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EXECUTIVE SUMMARY

This report describes the technical background for the computer program AFFTAC
(Analysis of Fire eFfects on TAnk Cars) which can be used to analyze the behavior of tank
cars and the products they contain when subjected to fire. The assumptions and
procedures used in the analysis are described in this report and the source codes of the
main program and subroutines are presented in a series of appendices.

The ﬁrsf version of the program was developed for the Federal Railroad
Administration in 1984. Since that time certain features have been added to the program
such as the thermal properties of additional commodities and the ability to consider a tank
with a safety vent as well as the safety relief valve. The thermal properties of 16
commodities are now contained in the program.

Originally, the program accepted entry of input variables at the monitor. This has
been modified so that input data can be read from a file or entered in an interactive way
at the monitor. The interactive process at the monitor has been expanded with prompts
added to provide added instructions for the entry of data.

Another feature that has been added in this version of the program is the entry of
thermal property data. Now one can enter thermal property data for products by creating
and reading a file of data or by entering the data at the keyboard of the monitor following
the instructions given by a series of prompts on the screen.

Several different conditions must be recognized when analyzing the effects of fire
on a tank car. First, the car may be in the upright position venting vapor. Most of the heat
is conducted into the car through the wetted area of the tank. The properties of the thermal
shield (insulation system) determine the rate of heat transfer into the liquid product. Some
heat is also conducted through the thermal shield over the vapor space which increases
the temperature of the liquid product, increasing as its temperature increases. The
presence of a pad of inert gas must be considered for cars containing certain commodities.

The analysis considers whether the car is equipped with a safety relief valve or a
safety vent with a frangible disc. If the car is equipped with a safety relief valve the valve
opens allowing the vapor to exhaust from the car when the pressure within the tank



exceeds the start-to-discharge pressure of the valve. A slight rise in the pressure above
this value causes the valve to move to the fully open position. If the valve flow capacity is
adequate, the liquid will tend to remain at a nearly constant temperature as it is vaporized
and exhausted from the tank. If the valve flow capacity is not large enough, the pressure
in the tank will rise allowing the temperature of the liquid to increase and also resulting in
a somewhat larger mass flow rate through the valve. If the car is equipped with a safety
vent, the vent opens and stays open for the remainder of the calculation when the rupture
pressure of the frangible disc is reached.

Another condition is the overturned car case. The car is assumed to be partially
rolled over so that when the safety relief device opens it will vent liquid instead of vapor.
The volumetric flow rate for liquid discharge is less than for the vapor case at any given
pressure, but the mass flow rate may be larger because of the greater density of the fluid.
Liquid flow is calculated assuming homogenous isentropic two-phase flow (liquid and
vapor). Two-phase effects are significant only when the product has a high vapor pressure.

Still another condition is where the tank is “shell full” (of liquid) and for all practical
purposes there is no vapor space left within the tank. This occurs when the car is initially
filled with only a small empty volume (outage) above the liquid surface. When the car is
exposed to the fire, the temperature of the product rises and its specific volume increases
so that eventually all of the tank is filled with liquid. When the car becomes shell full, any
further increase in temperature of the product will cause liquid flow through the safety relief
device. If the capacity of the device is small and the rate of increase in the specific volume
of the liquid is large, very high pressures can be developed.

A fourth condition is where all the liquid has been vaporized. This condition is also
associated with the case where the critical temperature of the product is exceeded before
all the liquid is vaporized so that the vapor state is the only phase in which the product can
exist. The temperature of the vapor will increase at a fairly rapid rate because heat is both
convected and radiated to the product and because the mass of the product within the tank
is relatively small. The tank wall temperature also increases fairly rapidly because there

is no cooling effect from the vaporization of liquid product within the tank.



For each of these four conditions, the burst pressure of the tark is estimated as a
function of the wall temperature over the vapor space. When the tank is no longer capable
of containing the pressure within the tank, failure is assumed causing the sudden release
of the remaining product within the car.

