maximum point
is analogous to the choked condition,) The case for a departure from isentropic
flow by 20 percent was also computed.

In general, relatively large changes in entropy would be expected in
the valve, as well as significant loss of flow energy due to the momentun
exchange with liquid droplets that are formed. Consequently, & flow coefficient

C

D’ should be used to account for the losses.
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The program uses a constant value of 3200 1b/sec-—ft2 for m/EDA2
because liquid relief of propane only occurs above 265 psia, and the curve in
the figure does not vary much for higher pressﬁres. (See Figure D-6). When
this value is multiplied by 3600 to convert the units to lb/Hr-ftz, the constant,
11,520,000 is obtained., This, in turn, must be divided by TLENTH to put MRl on
a 1lb/hr per foot of tank length basis. |
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FORTRAN 1¥ G LEVEL 21 ) MAIN DATE = 73190 G9/34/ul PAGL L{ilc
cees KiAL KK KPoMTCT g gMey ML LT o MGG oMK ) : d0000 00
Cous - COMMUNZYe kP /7 Tl susble TTE 30,0 e TSIEL 30 yod g TUT b, o

# THY (50 gdy TTHS{SusEhy HFTOI b TLTHZ L) PLT T S ,vET (2,
LA I A I TIT 30U FETISL) . Aay e SiS) 0000_0[_3__0_
GoULS CUMMUN/MULUIFY/ HEATX{ 30910 ek )y TiMPX{oUgltgrdy £Nui3 . ), 115_F{10),90840140 -
1 The T iTLHpNX sFRAC _
[ LCUMMUN/VALVES/ vEwPLole)y VARE RS (&) 0000b160
0007 CUMMUN/ZTL/ TUL 3040} o o
0008 REAL MKRLle MR2 JLAGTHK QCOUOLT0 .
Q009 REAL®4 LAGTH1, LAGTHZ
0010 REAL®4 KK1, KK2
0011 COMMON/ON/HOFTEMI3) s TOFTIM(3) 000003180
col2 COMMON/ PRINT/MODPNT . . -
0013 CUMMON /GENRL/ DE(LX, CPINK,: EIL, EFIRE, FKS, * PGQCLCLeC
- L RHOTNK, CDy DELTAs HFLly MTOT, NEL, PR, THICK, RTANK,; PRL, EMO, 06000200
2 TLENTH; TDCHP, CIH;};_LINSZ. JEMLs TEMZ, LAGTH],
3 LAGTH2, FKl, FK2 '
0014 COMMON /PLOTS/ PLD 2NP AT (200, 25263 sTIMPDT(4C0},
1 PLUATL400)y TIMDAT{200), NRAD, NP,NSTAL,NSTAZ2
(] & DATA IPRINT/O/
0ole DATA UELQL/100./
] (R - LOGLUL I
0017 NAMELIST /BUG/ MLPL,QFRST.QINTO, TI2, T23, NG,
* _ TIME, DELTA, TESTSPREVHF ;QIN 5 PLZ, Ui StMe JCOUNT,
® MG, MGZ2y HG, ML2y MTOT
cs - - [P
0018 xLAr,au:c.c1.cz.cx.uo.m.uzne(cx-cutu:x-cznnco-c;m«:o-czn-uo— 00000240
1{CX-CO)*(CX-C2}/(CO —C C1l—C2)00000250
252 00000260
0019 102 FORMAT (HF8.3,Fl6,12,F5,0) 0000280
0620 113 FUKMAT (°* BURST TABLE LIMITS ELEMENT *ylb): - 00CL02ZY0
Q021 114 FORMAT €' T PoFT7.2;%( ", F4,%) PLP,F6.24% PBYgFbaly® TIME*SFT7.0u) Cuioduy
0022 125 FURMAT (10FLUL2)
0023 CALL 1NFULT v0000370
0024 G0 TU & (LOCSA8EG
0025 1 CUNT LN LOTLO3YL
UG26 NP = NP-1
0027 1FINP.LEU)Y Np=l
0028 NPT= NPT -1
0ez9 IFINPY.LT.2}) NPT=£
0030 NPP= NPP-1
0031 IFANPP.LTL1) NPP=2
0032 IFIPLOT.EQ. 1. 61 CALL PLOTR
0033 CaLL INPUT
0034 2 GONTINUE
00as TSAY = DELTA
0036 LAGTHL = LAGTH1/12.
Q047 LAGTHZ = LAGTHZ/1c .
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[ELR TIME=La
0039 THICK=THICK/12. - [ AR T
0040 XLX=FLUATI{NX)
(% DELTNG=0.
G041 FLIQ = 0.
0042 CELQL1=0.
G043 DELUZ=0.
0044 CELV=0.
0045 DANG=3.14167{NEL~1)
0046 EED = SQRT{ED)
0047 EEEU = SGRTLEED)
0048 AEL = (RTANK+.5%THICK ) #DANG COCUQ46l
Q0G49 DA =uELTA/3600.%AEL COOCCaTC
0059 CRY =CkKHU*THICK*AEL 000048
0051 VUL =d.1416%RTANK®*RTANK
Q052 = 0 CON =KK*THJCK*DELTA/(AEL*3600,} LCOCC L00
€053 GTSUM=G. v
0054 YL SUM=0. LoQtoblg
0055 QGSUME0, o e P o T T V0GE6520
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0057 FLG=0a J00LC 540
0056 POPz= 0,0 :
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[ CUCCLESD
C* SEARCH ENTHALPY TABLES FOR HF] COuODSEQ
e LOCLOCSTt
Q60 NG o6 J=2420 .
006l IF (HFT{J)=HFLl] 636,47 LU DAYS
oGe2 CUNTINUE COvLweL G
0063 H1=HFT{J-2) LOGLublf;
0064 H2=HFT{J-1) CGUGuRT D
0065 H3i=HFT{J} COLLUEaT
G066 J=J=é ey £
0067 U0 10 I=ls4 -
1971 X{Iedl)=TLTI(I) S oe?0
00469 X(Lp2)=PLTI{J) UOGLOLS Y
0070 XT3 =VFTLI) (G P
Q071 X{Ls4)=vGT(J) LCCu e
0072 XtLe5)=LT(J) eeCCcaTle
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FORTRAN I¥Y G LEVEL 21 - HAIN ’ DATE = 73190 V9/3a4/G1 PACE Ooou
00 T4 DO 15 J=1,5
s XV1I=XLAGRTHLyHo oHA+HF Lo XT 14 D)4 X (2,00 o X(34J)) T IR Y1)
__007s 15 S{J) = Xvl
0077 TL=5(1) 0000086 L
00718 PL=5{Z) 04La AT
0079 VF=S(31 oU000ER)
0080 VG=514) 0QUoC 899
GoBl ¥GS5= VG
0082 T VBSZ2 = VG
0083 V¥GS1 = V6
3684 L =5{5) 0C0oU900
0oB5 HL=HF 1 +L Ja00o910
0086 CRE=.6t
Iy tHF=HF1 gULtu9zl
Qous 16 = TL + 46C.
0089 I=NEL+] AL T
009N NPRNT =4U VD OO0 920
0091 TKI = iL
0092 IKe = TL
0093 KKI=FK1
0094 " KKi=FKS