The program has been written in FORTRAN using Microsoft Version 5.0 FORTRAN
and is intended for use on a personal computer. It has been compiled using the /Fi option
which does not require the use of a 8087/80287/80387 math coprocessor to perform
floating point operations, but will use it if present in the computer. The program is designed
for interactive use with a monitor. The results can be displayed at the monitor or written

to a report file.
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TECHNICAL DOCUMENTATION REPORT FOR
PROGRAM AFFTAC

1. INTRODUCTION

This report describes the technical details for the computer program AFFTAC
(Analysis of Fire eFfects on TAnk Cars). The program is used to analyze the behavior
of tank cars and the products they contain when subjected to fire. The assumptions and
procedures used in the analysis are described in this report and the source codes of the
main program and subroutines are presented in a series of appendices.







2. BACKGROUND

In 1984, IIT Research Institute (IITRI) developed a computer program for analytic
procedure which could be used to calculate the effects of fire on a railroad tank car.
The work was sponsored by the Federal Railroad Administration (FRA). The procedure
was developed so that the consequences of using different conductances of thermal
insulation systems on the tank and different flow capacities of the safety relief valve
could be determined. It was used to predict various effects of the fire, such as the time
to tarlk failure, the amount of product remaining in the tank at the time of failure, the
maximum pressure in the tank, the time to reach certain pressure levels, etc. Both
upright and overturned car cases were considered. Tank cars containing the following
products were analyzed: ethylene oxide, propane, propylene, 1,3-butadiene, vinyl
chloride, monomethylamine, and propylene oxide. A report describing the procedure
and presenting the source code of the computer program was published in 1984 by the
FRA (Ref. 1).

In subsequent years |ITRI modified the procedure to include additional
commodities and different conditions, such as the use of safety vents closed by
frangible discs instead of safety relief valves, the use of linings in. the tank, the
expansion of the tank due to internal pressure, etc. This was done so that it could be
used to analyze different situations where tank cars are engulfed by fire.

The thermal properties of other commodities were also entered into the program.
Some of these commodities were soluticns, such as hydrochloric acid, where
consideration had to be given to a change in the concentration of the solution as
vaporization and venting of the product takes place.

In November 1992 a project was initiated with the Association of American
Railroads (AAR) to make the computer program more accessible to the tank car
industry. The purpose of this project was to document the changes and describe the
operation of the program so that it could be used by others. The work included

modification of the program to run on a personal computer.



The results of this work were published in April 1993 in a draft report. The
executable program was distributed to selected users by the AAR for evaluation.
Comments on the program were not transmitted to IITRI until October 1994. The
program was revised and resubmitted to the AAR in November 1994 (Ref. 2).

As mentioned in the Preface to this report, the present efforts to expand the

capabilities of the analysis program were initiated in September 1994.



3. GENERAL CONSIDERATIONS

The analytic procedure allows the conditions within the tank to be determined as
a function of time for different initial conditions, which include characteristics of the tank,
product contained in the tank, the safety relief device, thermal insulation and fire. The
computer program has been written in FORTRAN using Microsoft Version 5.0
FORTRAN and is intended for use on a personal computer. It has been compiled using
the /Fpi option which does not require the use of a 8087/80287/80387 math
coprocessor to perform floating point operations, but will use it if present in the
computer. The program is designed for interactive use with a monitor. The results can

be displayed at the monitor or written to a file.

3.1 DESCRIPTION OF PHENOMENA

Fig. 3.1 illustrates the basic phenomena which must be taken into consideration.
Four different conditions are recognized. The first is where the car is in the upright
position venting vapor. Most of the heat is conducted into the car through the wetted
area of the tank. The properties of the thermal shield (insulation system) determine the
rate of heat transfer into the liquid product. Some heat is also conducted through the
thermal shield over the vapor space which increases the temperature of the tank wall.
As the temperature rises, heat is radiated from the wall to the liquid below. The amount
of radiated heat depends on both the radiation surface configuration factor of the
surface of the liquid and the temperatures of the wall and liquid.

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

The pressure within the tank is a function of the temperature of the liquid product,
increasing as its temperature increases. The presence of a pad of inert gas, must be

considered for cars containing certain commodities.
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The calculation considers whether the car is equipped with a safety relief valve or
a safety vent with a frangible disc. If the car is equipped with a safety relief valve the
valve opens allowing the vapor to exhaust from the car when the pressure within the
tank exceeds the start-to-discharge pressure of the valve. A slight rise in the pressure
above this value causes the valve to move to the fully open position. If the valve flow
capacity is adequate, the liquid will tend to remain at a nearly constant temperature as it
is vaporized and is exhausted from the tank. If the valve flow capacity is not large
enough, the pressure in the tank will rise allowing the temperature of the liquid to
increase and also resulting in a somewhat larger mass flow rate through the valve. If
the car is equipped with a safety vent, the vent opens and stays open for the remainder
of the calculation when the rupture pressure of the frangible disc is reached.

The second condition is the overturned car case. The car is assumed to be
partially rolled over so that when the safety relief device opens it will vent liquid instead
of vapor. The volumetric flow rate for liquid discharge is less than for the vapor case at
any given pressure, but the mass flow rate may be larger because of the greater density
of the fluid. Liquid flow is calculated assuming homogenous isentropic two-phase flow
(liquid and vapor). Two-phase effects are significant only when the product has a high
vapor pressure.

The third condition is where the tank is “shell full” (of liquid) and for all practical
purposes there is no vapor space left within the tank. This condition is more likely to
occur when the car is initially filled with only a small empty volume (outage) above the
liquid surface. When the car is exposed to the fire, the temperature of the product rises
and its specific volume increases so that eventually all of the tank is filled with liquid.
When the car becomes shell full, any further increase in temperature of the product will
cause liquid flow through the safety relief device. If the capacity of the device is small
and the rate of increase in the specific volume of the liquid is large, very high pressures
can be developed.




The fourth condition is where all the liquid has been vaporized. This condition is
also associated with the case where the critical temperature” of the product is exceeded
before all the liquid is vaporized so that the vapor state is the only phase in which the
product can exist. The temperature of the vapor will increase at a fairly rapid rate
because heat is both convected and radiated to the product and because the mass of
the product within the tank is relatively small. Under almost all conditions, the safety
relief device is capable of relieving any increases in pressure as the vapor becomes
hotter. For a valve, the pressure would be maintained near the valve closing pressure.
The tank wall temperature also increases fairly rapidly because there is no cooling
effect from the vaporization of liquid product within the tank.

The calculational procedure assumes that each of the parameters remains
constant over a given time step. The parameters are then updated at the end of the
time step. An integration time step of 0.1 minutes has been found to be adequate for

the calculations.

3.2 STANDARD FIRE CONDITIONS

Two standard fire conditions are built into the analytic procedure. They are the
pool fire condition and the torch fire condition. They are based on the requirements of
Appendix B to Part 179 of the Code of Federal Regulations (CFR).

The pool fire simulation test described in the CFR calls for a sample insulation
system to be subjected to a 1600 °F + 100 °F flame. Analysis of the full scale fire tests
on tank cars containing propane indicated that the effects of the fire could be
represented by complete engulfment of the car in a fire with approximate flame
teemperature 1500 °F. (See Refs. 1 and 4.)

A torch fire is defined as a high intensity flame that will heat and weaken the tank
wall in a localized area. The effect will be much more pronounced if the flame impinges
on the tank wall over the vapor space because the cooling effect of the liquid product

will not be present. It will have a minimal effect, when compared to a pool fire, in raising

* This critical temperature has a different meaning than the “critical temperature”
entered into the program. “critical temperature” here refers to the maximum
temperature at which the product can exist in the liquid state.



the temperature of the contents of the tank, because heat is transmitted into the tank
only in a localized area.