0095 THK = LAGIRI + LAGTH2
0096 LU 20 J=1,1
CO97 00 20 IDELX=-1,NX
0C98 TUJ,IUELX) = TL v Ce09a0
0CY9 TSURF(Js IDELX)=TL+300.
0100 THS L Jy IDELX I=TL
0101 TTHSTJLIDELX) = TL
0192 TOLJyIDELX)=TL
0103 20 VT(J,IDELX)= TL
0104 TLZ=fL .
Cs R :
c* INIVIALEZE PLOT PARAMS
C*
QLQ5 !PT“I! s
0106 _NPP= 1
__0107 LE{TPLOT.EQ. 0.0) TPLOT= PELT
ol1c8 IFINRAD .EQe G) NRAD= 10
: c GET MASS OF LIQUID
C GET MASS OF YAPOR
0109 . 3C ML={VOL-MTOT*YGS)/ (YF-YG5])
0110 ' MG = NTOT - ML
0111 IF[NTOT-NL} 32.32431
o112 31 IF(MLLLTL0.) ML= G.
c113 YOLL =ML¥VF
" 0lle VOLG=MG*VGS
¢115 60 _TO 50
Olie 3Z ML= MTOT
0117 GSR = 0.
s )
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0118 VOLL =ML*VF
vlle IF{MG.LT.Ca) MG=C,
01.0 VOoLG=0.
clzal VOLP=U .
6122 PS=PL* (2. /{KP*Ll. ) )R [KP/(KP-1.))
0123 TS={TG)* (. /(KP+1. )]
Ul VC=RP*TS5/ (PS*144.)
w125 UBC=ABS (KPR GERPERTS)
Q126 UL=SQRTIUBC)
0127 UU 4G 1oéLXs LenNX
_ Q12¥ A = VAREALLUELX) wCLil200
Ql29y LE{VENFLS CTIUELX) ~(ILELX-1)%DELX LT. TS9%OELX .ANG. L00C1270
1 VENPUSELDELX) —tIDELX—1)I*DELX +GTa <25%DELX ) GU TUL 35 -
Glie AS 25EA 000290
o131 35 LOUNT LivuL
Glic GS5K = GSK + (LO®AXUC)H/VOR{3500./TLENTHI]
ul33 48 VCLPE VULP+115:G000. /TLENTH®CG*A
U134 TUPM=VULPSDELTARVF/ 3600, :
¢135 PUP= VLLL- VIL 4u(1330
0136 “ IF(PUPLLE «TOPMI U TD 45
0l37 WHlTeloylil) Ji713%0
ulis 171 FUKRMATE® TANK RUPTUKE UUE TO EXPANDING LIUWUIL) - QUL 136D
Gliy GL Tu 1 ogo 01370
0lap 45 GLAaSK=GSR¥DLTA/ 3000,
Clal POPMS=PuP/VF
0l42 VULL=VUL
Olas IFIFLIG) %0y%0347
Cla4a 46 IFIGASR .GE. PUPHMY .ANL. PL .5E. PR} GU Tu 49
0145 GO Tu 48 : : _
Ul46 4T IF{PL .GE. #R) GU TU 4y
0l47 48 FLAG = 1.0
0l48 VOLG=0. SLCC1390
0l49 ML =VOLL /VF LOCC140C
T o150 TATOT=ML T : o . -
__glsl 49 CONTINUE -
C» DETERMINE THE LIYUIO/GAS INTER-FACE O (1430
0152 50 IFIVOLG.GT.CUa5%VOL) GO TO 51 .
0153 V= 6.268%VOLG/IVOLG+VOLL}
0154 ¥Y=v/3,. ] Q0041 4u60
0155 55 W= Y-SINI(Y)
ol5¢& IF(IF1XC(V-W)I*1000.)) 57,65,57
0157 .57 Y=Y+{V-W)2, ¢
o158 CO TO S5
o159 51 V=6.284VULL/ (VULL+VOLG)
QL6G ¥=V/3a :
ulsl 58 *W=Y-SINLY}
clé2 IFCIFLXEIV-WI%LiLUad) 59,62,:59
Cle3 99 Y=Y+ ({V-W)*(.2
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FORTRAN 1V G LEVEL 21 . . MAIN . " DATE = 73190 ] 09734701 : - PAGE 0007
0206 CALL HUNTEMITIME, TIMET, 10, J4) T | . ) LuCuleTo _
* i coCol680 -
C* J . POINTS TO Ltal INDEX FOR LAGRANGIAN FIT FOR TIME coC01690 | . :
C* ) G R i)
0267 ANGLE = DANG*FLUATIN} * 57,2958 . : LueclL?iv ' -
0208 CALL HUNTEM [ANGLE, ANG, 32y K) 00001720
C* - GOGO1730
Cc* K PUINTS 10 LEAD INDEX FOR LAGRANGIAN ON HEATX Q0001740
L* - v0001750
C* i NUW GENERATE THREE POINTS DEFINING HEATX AS FUNCTION OF T1M: Lol 76l
C* ANL TEMPX AS FUNCTIUN OF TIME ) CoQcl1TIC
L= : COOD1THG -
Ceio KSAay = K VOGL1T9d
D210 UL b0 I=les
G211 HUFTIM(1) = ALAGRATIMETLJ) yTIMETC(J*1) TIMETL{I+2),TIME vGoutleio
1 HEATX(K 3 Jy JDELX) gHEATXIKy J+) o IDELXI JHEATX (KyJ*+2y IDELX )] LOC 1420 :
Q21 TOFTIMUI) = XLAGRITIMET(J) o TIMETII+]1)oTIMETIJI42) o TIME, : CGACLEAC c -
1 TEMPX{KyJpIOEL %)y TEMPXIKyJ+lyIUELX}y TEMPXEK gJec o I0OELX D) _ 02001340 . :
cz213 K=K+] ' . COCL LS s -
C2l4 EL CONTINUE .
c21s K = KSavV T Y . -
Lelb HE = XLAGR{ANGIK) s ANGIK+1),ANCIK+2) JANGLE, CopuLend
' 1 HOFTIMIL1) yHOFTIMI2) yHOFTIMIZ) ) 0021890 ’ -
0217 TE = XLAGREANG(R) JANGIK+1 ) JANGEIK+2) s ANGLE #00419490
1 TOFTIM{L)»TOFTIMIZ2) TOFTIM(3})) : euodL9le
c218 LE(N—-1) B1,81,8.
[ . .
1% CUMPUTE HeATING RATES AND ELEMENT TEMPeHATURES
Cx -
0219 Bl AX = TTdeglbDEik)
Cz2i YY=FTHs Ly LUELK)
o221 GL TU b .
0dz2 do AX= TT(k-1,1UELK)
0223 YY={Trds(N—1lylutlLAr)
Cx
Cx e lucWPLFLIES eLeMENT AT LIQUID SURFACE
L= ’
0224 bo WGE= JFIALL.5+THe TZDANG)
Geed UFRGT e ¥ (TE=TSURF (N IOELX) ) +SIG*X(EQO®EME{TE+460. h**4—Mx
_ * (TSURFIN LUELA)+460. ) %%4)
0226 LFIN=-NG]) Y0, l0Gel0L0 .
0227 90 LLnTINUE : _
G228 QEEHC TR {TT{Ns LU LX) -FG}
0229 WESUMTLGH UM L XDRQG S XLX
(P Couk=v.e '
e 31 RE = 1, : -
Géde QOET=uL+3l0*E % {TING LUELX ) +400 . ) 5%4—RF»{ {TL4+4c Y, }%24) )
_Cz33 QINTU=YFRST .
C234% LFILAGTH]L «EQe (o sAND. LAGTHZ LEGs ©a.] GU TU 95 ,
(=
h L» THE TANK IS LNSULATED-GFET LTS TEMPERATURE ANU HEAT PENcTKATRAVILN
C* :
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0235 QINTOSZ2.0%KKE(TOIN, IDELX)Y — TIN,IDELX})/THICK !
0236 g&x*d.*KKZ*ITTHSIM.!DELX!-TO(N:IDEL 13/THK .
0237 IF{QINTD .LT. 0.0} QINTO=0.0
__ 0238 IF{QEX LT. 0.0) QEX=Q,
0239 QINTO=.5%(QEX+QINTO} ’ -
0240 THS (N, IDELX)=TTHS (Ny IDELX)+0ELTA/(3600.*RHOCT } *{ KK2*