The heat input used to analyze the effects of a torch fire on a tank car is based
on the requirements for a simulated torch fire test which are also given in Appendix B to
Part 179 of the CFR. The requirements state that the flame shall have a temperature of

2200 = 100 °F and shall be directed at the test specimen at a velocity of 40 + 10 mph.

The intensity of the heat input from this flame is to be verified by directing it at a 4 by 4 ft
steel plate 5/8 in. thick, which is initially between 32 and 100 °F. When the flame is
directed at the plate, the plate is to reach a temperature of 800 °F in 4.0 + 0.5 minutes.

Torch fire simulation test has been analyzed to determine the heat input required
to raise the temperature of the plate to 800 °F in four minutes. The result is a thermal
input of approximately 37,000 BTU/hr-ft? to a cold plate surface. This equivalent to the
radiant energy from a flame with a temperature of 2200 °F, but with a factor of 0.536 to
account for the fact that the flame does not completely surround the plate. In the
analytic procedure a flame with this intensity is directed at the outer surface of the tank
wall (for a bare uninsulated tank) or the jacket of an insulated tank. The heat input to
the tank will be reduced, as the surface temperature is raised.

The above calculated value of thermal input has been used in the tank car torch
fire analysis. It is assumed to be applied to a 4 ft square section of the surface of the
tank adjacent to the liquid for the calculation of heat input to the tank. For purposes of
determining the reduction of in burst pressure of the tark, it is assumed that the heat
input is directed at the tank wall adjacent to the vapor space.

The assumption is made for the purpose of analysis that all of the heat is
transferred to the surface of the tank by radiation. Under actual test conditions, heat
transfer by convection would also be present because of the 40 mph flow velocity
specified for the flame. However, there is no way to separate out the relative effects of
the two mechanisms of heat transfer. Assuming the heat transfer is by radiation is a
conservative assurnption because it results a significant level of heat transfer even
when there is only a small difference in temperature between the flame and the outside
surface of the tank.



3.3 USE OF SUBROUTINES

The computer program is named AFFTAC and makes use of subroutines which
are listed as follows:
ENTRDAT permits entry of variables used in the analysis interactively at the
. .computer terminal,

SURFACET calculates the surface temperature of the outside of the tank
insulation system,

AVFLOW calculates the liquid flow through a safety relief device, and

TSHIELD calculates the effective conductance of an insulation system, where
temperature dependent conductivity is assumed.

Two different subroutines are used for the entry of thermal property data. These are:
SBSENTR for the entry of thermal property data for a substance, and
SLNENTR for the entry of thermal property data for a solution.

The analysis requires establishing the current values for the thermal properties of
the product at various steps through the calculations. The values are found by calling
one of four subroutines. Two subroutines, FPRPSBS and FPRPSL\{, are used to
obtain data for products where the thermal properties are stored in. the program.
FPRPSBS contains data for products which are substances. FPRPSLV contains data
for products which are solutions. The other two subroutines are used for cases where
the property data are entered into the program either by reading a file or by entering at
the monitor. One of these subroutines, SBSPROP, is used for products which are
substances. The other, SLNPROP, is used for products which are solutions.

The subroutine ANLYRPT is used to prepare a file describing the analysis

conditions for any given run of the program.

3.4 VARIABLES USED TO DESCRIBE CONDITIONS OF THE ANALYSIS

The following variables are entered into the program to establish the conditions

of the analysis.
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Tank Characteristics
Capacity of Tank (gal)
Inside Tank Diameter (ins.)
Tank Wall Thickness (ins.)
Tank Material Type
Tensile Strength of Tank Material (psi)
Nominal Burst Pressure (psig)
Tank Orientation with Respect to Vertical (deg)

Product Characteristics
Type of Product in Tank: Substance or Solution
Procedure for Entry of Thermal Property Data
Name of Product
Fraction of Tark Filled with Product
Initial Temperature of Product (deg F)
Concentration of Product (if solution)
Padding Gas Pressure (if present, psig)

Safety Relief Device Characteristics
Type of Safety Relief Device; Valve or Vent
Discharge Area for Vent (if used, in?)
Frangible Disc Rupture Pressure for Vent (if used, psig)
Flow Capacity of Safety Relief Valve (if used, SCFM)
Flow Rating Pressure of Safety Relief Valve (if used, psig)
Start-to-Discharge Pressure of Safety Relief Valve (if used, psig)
Vapor Discharge Coefficient
Liquid Discharge Coefficient

Thermal Insulation System Characteristics

Type of Thermal Insulation System

Initial Conductance of Thermal Insulation (BTU/hr-ft2-°F)

Final Conductance of Thermal Insulation (BTU/hr-ft>-°F)

Time Interval for Change from Initial to Final Conductance (if any, min)

Thickness of Thermal Insulation (only for temperature dependent
conductivity cases, ins.)

Constants Defining Thermal Conductivity (only for temperature
dependent conductivity cases)

Effect of Discontinuities Increasing Heat Transfer (if any)

Type of Lining (if any)

Fire Characteristics
Type of Fire (pool, torch, or special conditions)
Flame Temperature (deg F)
Fraction of Tank Surface Subjected to Fire
Emissivity/Absorptivity of Tank Surface

11




Analysis Conditions
Time Increment Used in Analysis (min)

Number of Time Increments Between Display of Output Data
Time Limit Analysis (min)
The manner in which these data are entered into the program is described in the

User's Manual.

3.5 EXCEEDENCE OF TEMPERATURE OR CONCENTRATION LIMITS

During the operation of the program the temperature and concentration (if the
product is a solution) are checked to determine if certain limits are exceeded. If the
temperature range for which thermal property data are entered into the program is
exceeded during the analysis, the following statement will appear on the terminal screen
and written to the output file:

OUTSIDE TEMPERATURE RANGE OF THERMAL PROPERTY DATA

The calculations will continue, but will be based on extrapolated, rather than
interpolated thermal property data.

If the concentration range for which thermal property data for a solution are
entered into the program is exceeded during the analysis, the following statement will
appear on the terminal screen and be written to the output file:

OUTSIDE CONCENTRATION RANGE OF THERMAL PROPERTY DATA

The calculations will continue, but will be based on extrapolated, rather than
interpolated thermal property data.

3.6 LIMITATIONS OF ANALYSIS

Several assumptions are made in the analytic procedure which limit the scope of
the types of situations that can be considered. First, it is assumed that the liquid
product within the tank is at a uniform temperature. This implies that the liquid product
has a low viscosity because this would lead to rapid mixing of the liquid as heat is
transferred to it through the tank wall and insulation. Rapid mixing would not take place
if the liquid had a high viscosity and this would lead to a nonuniform temperature which
would influence the effects of the fire on the tank and the product within the tank.

12



While the present version of the analytic procedure allows one to consider
products which are solutions, it is limited to two-component solutions. Entry of thermal
property data for a two-component solution involves considerably more effort than for a
" substance. Entry of thermal property data for a solution with additional constituents
would require considerably greater effort.

A third limitation is that the present analytic procedure does not permit
consideration of chemical reactions or changes in phase within the product which would
result in the liberation or absorption of heat (except, of course, for the vaporization of
the product). As certain products are heated beyond a temperature limit, they may
undergo a reaction which liberates heat. This would tend to increase the rate of
increase of temperature and pressure within the tank.

The analytic procedure considers the effect of discontinuities such as the
manway nozzle, jacket spacers, and body bolsters when computing the total heat flow
into the tank, but it does not predict the temperature of the tank wall at these locations.
The effect of heat flow through discontinuities might lead to local “hot spots” at these
locations particularly if the discontinuity were in the vapor space region of the tank, and
couid be of concern with commodities where a chemical reaction may be initiated if they

are raised to a certain temperature.
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4. ANALYTICAL PROCEDURE

The program is initiated by entering the command: AFFTAC." The steps in the
analysis are described in this section. Additional explanatory notes are contained in the
listing of the source code, which is presented in Appendix A. A flow chart for the

program is presented in Fig. 4.1.