1 (TTHS(N+*L,IDELX)=2.*TTHSIN,IDELX)+YY )} /{ {{RTANK+THK /2. JEDANG ) **2)
2 +QFRST/THK* (1's +THK/RFANK }-QINTO/THX }

86T

0241 LE(THSINSIDELX) «LT. TOINSIDELX}) THS{N,IDELX)}=TOtN, IDELX)
C D242 TSURE (NS IDELX)=2. *{THS (N, IDELX }-VO{N,IDELX) ) i -
D243 IFCTSURF (Ny IDELX)Y oGTe 1.0S5%(EEED®{TE+460.)460.1)
1l TSUKRF (N, IDELX} = l.ostlEEED¢(TE+¢5o.l—qeo.)
0244 TLZ=THS(NyIUELX)
0245 T23=TS5URFIN, IDELX)
0246 Kkl=FRl
0247 TINS=ABS(THSIN  IDELX}-TEM2} : .
G248 KKZ=FKZ+L INSc*T JNS*%],.945
_ 0249 CC TU 96 =
Y 95 CLONTINUG
Oebl TSUKFINe LUELXRI=TUIN, IDELX)
u2s2 9¢& CUNTINUE
.. L2b3 TINGIVELX)= (UAUSJINTO+CON®IXX=TT{N,1DELX) ) +CON®
1 (TTAN+ Ly I0ELX)-TTINLIDELX I} —QGT*D+CRY*TT{N,IDELX} ) /CKV
G25ey TIL=TINsLUELX)
0255 Ti= TUNe IVELXIVINTO*THICK/ (6. *KK } -
0256 IF(TI +..T. TL} Tl=TL
CFEY - TUCNG LUELX Y =3.%T (N, TUELX)-2.9T1]
c258 GO _To 180
0259 100 CONTINWL
0z60 ’ TI=TT(N,1DELX)~ ( 5%QINTO*THICK /KK }
026l IF(TI «L7. TL} TI=TL
Q262 ) HICL={15%:+ o G4t —6 ) *PL*%3 34T )L (ABS{T{N, IDELX)=TL})*81.5%)
6263 IFIHTCL «GT. 6(0G.) HTCL=6000.
Cibe WL=HTCL*{ TN, IDELX}~TL}
Q265 LFIQL +46Te 100GOULIQL=LC0000.
L266 IFIN oEwe NG) WL = «5%0L
0267 I2C CUNTINUE |
0268 ) IF(N eBlre NEL) GL=.%%YL
0269 WL SUMRQLOSUM+2 o SUBGL/ XL .
26 GG=i e N
o271 VINTU = wkrST
veld © IR {LAGTH] otWe Us sANU LAGTHZ JEQe 0Go) GG TO 130
Cx :
C# Titk TAWA 1o -insuLATeu=—ubT ITS TEMPERATURE AN HEAT PENETRATIIN
C*
Ci73 ULINTUSZo L KON TOING IDELX ) ~ TN, IUELKIIIIHICK
0274 IFLGINTD oLTe <o) WINTO=C.
Czis WX e FER L TTHS (g IDELX D= TO(N.IDELXI)ITHK B i
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FORTRAN IV G LEVEL 21 ) . MAIN~ DATe = 731%0 C9/34/01 PAGE CC14
C THSTRS=128.*({TO(14IDELX)~TINT(I,IDELX)}
0480 THSTRhS=12B.*#{Toll,1 J—TINTI1,IDELX})
0481 SI6GC= (PL~14+7)*RTANK/THICK+ABSITHSTRS) .
c482 SIGT=.5%S1GC CCO0L3440
0483 TaU=, 255 IGC QOCU 3450
0484 T1Me =T IMNE+DELTA
C485 TSAV = TSAV + DELTA
- 0486 QTSUM=UT SUM+QGSUM+UL SUM :
[TTY] TC=TG—4au. ’ ’
G448 IF{MUDLLPRINT,HODPNT) .EQ. O) CALL DUTPUT :
0489 TC=TL+460.
0490 JPRINT = 1PRINT + 1
0491 1F(PLOT «Nt. l.0) GU TO %G00
e BYPASS ¢LOT SETUP
(% )
C492 IFLTSAY +iTe TPLUT) GU TD 400C
0493 TSAV = LELTA
0454 IPLGT= 1
0495 TIMDAT (NPT) = TIME
C496 DO 3960 1UELX=1,NX
0497 nP= 1
0498 DL 396y N=i yMEL yNRAD
C*%
Cx PLOT ONLY _UME AX1AL STATION...o IF ALL ARE UESIRED P THr ¢IMiNSIUN
c* ON TEMLAT ANU LOUOP THROUGH NX STATIONS.
{*
C* TEMUATINPTeNF, L) = TOUNyL)
C49% TEHOATINPT NP LUCLX)=TOIN,IDELX) ~
CoG0 HP= NP+l
0501 IF(NP.CT <50 NP= ¢b
Usnz 396( LGNT1iU:
€533 AFLIPLUT obige 1) NeT= NPT+)
0504 IF{INPTLT. 2u0) NPT= 20C
G565 39606 LLNTINGE _
0506 rDATINPP) = PL
€507 TIMPDTINPPI= TLME
0508 NPP= NPP+1
050y IF (PP 6T 4G NPP= &GO |
0510 40Ut CONTINUC
0511 UeLTASUELTAS( L 5%%{M~-1])) o
651z 1IF(MLyLE<Caul GO TU L
¢513 WL SUMS . - 00003550, .
0514 QoSUM=U, 0003540
0515 Lii w0kt sutlLX=s 1yNX
0516 U avulyv Jdz=leNEL
€517 C TTHS{Jp LaelL X ) =THS (I JUFLX) e
0518 «0Ll0 TTCdyliscLad= TOJFI0ELXY
_ €519 GL_IU s L
0520 LNL 00063PSO
[ L i ] ) t : i - ‘ i 2 e o I : . . . - 3

ol e



S0z

mem——— [ P CR— ——— P - e om [Srep—. [RES———— (ST e - P ol

]
FORTRAN IV G LEVEL 21 o INPUT DATE = 73190 Co/34&4/1-1 PALE QOGL
0001 SUBKUUTINE INPUT . , . LoCLOGIc
Leoe GOMMON IPRNTIS) ] ' ‘ uCUo0040
0003 CUMMUN YLAB(&4Ll)oXLABE30), PLAB{41)
0004 COMMUN SPACE(41,121)
cocs COMMON 1SYMI2L)
0006 CUMMON XAXTISI13), YAXISI41) .
0007 COHHDNICUHPIC.kO.EH'G-KK.KP.RHO,RP.SIG.CG.GANHA.GASCON'HGT uooLLOZe
* RHUSK y SKTHK * . 000O0C030
0008 REuL KK oKPoMTOT oL ¢MG oML LT MGGy MR . CLO0OCDSC
0cu09 CUMMUN/TEMP/ T( 30,6)y TT{ 30,60 TSURFL 30,6)4LT{25), :
* TtS[30¢6)e TTHSI30,6), HFT(25) o TLYLZ5) 4PLTE25)4VFT(25),
*YGTIZ5), TTT(30),PBTL3C) , X{4g5)y505) . 00 LGB0
ocle CUMMUN/MUDIFY/ HeATX(304 1096}y TEHleao.lo.bl. ANGE3U),y TIMETILLY4LCCGOCYO
1 TILT ¢PITCHNXgFRAC
0011 CUMMUN/VYALVES/ VENPOS(&)s VAREALS) . sCGuLllo
oGz Kral MR1ly MRZ,LAGTHK L00oLD 120
ccl3 COMMUN/UNZHUFT AM{ 3) , TUPTIHIBI wGGuGllo
0014 LUMMUNS 2R ANT/MUDPNT
cols CUMMON  JGENKL/ OELZR, CPTNKy Ely EFLREy FKSy QCLLL 140
1 KHUTNKRy Uiy UELTAy; HFl, MTOTy NELy PR, THICKy; RTANK, PhLgs LMu, LOCLOL 5
2 TLENTH, FULMP, CINSL, CINS2y TEMl, TEM:, LAGTHI, ]
3 LaLTHey FKLly Fhe
0016 LDMMON Z7PLUTS/S PLOT 3 TPLOT+NPTy NPPy TEMOAF(ZC0, 25,60 fTIMPUTI&0L )y
1 POATI40u)y TIMDAT(20G) s NRADy, NP 4NSTAL,NSTAZ
ocoL7 CALL CLEARCVENPUS(L)y VAREALS))
weld CALL CLEARCDELXy FK2)
0019 REAL®4 LAGTHL, LAGTHZ
w020 REALIS 35000) XLAB
[Ty | HoAU( 53630 ) YLAE
_boe2 READLSySubu) PLAD _
¢oz23 3000 FUKMATILUAG/LUASG)
Ci24 2.5i FUKMAT(41Al1)
vG2s NAMILLST/UATA /7 HuRTXyTEMPX yTIMETLTILT, ANL):NXUP].TCH!"N!\L
Ct2e NuTal=l
LoeT NSTA2=1 -
__poc8 LNTRY InPUTL 903303210
oéy HeAulS yGATA gSNITRY)
L* ] . LCOU0330
[ - LARL INPUTS: ’ . L TTRENY )
..... - C* - OLLL( 250 _
[ UCATE SET =INPUTH . cCLLC 3606
A (%] 0LLLL3AT0 .
C* HoATX = HEwF ULSTRIBUTICNDON CLRKCUMFZERENTLIAL LLEMINTS Pih LieNeTH owCoBQ3B0
(%4 TeMPX — rlht TuMPS CIRCUMFERCENTIALLY DISTRIBUT:U PeR LoNTTH CLLLL3OG
C* ANG - RAUIaL LUCATIONS FOR HEATX AND TEMPX CGOLOwDe
) L= TIM:| - TIMt lablLi FOR DMURATION OF FIRte otliualo .
L= TiLT — RULL ANGLE OF THE VENT VALVE FHUGM UPRIGHT PUSLT Juk GCCOLA 3D
_____ _ C» PliEd - — ZITLH ANGLE UF THF TANK CAR Yo Gasd
) Cce ' LUl cOaED