4.1 INITIALIZATION

The first part of the program deals with the entry of data.

4.1.1 Data Entry

Fig. 4.2 presents a flow chart showing the options and logic for the entry of
data. There are two parts to this process, the first dealing with the entry of the variables
describing the initial conditions of the analysis and the second dealing with the entry of
thermal property data.

The first decision point is whether the initial values are to be entered at the
monitor or from an existing computer file. If a file is used, the name of the file must be
entered. If the values are to be entered, one at a time, at the terminal, subroutine
ENTRDAT.FOR is called. See the User's Manual, Section 2, for a detailed description
of this part of the program. The source code for subroutine ENTRDAT.FOR is
presented in Appendix B of this report. A report of the initial data is prepared by
subroutine ANLYRPT.FOR. The source code for this subroutine is presented in
Appendix C of this report.

The next step in the program is the entry of the thermal property data. As
indicated by the flow chart this can be done by entering the property data at the monitor,
reading a previously developed file or property data, or by using the property data for
one of the commodities which are stored in the program. Two types of commodities are
considered, substances and two-component solutions. The procedures for entering
thermal property at the monitor are described in Section 3 of the User's Manual. The
source codes for the two subroutines for the entry of thermal property data,
SBSENTR.FOR and SLNENTR.FOR are presented in Appendices D and E of this
report.

* The program can be run from Windows 95 by using Windows Explorer to find the
AFFTAC icon and then double clicking this icon. ’
15



Data Entry

See Fig. 4.2
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FIG. 4.1 FLOW CHART FOR PROGRAM ‘AFFTAC’
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FIG. 4.2 FLOW CHART OF DATA ENTRY FOR PROGRAM ‘AFFTAC’
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A statement then appears on the screen asking definition of the type of data
output desired. The alternatives are data written to the monitor screen, data written to a
file, or both. If data is to be written to a file, a statement appears on the screen asking
the name of the output file. Type in the name of the file and press the return key.

4.1.2 Calculate Other Initial Values

After the entry of initial analysis and thermal property data the program then
proceeds with the calculation of other parameters.

First, conductances are calculated for the tank wall and the tank wall in
combination with a film coefficient between the liquid and tank wall. The thermal
resistance offered by the film coefficient is difficult to estimate. Conductances ranging
from several hundred to several thousand are reported in the literature depending on
the properties of the liquid, whether or not boiling is present at the interface, and the
geometry of the interface (e.g., see Ref. 3). An indication of a representative value to
use for this parameter can be inferred from the results® of the full scale fire test on a
tank car filled with propane (Ref. 4). A value of 1000 BTU/hr-ft%-°F is recommended as
a conservative representative value of the film coefficient.

Next, other parameters, such as the volume of the tank, tank length, tank surface
area, weight of tank shell, initial weight of liquid product, initial weight of padding gas, if
any, weight of product in the vapor space, etc., are determined. The appropriate
product subroutine is called to get the product data for these calculations. Pressures
related to the safety relief valve are converted to absolute values. Pressures defining
the degree of opening of a safety relief valve are also established.

If a safety relief valve is used, its cross sectional area is calculated from the
standard equation for compressible gas flow through a nozzle:

Y+1j|
w=144C4,A P | 9v [2 Lr=1 (1)

ZRT |y+1

* The results of this test indicated that the average conductance over the surface of the
car was 300 BTU/hr-ft>-°F. The conductance of the 5/8 in. thick steel wall can be
estimated at approximately 500 BTU/hr-ft>-°F, which implies that the conductance o
the film coefficient would be about 750 BTU/hr-ft?-°F.
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where : w is mass flow rate (Ibs/sec),
A, is minimum cross sectional area of valve (ft?),
Cq is the valve discharge coefficient,
is upstream gas pressure (psia),
is upstream gas temperature (absolute temperature, °R"),
is the gravitational constant (ft/sec?),
is the gas compressibility factor,
is the gas constant, equal to 1545/(molecular weight)(ft/°R), and
is the ratio of specific heats.

<= IONa 47T

For air it is assumed that Z equals 1.0, Y equals 1.4, and R equals 53.3. T is assumed
to be 519.7 or 60 °F,

Equation (1) then becomes:
w = 3.3958 PCyA, @)

The density of air at standard conditions (60° F and 14.7 psia) is 0.0763 Ibs/ft’.
Substituting and rearranging terms, the minimum cross sectional area of the valve can
be expressed as follows:

A, = (SCFM) / (C4Ps2644) (3)

where: SCFM is the rated flow capacity (ft/min), and
Ps is the valve flow rating pressure (psia).

If a safety relief valve is used, constants related to the equation for vapor flow
through a valve (VLPCON), are calculated so that they can be used later in the analysis
when vapor mass flow through the valve is determined. The constants are calculated,
as appropriate, for vapor flow of the substance, solvent and padding gas as follows:

=

2 |ly-1

VLPCON =144 4 |31 P} 1 (4)
R |y+l

* The notation °R is used to refer to absolute temperature in degrees Rankine.
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42 PRELIMINARY CALCULATIONS OF FIRE EFFECTS

4.2.1 Determine Effective Conductance of Thermal Insulation and
Thermal Protection System(s)

Once all the initial value calculations have been completed, the program begins
the analysis of the effects of the fire on the tank car. The first step in this process is to
integrate the effects of any linings, if present, into the conductance’s previously
determined for the tank wall and the tank wall combined with the film coefficient. This
calculation also takes into account any deterioration in the thermal resistance afforded
by the lining which may take place over time. This option is provided in the entry of data
(see Section 2.3.4 in the User's Manual). Two options are provided, the use of a rubber
liner or an organic coating.

Rubber liners are used on some acid cars. They would initially offer a high value
of insulation. A typical value for the conductivity of rubber is 0.1 BTU/hr-ft-°F. This
would imply a conductance of 6.4 BTU/hr-ft>-°F for a 3/16 in. thick rubber liner, which
would provide a high degree of resistance to heat flow into the tank. It is likely,
however, that the effectiveness of the rubber as a thermal insulator would soon be
destroyed on cars which do not have any exterior insulation because the adjacent steel
tank wall would soon be heated to over 1000 °F which would melt the surface of the
rubber in contact with it. Therefore, in an analysis of this condition, it is recommended
that the rubber liner be considered to have an initial conductance of 6.4 BTU/hr-ft?-°F,
but that this would be degraded linearly over a 15 minute period. The rubber liner on an
insulated car is likely to remain effective for a much longer time because the exterior
insulation would keep the tank wall at a moderate temperature.

Some cars have an organic coating on the inside of the tank. It would offer less
resistance to heat flow than a rubber liner because of its small thickness. An estimate
of its conductivity is 0.25 BTU/hr-ft-°F which implies a thermal conductance of 500
BTU/hr-ft>°F for a 6 mil thickness. Its effectiveness would be expected to be retained
for a fairly long period of time because, its conductance is high, which means the
temperature of the inside of the tank wall would be close to the temperature of the

product within the tank. Thus, it is less likely to be damaged by high temperature.
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The overall value for the conductance of the tank (CNDLQ in liquid region or
CNDVD in vapor region) is determined from the conductances of the component parts

by the following formula:

1 - ) ®)
CNDLQ or CNDVD C;

where: C; is the conductance of a component of the system (e.g., tank
wall, insulation, etc.)