-

B




FORTRAN IV G LEVEL. 21 ‘ .- INPUT DATE = 73190 _09/34/CtL . PAGE T0LZ
. ; . ! .. e
G050 NAMELLST /Lauxmsl HFT. LT. TLT PLT. vrr. VETy GAMMA, GASLLUN, HGT LLLUG460
0031 HEAL (B LAULNG) . LOCQLuaTe
ca c0CoC480
C* LaKD INPUTS: . LCGLuaw)
L . - . WOOw. 50D
L UATA SET “LAUING™ coveckle T T -
C* LCCLL 520
C* HFT - 5PECLIFLIC eENTHALPY OF SATURKATED LIGUlL LALING COGUU%30
. c* LT - HiaT UF VAPORIZATION UF LAUING LCuleSad .
Cx . TLT ~ TEMPERATURE VALUES FOR ENTHALPY AND YDLUME DATA CGouOs5s0
C* PLY = PRE5i!___!ALQE5_Eﬂ__§ﬁ£E&L£!_ABQ_!9L!H§ DATA LOLLGHOU
C* veT = SPECIFIC VOLUME OF SATURATED VAPORIZED LADING 0000CSTC
(o VET - = SPECIFIC YOLUME OF SATURATED LIQUID LADING 0000580
C* HGT = GAS HEAT TRANSFER COEFFICIENT snvess BTU/FTHR2-HR 0000059¢
C* GASCON — GAS CONSTANT . 00000600
[ GAMMA =*RATID OF SPECIFIC HEATS ' . 00000610
cx - _ . (0000620
0032 . NAMELIST /BURST/ TTT. PBT ‘ : LCCOC0830
0033 : READ(S,BURST) ‘ vB0G0640
C* i i CCOLCeST
Cw ) CARD 1NPUTS: 0C00C6L0
C» ) . K : - LCuCLeTL -
o Cx UATA SET ™BURST™ L 0UGOGED
o C» ] CO0LDE9G
* () T1T — TANK BURST TEMPERATURES oOL00 700
Cx PBT « ~ TANK BURST PRESSURES . oucai 710
C* . FRAL — FRACTIUN OF THE TANK THAT IS . INVULVEU IN FlRt — THIS )
C» 15 USED WITH A UNTFDRM VALVE FOR HEATX
ce accou720
0034 WRITE(6yluCr) - :
0035 160G FUKMAT{IH1, 40X *INPUT DATA FOR TANK CAR PRUGRAM®///)
0G3o i WHITElcylUI)
[MIEY | 1l FORMAT (34X, *THEMUDYNAMIL PROPERTIES OF SATURATED LAUGINC*//)
0038 WKLTE(cslO2)
0039 162 FLRHAT(9X.'LIUUIU'.9X,'VAPURIZATIDN';?X.'TEHPERATURE',BX,'PRrSSUkt
1% L1Xe "SPECIFILY y 11X *SPECIFIC®)
0040 WRITE(Lp0U3)
G041 - 103 rURMAT(aX.'bP:ClFIL'.11X.'LATENT'.51!.'VULUNE'p13X-'VOL"Hc'l
(Ca2 WRilc(belin)
GOa3 LG4 FURMAT(6Xy "ENTHALPY® 5 12X, *HEAT # ;54X o YGAS® ¢ 14X, *LIQUIC*}
044 WRITtto51U5)
GO45 1.5 FURHAT(VK"BTUILb'.llx.'BTUILB'.17!.'DF'.151,'PSlA'.lhx'FT:ILb'
112X4 "FT3/LBY/)
G046 WKk1TE(GL,106)
Qus? Lud FORMATORUXy "HET g 16Xe LT g 18X "TLT "y 15 Xe "PLT "y LOX o *VGETyLE 2, "VFT )
oG48 W LTE(O e LOTY (HETUK) o LTEK )2 TLTIKY pPLTUKY o WOT(K } o VFT IR} gK=1,4:5)
0049 10T FORMATI TR gEYe3plUXpET eI plOXpFPe3p L0y E ¥ plOXpbyadg LOXgb Yo 3}
00590 WR1TElE,1C8) LAMMA

0051 L0B FURMAT(//10Xs % AUING—RATIG OF SPECIFLC HEATS?*y 7X9Fbieée /]
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* FORTRAN 1V G .LEVEL 21 INPUT . DATE = 73190 0%/34/01 PACE Cuul
€052 WRITE({0410v) enscun
VGs3 1.9 FORMAT(1uX,y "LAUING GAS CUNSTANT (FT—LdFILnH/uFI'.LX.Fb.4I/l
OG54 WRITE{os1l0}
CG55 L1y FURMATE//c4Xg "LURRELATIUN BETHEEN SHELL ELCMENT TIMASRATURE AND MA
1X1MUM SHeELL PRESSUREY//)
00586 WH1TE(oelll)
co57 111 rURHATlubx.'TEnPtkATUhu'.lox,'PRESSURE'.//49x.-ur-.17x.-w,1w s Fat A
Lo *TTT*4 172, *PBT?)
6054 WRITE{belLlil CITTU(K I PETIK) oXK=1430)
0059 112 FORMATI3u (40X i5e3p LIXyEGe3/))
Cool WHITE(oe 113}
OCul 1132 FURMATL//3c Xy EXTERNAL HEAT TRANSFER LutFFILl:NT AND FLK: TiMrPekal
Luk:=*//}
0062 WkITe(6gi14})
. GQ6> 114 FURMAT(3LA, *HEAT TRANSFER COEFFICIENT®y14Xys "FIKE TtHPtRATUNL'IJlkv
1"Fok EATERNAL SURFACE UF?, 12Xy "CURRESHFUNDING TU ADJACENT O/ -yn, *TaN
K CARY 424Xy YHEATX VALUE"/3TX *BTU/FTS/HRAGFY (21X UFY /)
Qo4 WKITE{eqyh15)
0065 115 FURHAT(&IX.'HEAT!’.Z9X.'TEHPX'|
J0 66 . WRITE{6,116) (((HEATX(I!J.K)!TEHPXCI'J;KI.l=l'3UIgJ =1 o MO} g K=1yNX)
Cue7 116 FORMAT (39X, IPL93425Xe1PE9.3 } .
coed WRITE(G,1)7) ANG
GuULY 117 FORMAT(//* RADIAL ANGLE DISTRIBUTION OF .SHELL ELEHENT CENTROIDS-D
lEGREES-DEFINES ANGLE INCREMENTS USED IN HEATX-TEHPX TABLE®* /7¢1GIFL
22ed}))
c070 WRITE(6g1318) TIMET.
uG71 118 FORMAT(//° HEATING TIME-SECONDS-DEFINES TIME INCREHENTS USED 1IN H
LEATX-TEMPX TABLE'//(10(F12.2))//7)
vL72 NAMELIST/GENRL/ OELXy VENPOSs VAREA, CPTNK, El, EFIREs FKS,y . CCGU0%S00
1 RHUTNKy CO, DELTA, HFI, MTOT,; NEL, PRy THICK, RTANK, PHRL, EM0, avooeos 10
2 TLENTH,TOCMP, CINSLly CINS2Z, TEMLl, TEMZ, LAGTHIL,
3 LAGTHZ, FKl, FRZ, PLOT, TPLOT, NRAD, MODFNT,NSTALlyNSTAZ
€073 READ(5,GENRL ] 00000940
c* g ooLss0
Cx CARUL INPUTS: YOG oY)
[ ] - ) o 0DO0% 70
Cx UATA SET “GENKL™ Gooogepy
Cx 000956
C» CPTNK - SPECIFIC HEAT OF TANK CAR SHELL HATtRIAL eene BTU/LE=DEGOOUOLAOC
C* K TANK - RALLUS UF TANK CAR oes FT oCi01010
Cx t1 EMLSSIVITY OF INSIDE OF TANK SHELL 000vl02¢
C* EF1KE - EMISSIVITY OF FIRE 0001030
Lx FKRS — THERMAL CONDUCTIVITY OF TANK SHELL. a0 1D40
C* RHUTHNK .~ LENSITY OF TANX CAR SHELL OCLO LOSY
C» VARE A - aRéa UF KELIEF VaALVE eanes FTEHZ 00021080
L b - RiLJcF VALVE FLOW COEFFICIENT OBOG L2 1O
[ el - LENGIH OF tEACH TANK CAR ELEMENT . N (01830
C* UELTA = TiME IMCREMENT IN CALCULATION oose SECONDLS 00001 650
Cx HE L - INLITLIAL SPECIFIC HEAT OF LALING 2000 160
L MTGT = INIVLAL TOTAL MASS OF LIQUIU AT LALING eees LU/FT QoL lile

e T E—



e pem—m fm _ ™ = M~/ M~ &/ P ;e i 1 o1
|£°Ls°X£z-.lsaausaar“?ﬁ"ﬁvI"ﬁ‘§1§ﬁv HI1Tds SXATTLVWY(OS 521 660D
HOLTd (S27149)311uM R600
e~ I3* i2t"T!!ﬁﬁﬁIT‘§§§ﬁi51ﬁI'ﬁ1=Hs.-x01&1vu304 577 L6000
HITHL (HZT49)3)1TUN 60
{i JPLF T AT NEEF) 3Z1IS INIW3 13 AYNIONITONG 1. *X0T1) LYWH0d €2l 5500
X130 (€2T9)3LINM . #5600
{ETLI*XSE*4 [1333) SnNIAVY JAISNT. 'XOTJ1VWHOLd 221 €600
WNYLY (ZZT*S)ILTUN Z7600
TETII*XER* (13337 RIONT T, *XOTIIVNEDT 177 1630
) HIN3TL (T1ZT°9)1311I4M 06090
i CTe8VY INVL, YXGTY1VWH0d 02t 6800
- S _ . {0ZT49)aLTUN 8800
177 XIV0 INRT WWHEINT X131 IVnn03 811 1800
X -.~“I".. i ' (6TT49)ILTHN : 9900
W R B T3 T T ELL =T §
t°oo»+tl'I'llxduall-na-oa)oslSGG'etrit'!‘Iildqgglsll'I'IDxlvau-uob 5800
08210000 . J9133 =03 %800
02210000 L OM3 =§3 €800
09210000 T =3LT* = 9IS 26800
) 057210000 . , . ¥NLdD = I 1800
! 0%210000 NI = N 0800
0€210000 HOISYD =dy 6100
02210000 o _YWWYD =dd al6d
071210000 ) e ANLOHH = QWY - 1100
poricano 9 = a0 9LH)
Q8110000 QY*z2T = 7 2 SLON g
a1 10000 ) «
o {319V IIVAY SI0GWAS 107d LIONILSIN §7) *?
17794 THNLVHIdW3L HNOd LNIWIEINT NGTLVIC Y IAVH — “YHN 2
L 1074 IWNIYHIdWIL FIRONHE DL HITHM IV IVANTINT IWT) - 1074 *)
03ILSANOSH SICd 91 4T - 1nd %)
4 933°**° ZN4 Y04 IHNLVHSAWIL FINIHIHIW — Wil #2)
4 230 **"" T4 W04 FdOL9HIdWIL FIINTAHTJIM - THIL %)
NOTLIVYINSNT BINNI HOJ ALIATINNINND 9 -
IYWHIHL 4N NNTIYHYA 3JuNLlvH3dWil d¥INLIQ 40 34035 = 2NTA )
NOTLYINSNT ¥ L0 HO3 ALTAIIOINANDD »)
"WH}PHL 40 NOILVIYVA JHNLVYdWIL HYENIT 4N 34009 - T1INDD %]
HH=4930—13/1ld "°°*" AHNLYHICHAL %7
ITMIHISIY 1‘1 NOTLYINSNT HANNT 40 ALTATLIDNUONDD VHHEIHL - A *7)
YH~4930-14/0LH **** IUNLYHIJW™] )
FIMNIN43Y 1Y NOTLYINSNT 93IIND 40 ALIALLONONND WwwWaInl - 194 D
- HINT ****NOTIVINSNT JN Y3IAYT WINNT S0 SSINMITHL -  THI9YT *
HINL ****NOTLVINSNT 30 ¥3AV 93100 d0 SSTNAITHL =  (HL9vA1 )
o IONLINND T »100
oL1 10006 SIATIVA 40 SNATLITINT = SO4NIA )
07110009 IOTSIND YD NANVL JO ALTAISSIWI — W32 ]
081 1¢000 LINIT JAOVA JUNSSIH4A MNTY — And 3
o 1101000 SIHINT "**=  IIHS HVI ¥NVL J0 SSINNITHL - ¥ITHL %9
GET19000 45d ***"* IAVA 431198 NIdD 0L 99ASSINd - A &9
_gTllgaMe _ SNATLYLS IVIOVH HVD WNVL 4N M39Wan - 73w &3
- I . 3 N -
»000 I9Vd T0/%€/60 061€L = 31VQ - LNdNI 12 I3A371 9 AT NYY1¥DS




602

FORTRAN IV G LEVEL 21 ", INePUT

DATE = 73190 - 09734701 PAGE 000D
3 () quTclo.IZol FKS T T T T
olol 1.6 FURMATLLO0X, "THERMAL CONDUCTIVITY OF SHELL MATERIAL (BTU/FT/HKI F1°
Ly3XaFTu51
Q0log WRLTE{64127) CPTNK
0103 127 FURMATELOX, *SPECLFIC HEAT OF SHELL MATERLAL (BTUILBHIUF)'-IZK F7.3
1)
olo% WRL1TC (6. 128) RHOTNK
0105 128 FORMAT (10X, "DENSITY OF SHELL MATERJIAL (LBM/FT3)¢,21X,F7.3)
0lcs WR1ITE{o0s129) NEL
017 129 FOKMAT{1iLX9 *NUMBEK DOF SHELL ELEMENTS AROUND CLRCUMFERENCE",11x,13)
0lo8 . WRLITE(64130) NX
uloy 130 FURMAT{1GXy "NUMBER DF SHELL LENGTH ELEMENTS "4 25X,13) .
cll¢ WRITE(S9156) HGT
o111 156 FOKMAT(ICX¢'GAS MEAT TRANSFER COEFFICIENT FOR INTERNAL SHELL SUKEA
ICE (BTU/FTZ/HR/UF)®* 4 FT.3//)
Gll2 WRITE(6,131)
c113 131 FORMATLLOX, *RelL lEF VALVE'/)
0Il4 WRITE(y132) {JUCLX,VENPOS{IDELX) yVAREALIOELX) IDELX=1,y b1}
c11% 132 FORMAT(4TX, *LENGTH ELEMENT® 410X, *VALVE POSITIUN'.9X.'Hax1HUH VALVE
®Y . /43K, "NUMBERY g Lo X
1°FHuM cNU OF CAR?, 11X, 'FLOW AREA'I?OX.'FT'.ZOK.'FTZ'III45X.I¢. 1Xe
ZFO.j lll.l‘b.#lf/l
Ccl1s WRITE{&6+133) TLLT
cl117 153 FORMATtLuX,%ROLL ANGLE TO CENTERLINE OF RELIEF VALVES (DEGHEES)®ss
1XgeFb,.3)
Q118 WRITELbLy1ld4) PK
Ccll9 134 FORMAT(LGX, TANK PRESSURE TO DPEN RELIEF VALVE (PS1A)*,13X,Ft.s)
912y WRITE{op135%) PRL
0121 135 FURMAT(10X,"LUMEK L1MIT FOR RELIEF VALVE OPEN (P3IA)*:14X+F8.3)
Q122 MRITE(Bny130} CO
o123 136 FOUORMATILOX, "VALVE FLOW COEFFICIENT'.3ZX'F8.BIII
0124 WK1TE{o, 1370
0125 137 FUORMAT(LIOX*TANK CAR SHELL INSULATION®/)
0126 WRITE{&64138) LAGTHL )
012y 138  FORMAT (10X, ' THICKNESS-OUTER INSULATION LAYER {INCHEST?,26X,F9. 4)
0128 WRITE({byl39 T
o129 139 FORMAT{10X,*THICKNESS~INNER R INSULATION LAYER CINCHES) ® y 26X oF9.4) ,
0130 WRYITE(6,140) FE1 . N
0131 ‘140 FDRHATIle.'CﬂNDUCTIUIIY-OUTER LAYER OF INSULATIDN AT REF. TEHP. ‘EMP. (
16TU/FT/HR/QF) * g F9.4) °
0132 WRITEL64141) FK2 i
0133 141 FDRHATI[OX,'CUNDUCTIVITY—INNER LAYER QF [N§QL ;gg AY REF. TEHP. {.
’ 1BTO/FT/HRZOF ) ' s FP %)
0134 WRITE{6,142) CINSL
0135 142 FORHATIIOX-'SLUPE OF VARIATIDN OF CDNDUCTIVITY-OUTER INSULATION":1l
LoXyF9 o8 ) R
0136 WRITE{6,143) CINSZ
0137 143 FORMATILIOX, "SLUPE UOF WARTATION OF COHDUCTIVITY~INNEE_JNSULATIGN'gj
16X, F9.4)
0138 HRITE(b.lﬁ&l.TEHl
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FORTRAN 1V G LevEL 21 . INPYUT DATE = 73190 C9/34/01 FaCt 0004

0139 144 FUORMAT( 10Xy "REFERENCE TEMPERATURE-DUTER INSULATIUN (UF)-.z«x.Fq %)
0140 - WRITE (G, 165) TEMZ
014l 145 FORMAT(LGX, *REFEKENCE TEMPERATURE-INNER INSULATION (UF)}®,24X,F9.4)
ol42 WRITE(6ela6) TDCMP -
0143 146 FGRMATULGKs TOENSTTY—SPECIFIC HEAT PRODUCT-INSULATION (BTUIFT%/LP)'
1y 14XyFGaat/)
0144 WRITE{G6,147)
0145 147 FORMAT(LUXy*INFORMATION FOR PLOTTING OF GRAPHS'/)
Ol4a WRITE(o,148) PLOT
0147 148 FORMAT{10Xs *GRAPHS REQUESTED (1.0TYES,0,0=NO)®,13X4F9. 2)
Gl4B WRITE(6,149) TPLOT
0149 149 FORMAT(LuX,'TIME INTERVAL FOR TEMPERATUKE GRAPHS (SECUNDS)®,FY.c)
0150 WRITE(6,150) NRAL
0151 150 FORMAT[1UX,"RADLAL STATION INCREMENT FOR TEMP. GRAPHS®",5X,1¢)
0152 “WRITE(69151) NSTALNSTAZ '
0153 151 FURMAT(10X, *GRAPHS TO BE PLOTTED AT LENGTH STATIONS'p11Xplis® ANDS
1e12/7)
Q154 ‘v WRITE(€glb2)
0155 152 FORMAT(10X, Y INITLAL CONDITIDNS*/)
G156 . WRITE(64153) HFL
o157 153 FUKMAT(LCX, "ENTHALPY OF Llouro LADING (BTU/LBM) Fo19XeFLU.2)
o 0158 WRITE(Cel54) MIOT
— U159 154 FORMAT (1UX, "TUTAL MASS UF LADING (LBM/FTI’ 25X ,F10.2]
o __ 0160 WRITE([6,155) GLW
Ol6l 155 FCRMAT (10X, COLD WALL HEAT TRANSFER TO TANK CAR SHELL (BTU/FT_/HR]
1*yFlCaci/)
vle2 MRITE(G615T)
0163 157 runnarl1ox.-5n1531vxrles-ln
0lb4 WRITt(oyl568) EL .
0165 156 FORMAT(10Xy *INSIUE SURFACE OF TANK CAR SHELL®,1X4F8.3)
0166 WRITE(G,159F EMQ.
C167 159 FORMAT(10X, *OUTS1DE SURFACE OF TANK CAR SHELL® ,FH.3)
0168 WRITE(6.46G) EFIRE
0169 160 FORMAT (10X, *FIRE®,29X4F8.3//)
viTe WRITE(G:161) DELIA
0171 161 FORMATELOX; *THE TIME STEP DURING COMPUTATIONS IS®,Fbelys? b:CuNUh'l
0172 WRITEQ6,165) FRAC
0173 165 FORMAT(10Xs*FRACTIUN UF_THE TANK THAT IS INVOLVED IN FIRE',Fo.3)
0174 i WRITE(6,162)
0175 162 FUKMAT(LH]) -
G176 RETURN . : voculelr
0L77 50 CONTINUE .
0178 §Toe ¢ - .
0179 END . LOGCLE20
- L . P { § i ' i i | i ] [t L J i J = j p ] i ] i J - - R

L R
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FORTRAN IV G LEVEL 21 HUNTEM - DAYTE = T390 - . 09734701 PAGE 0001
0001 SUBROUTINE HUNTEM (VyXeNyJ) ST
co02 DIMENSION X(N) S
S C* v - THE INDEPENDENT VARTABLE
Cx X =_JABLE OF INDEPENOENY VARIAPLES.
C* R S
0003 L = N-} - -
0004 U0 20 1=zl ‘ i
0035 IFIX(I-I' -LE. V -AND. VQLE. l I ) )
00cs 20 CONTINUE .
Cx j ) |
e ARRIVAL MERE IMPLIES THE USE OF THE LAST VARIABLE
Ce . C
nco7 E=L -
(Y] 30 CUNTINUE
000% J = 1-1
C*x
Cc* J PULINTS TGO X AKRRAY FCR 3 POINT FIT INDEXING
cold RETURN
eell END
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FORTRAN 1V G LEVEL 21 FPLY ] DATE = 73190 T 09/34/01 PACE QDOY
0001 SUBROUTINE FPLYT{PLy PLT HFToTLTs¥FTy¥VeToyLTe TL,VGe VFsHF, L)

0002 DIMENS 10N PLTIl),HFTllI.TLT[lttvFT(LI;VQTlll.LTlll *
0003 REAL*S LT,L L.

0004 xLAGR(co.cx.cz1;5;29;!;;!3151&5i%11_1£z-czlfcco—cn)f(co-cz1tuo—

LICX-CO*{CX~CZ 1/€CO-C11/1C1-C2 1Rl +ICR-COI#(CX-C1)/{COC2)/(C1C2)
2%y2 * i

0005 D0 & J=2,20 - ’ -
w0s LE{PLT{J)-PL) 646,57 -

0007 CONTINUE

0008 J= 20

0609 HI=PLT(J-2)

G010 H2= PLT{J-1}

Col11 H3=PLT(J}

012 He= PLT{J+1}

0013 TL= XLAGRINZ,H3,H&sPLy TLT{J-11, TLT{J), TLICJI+1))

0014 V5= XLAGRIHZ s H3,H4,PLy VGT{J=1)s VGT{J}s ¥GT(J+1)}

GC15 VF= XLAGRIHZsH3+H%sPLs VFTLJ-1), VFT(J)s VFT(J*1})

0016 HET XLAGRIHZH34HGsPLy HET(J-1)y HFT(J)y HFT(J+1))

€17 L = XLAGK(HZ,H3,H4,PL, LT{J-1)s LT{J}, LT(J+1}}"

gol8 RETURN

¢ol9 ENL

L T ! 5 ' j Pl o ! : H A ‘
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"FORTRAN IV 6 LEVEL 21 . ouTPUY o DATE = 73190 09/34/01 PAGE 0001
0001 SUBROUTINE QUTPUT - 00000010 :
Doo2 COHHON /PLOTS/ PLOT,TPLOT Seb) s TINPOT{400),

PDAT{400) s TINDAT(200) sy NRAD, -NPNSTALNSTAZ °

0003 CDHHUN’HUU!FYI HEATX{30,1 Qgﬁ!g Iﬁﬂg!!;ﬂ.lﬂ.ﬁ!l Aﬂ5‘30[g TIMET(10),00000140
I TILT»PITCHeNXFRAC
vous COMMON/QUTPUY/ TINE HFoPLy TLoTI,VOLL, VOLGy MGy HL MRy THE, . "
®DANG; TINT(30460eSIGCSIGT TGy QINTO,QGSUM, QL SUM 2 QTSUM
0005 COMMON/TEMP/ T TT Oy6),LF(25),
% THS(230,60)s TTHS(306), HFTI25) o TLTIZ25)}4PLTU(Z5) s VFT(25), 00000120
*V6TI25), TTT(30),PBTC30) » Xi{%:5),5¢(5) 00CGOGCGH0
Q0Uu6 COMMON /VALVES/ VENPDSI&), VAREA(G) ’ 000Go090
LouG? CORMON  /GENRL/ UELX, CPTNKy EIy EFIRE, FK3, 00000120
1 RHUTNK,y CDy DELTA, HF1l, MTOT, NEL, PRs THICK, RTANK, G PRLy EMU, wOUC013C
2 TLENTHsTOCMP . CINSLy CINS2y TEMl, TEM2y LAGTHL, .
3 LAGTHZ,y FKle FK2Z
[¢] s3] ] LOMMON/TO/ TOt 30461}
0009 REAL KKoKPyMTUTsL sMGoML oL T MGG 4 MR LUOUuCat
Loly DIMENSEON LSETI(6), STACLO}
00l1 DD 30 K=NSTALsNSTA2Z
0012 IF(TIMEEQ.UELTA) LSET(KI=D
0013 IUNLT = K+7
. | PRttt st sttt ottt b b st i ths e bl o s cbeibieiiethesindf oedts s s s s il s s o s st Y
c ' :
Ce LE-NX = 1y TUNIT MAY BE SET TO & FOR SYSOUT
c* -
C#n#tttl#'ttt#ttttt##*ttt#*#ttttt.tt‘ttttttt*t.t*“t#t*‘ttt‘t‘t#tt‘tttt*
OC 14 IF( MOD (LSET(KD)e250.EQe O ) WRITEIIUNIT#1000) K
0015 LuGG FORMAT(IHL, 50X, "AXLAL STATION NU, "y JA/2Xe"TIME®oiXe " TANK?yi3Xy *S
LHELL " 95Xy "TOTAL "4 3X s YANGLE " 42X YEBURST * 33X "LIQUID? y 1X sy *VAPUR "2 Xy "
RELIEF? g2 X g "HEAT® o 3X ¢ "HEAT "o 3X s "ACCUMULATIVE* o [ X *LIQUID®p1Xy "LIVY
JIU'.IUX.'PRESS’.ZX.'hLEHENT'.l!.'HASS'.%X.'TD'.Sx.'PRESS. 22X *TLEM
Gl et y i Xy *TEMP. " 'ZXt'VALVE.73X1.INPUT'QZ!.'INPUT';2X|."EAT.|lx'.lﬂpu
ST 933X e *VOLUME * ¢ LX s *ENTHALPY Y o /15X o "TEMP o —* 32Xy "OF " o 6X o "LIQUID AT?,
620Ay "MASS 94Xy *GAS/ "o 3Xe "LIQUID TO TANK CAR IN'» /15X *VAPURT, 3X,"*
TLADING " ¢ 9Xg *ELEMENT * g 15Xy "FLOW® o 4Xy *TIME FTIME® ) 15X, "TANK ¢ /15X,
BYSPACE® 3 18X, *TEMP "y L 7Xy "LBM/HR® 42X *STEP 33Xy *STEP 3 16Xy "CAK"y
GI2R g *SECY 43X *PSIA 43Xy "OF ? X o PLBM/FT?p2X p POEG Y9 3Ry "PHIA 44X,
VR HX g PUF Y4 SN " /FTy5Xe "BTU/FT 51Xy "BTU/FT 51Xy *6TU/FT" 4 Xy
XET3/FT 11X, *BTU/LBM" /) -
colé DD 20 J=2,425 .
Qo117 IFITTTUII-T{LeK)}) 20+20421
Gl 2L CONTINUE
0019 21 £=(T(LeK)}=-TTT(S- I'I/ITTT(J)-TTT(J-lll
0020 PrE=2*(PBT(JI=FBT(I=1))+PBTII-L}+14,.7
0Dc| WRITE (IUNIT ylULu) TIMEsPLeT{leK), HTDT.THE.PE.TL'TG'HRQUrSUH,ULSUH'
LU SUM, VULL o HF
vz 1.1. FURMAT( FOaOpcXogFbal gl XsFT 291X,y Fo.l.dl.Fb.Z,lX,PT 2elXysFbalslngy
1Fbol|lx,r?.Ulllebol’lx1Fb LplXegFl2.1, lX.Fb.Z.lx Fledl)
u0e3 LSETIK) = LSeT(K) +]
9C 24 33U LLUNTINUE
ao2b RETURN
poz2és N
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wHIddN%a SY INNAMIS STIVAMILNT JYOW S ATIVALIV IUY IWIHE RVHL 310N o)
*NOTLIINIA =X 3HL NI STWAYILINT uy¥8 JdAL STIT ONY NOTLDSHNIO o]
-4 _ANL NI SIVANTIINI JIVS € RO (35v9 SHOLIVI IWIS 31vWdIvI o)
p]
002 0L 09 _(XYWSAS *DI°NIWA "¥1® XVWSAS “NIA*NIWY)JT €200
7ILILIALILI7XVNSAS viva Z200
IGNT LMD S 1200
(1IVIVAA = XYWA [XYNA =19° (IIVIVOA) ¥ 0200
. (1)vIVaX = XvWX (XVYWX *19* (I)vivax) -1 6100
TLIVIVOX = NIWX (NIWX °“§17° (IMvWIVOX } J1 [ LD]
(1IVIVOA = NIWA ENIWA *17° {I)V1iVNA ) 4T - L1920
1dN%T =T ¢ DA 9100
{TIVAVOA = XVWA ’ S14a0
{1IVIVaOX = XVWX 3 ]3]
{1IVAIVYOA = NIWA €109
{TIVLVOXY = NIWX 2100
oI¥n 1IVvS 1109
JOHT S ZHISXHI P VHI P IRT S IR SEHT P >HT 1
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PAGE COUT

0024 DELX = (XMAX-XMIN)/Ilé.

0025 OELY = (YMAX-YMIN)/35.

0026 IF(UELXskWe 0.0) DELX=1.0

0027 IF(DELY.tUa U.0) DELY= 1.0

0028 CALL NURMAL (DELXyIXPNT)

0029 CALL NURMAL (DELYIYPNT)
C__C PRINT 9999, DELX, DELY, IXPNT, IYPNT

0030 9999 FORMAT(® ODELX, DELY. TXPN ¥ T
[
c _ "NORMAL® RETURRS BELK D X ED
(% SNORMAL® RETURNS A "WORMALIZED NOMBER IN POWER OF 10 NUTAJIGN--
c NOW SELECT A SCALE FOR THE MORMALIZED NUMBER SUCH THAT LT IS .
[» NEAREST T0Q 2, &, 59 &9 6, OR 10,
[ il
c B

0031 . CALL AXSCALUDELX)

0032 . CALL AXSCAL{DELY) L
C PRINT 1234, XMIN,YMIN

0033 ASCALE = DELX*(10.%%IXPNT)

0034 T YSCALE= DELY*(1G.**IYPNT)

0035 IDELX = QELX

0038 TIUELY = LELY
C* . >
C*  ESTABLISH PLOTTER ORIGIN AT 1XIN, IYMIN
e -

0037 - XK = 0.0

0038 IF(XMIN .GT. G.) GO TO 106

0039 100 IF(XSCALE *XK .LE. XMIN) GO TO 105

0040 XK = XK - 10

0041 GO TG 100

0042 105 IXMIN = DELX¥XK = o5

0043 G0 TU 109

0044 106 IF{XSCALE*XK.GT. XMIN) GD YO 1C7

0045 XK = XK + 10.

0046 G0 To 106

0047 107 IXMIN = DELX*{XK-10.0)

0048 109 XK = G.G

0049 IFIYMIN .GT. 0.} GO TO 121

0050 110 IFU{YSCALE®XK .Lt. YMIN} GO TO 120

0051 XK = XK = 5.0 _

0cs52 0 TO 110 .

0053 12C IYMIN = DELY*XK - .5

0054 C GO TU 125

0055 121 IF(YSCALE#®XK .GT. YMIN) GO YO 122

0056 XK = XK+ 5.0

0057 6D TU 1z1

0058 122 LYMIN = DELY®{XK=5,0)

-o—
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FORTRAN 1V G LEVEL " 21 o PLOTTR . OATE = 73190 | U9/34/01 FPAGE CO03
0059 “i2k CONTINUE 7 T
[
c .
C NOW RE-ESTABLISH XMIN, YMIN AS THE LEFT HAND CORNER UF THe
c GRIU. : ]
C
C
C
0060 XMIN = IXMIN®10.%x%[XPNT
0061 YMIN = IYMIN®10.0%%IYPNT
- [ PRINT 1234, XMIN, YMIN, DELX, DELY, IDELX. IDELY, IXMIN, 1YMIN
00&2 1234 FURMATIIX, 4F15.4,4[10)
< NOW PREPARE TO DRAW A YAXIS AT JXX ON THE X— AXIS
ps )
0063 JXX = (~IXMIN/IDELX)+1
Q064 " IFUJXX oLbas 1 oORe JXX GEe 121} 60 TO 7
0065 Ul 6 K = 1,41
0066 PLUTIK XX} = PLUS -
0067 6 CONTINUE
0068 T CONVINUE -
0069 - T JYY = 42-{~-LYHIN/IDELY +1} N N
0070 JFLJYY p
0071 D0 70 K =1,1I21 . .
0072 PLOTIJYY,K) = PLUS : : : .
0073 70 CONTINUE :
0074 8 CONTINUE
0075 XSCAL = IOELX®Ll0.2*IXPNT
0074 YSCAL = [DELY®10.%*IYPNT
0077 L0 = 1
0078 LHI = © ‘ - P
0079 00 15 K = 1,20
0089 IFLISYAIK) -EQs ©) GO TGO 16
o081l LHI = ISYR(K} + LH1
0082 DO 10 J = LULH]
0062 JXX = (XDATAUJ}-XMIND/XSCAL + 1.5
0084 JYY = (YDATALJ) — YMIN)D/YSCAL + 1.5 -
0085 IYY = 42 - JYY
0086 IFCIYY oLT- 1 «OR. IYY .GT. 41} GO TO 1u
0087 IF (JXX LT. 1 +OR. JXX .GT. 1Z1) GO TO 10
0086 PLOTIIYY,XX) = SYMBOL{K}
0089 10 CONTINUE
0090 LD, = LHI + 1
0091 15 CONTINUE
0092 1& CONTINUE
0093 D0 21 1I=1,13
0094 XAXIS{1l) = IXMIN +{1-1)%10*10ELX .
0095 21 CONTINUE . :
0096 DO 22 J = Lg4lys5
[ X} K = 4z-J
0098 YAXISE{K) = IYMIN®{J—1)SIDELY
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FORTRAN 1V G LEVEL 21 * PLOTTR ' DATE = 73190 Cu734/¢1 PAGE GCO4
0099 T 22 CONTINULE -

0100 25 WRITE(622000). JIYPNT 4 IXPNT

o101 2000 FORMAT(1HLly SCXyl1HYSCALE=10%%,12,5X,11HXSCALE=1C**,12,///)
0102 DO 30 4 = lye4ule5 : ) -

o103 K = J+1

0104 L = J+4

0105 WRITE(642005) YLAbB{J) o YAXISUI) o (PLOT(J,41), 1=1,121)

0106 2L05 FORMATI(1X4AL1,F10,0,121A1)

0107 IF{J +EQe 41) GO TO 3¢

olo8 DD 29 H = Kol

0109 WRITE(G6920101 YLAB(M)I(PLOTINsI)y1I=14121)

OL10 2010 FURMAT(1X,A)s00X,121A1)

oll1l 29 CUNTINUE

0112 30 CUNTINUE

0113 WRITE(os1010) XAXIS

0l14 1010 FORMATI/3X413{F10.0)/)

o115 . WRITE{oe1015) XLAB

(139 1) LOLS FORMAT {30A%)

oLL7 RE TURN

0118 200 WRLITE(6,1050)
" 0LlY 105C FORMAT({* PLOT ODIAGNOSTIC **%% PLOTTER ORIGIN AT SYSTEM MAX1IMUM

* 3% CHECK INPUT TO PLOT.'}
0120 RETURN
012} END
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0001 SUBROUTINME NORMAL CXNyEPNT) -
0002 K =0 , .
0003 xIN = XN :
Q004 1 IFL{ABSAUNG LT, 1.0} €D YO 1C -
0005 IF{ABS{XN) .GE. 10.0) GO TO 20

c

C <

€ FALL YHROUGH IMPLIES 1.0 LE, ABS{XN} LT, 10,0
0006 IPNT = =K ) ’
0007 IF(K .EW. —0) IPNT=0
0008 RETURN )
0009 10 K = K+1
0010, XN = 1U.O%%K*XiN
CGl1l GO TU 1 -
0012 20 K = K-1
0013 T AN = 10.0%*KEXIN
col4 GG 10 1
0015 ENU

-

Tl R
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FORTRAN IV G LEVEL 21 PLOTR - DATE = 73190 . 09/34/01 i PAGE 0001
0001 SUBROUTINE PLOTR R : o
uove COMMON 1PRNT(S) L 00000070
0003 COMMDN YLABI4L) ,XLAB(30), PLABlhll . ’

COL4 COMMUON PLUOT{%},1711}
05 COMMDN 1SYM(21) o .
6006 COMMON XAXISI13).YAXIS(4]1) -
0007 COMMUN /PLOTS/DUMMY o TPLOT4NPT, NPP. TEMDAT (200, 25:6) +TINPDTI4GC0)
1 POATI400), TIMDAT(2 RA N A
¢008 COMMON/MODIFY/ HEATX(30,10,6), TENPX(30,10,6)s ANGI3D), TIHETIIO!.OOOOOI#O d
1 TILT,PITCHyNX FRAC
Coo9 COMMON /GENRL/ DELX, CPTNK s EIy» EFIREy FKSy 00000190
1L RHOTNKy CDy ODELTA, HEl, MTOT, NELs PRy THICK,; RTANK,; PRL, EMO, 00000200
2 TLENTH,TOCHP, CINS1, CINS2, TEM1l, TEM2s LAGTHI1,
3 LAGTH2, FKl, FKz : :
Cx= S )
Cx* NOUTE _THAT NX _MUST B¢ L FOR COMPATIBILITY WITH SI7E OF TEMUAT
Cx i

LGt Nx= 1
coll UL <0 M= NSTALs NSTAZ
wol2 LSYMEYD = NPT

o col13 IsYM{Z) = O
0 C%
— Cx
= SINGLE PLOTS ONLY REQUIRED
GOL4 DO 10 L=LoNP
CoLS CALL PLOTTRUTIMOAT,TEMDAT(L+LeMIoNPT)
LClb LEVEL= 1+ NRAD®*iL-1)
OGLl7 WHITE(6,1000) My LEVEL
cCls LOOL FORMATI/Z710Xe "AXLIAL STATICN NOs ToI5e 10Xy "CIRCUMFERENT 1AL STATION
*NO."y1%)
ovle 1¢ CONTINUE
COz0 ek CONTINUE
C*
C» NLW PLUT PRESHSURLES N
C*
ozl ISYMU1) = NPP
¢C22 DO 30 I=ly4l
0023 3u YLAS(1)= #LABLL) N
b0 L% LALL PLUOTTRATIMPUT, PUAT.NPPI
[{]tFq-) HETUKN
o026 ENL