4.2.2 Calculate Temperature of Tank Surface Outside of Liquid Region

Next, the temperature of the outer surface of the tank in the liquid region is
calculated. This calculation is carried out in subroutine SURFACET. (See Appendix J.)
It is assumed that a quasi-steady temperature distribution exists through the tank wall
thermal insulation system and that the inside wall temperature maintains the value
which has been established in the last calculational cycle. The heat input to the outside
surface is assumed to be the radiant energy from the flame at the flame temperature.
The radiation surface configuration factor is assumed to be unity except in the case of a
torch fire where it is assumed to be 0.536. The surface emissivity factor is as entered
with the input paraameters. A heat balance then exists between the heat radiated to the
outside surface of the shell, the heat that is being conducted through the insulation, and
the heat being radiated away back to the fire from the outside surface of the tank. The
solution for the temperature of the outside wall is carried out in an iterative manner to
find the heat balance under these conditions.

4.2.3 Calculate Temperature of Tank Surface Outside of Vapor Region

The calculation of the temperature of the outer wall surface in the vapor region is
also made using subroutine SURFACET. The conservative assumption is made, if a
padding gas was initially present, that even when the tank is shell full, there is a small
volume of vapor between the top of the shell and the surface of the liquid so that the
tank wall is not cooled by contact with the liquid product. This allows for the fact that the
tank might not be completely level allowing a small region of vapor at the high end of
the tank.
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4.2.4  Establish Geometry of Liquid Levels

The calculation requires the establishment of the angle from the horizontal
(THET), in radians, of a radial line to the liquid level at the surface of the tank. The
angle THET is a function of the fraction of tank volume occupied by the liquid, which is
defined as FRAC. The determination of THET requires an iterative solution of the
equation:

FRAC = 1/ [n/2 + THET + sin(THET) cos(THET)] (6)

4.2.5 Radiation Surface Configuration Factor
First, the area of the surface of the liquid (AREALQ) within the tank is calculated.
Next, the radiation surface configuration factor for the transfer of radiant energy from the

tank wall over the vapor space to the surface of the liquid is established. The view
factor is estimated from the relationship:

- 7
AqF12=AgF 2 )

where: F;jjis the radiation surface configuration factor for a gray body.

F42 can be calculated taking into account the emmissivities of the two surfaces by

using the following equation:

o= L 8)
127 iy + (Ueq-1) + (AJAY) (1en-1)

where: f2 is the radiation surface configuration factor for a black body,
and
g4 and &, are emmissivities of surfaces 1 and 2.

In using this equation it is assumed that fiq« = 1 since the liquid surface sees only the
tank wall.
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The radiation surface configuration factor for the liquid to the tank is designated
FLQT, and the factor for the tank to the liquid is designated FTLQ. FTLQ is calculated
from FLQT using the reciprocal relationship. The emissivity of the inside tank wall is
assumed to be 0.8. The emissivity of the liquid surface is assumed to be 0.9.

These equations are used with the assumption that the conditions are uniform on
the inside surface of the tank. This is not strictly correct because the temperature of the
inner wall surface would be cooler for regions closer to the surface of the liquid. The
temperature would depend on the length of time the wall has been exposed to the vapor
and also the amount of radiant energy that has been received from the hotter part of the
wall. Uniform conditions will be closely approached when the liquid level is near the top
of the tank, because a slight drop in the liquid level will expose a large area of the inner
surface of the tank. Uniform conditions will also be approached when the level of the
liquid is low. Although the transient differences may be larger when the liquid level is
near the center of the tank, calculations show that they would only have a small effect
on the total heat transfer.

4.2.6 Calculate Temperature of Inner Wall Surface in Vapor Region

The next step is to calculate the temperature of the tank wall in the vapor region.
This is done by taking the value for the outer tank wall surface temperature previously
computed, and establishing a heat balance on the inside surface between the heat that
is being conducted through the tank wall and insulation system, and the heat that is
being lost by convection and radiation to the inside of the tank. The calculation also
considers that there is small amount of convected heat loss. Various values for the
convection coefficient are assumed depending on the orientation of the car, the fraction
of tank volume occupied by liquid and the flow rate through the safety relief device.
This characteristic has been deduced, in part, from the full scale fire tests.

4.2.7 Adjust Tank Size for Temperature and Strain Effects

Next, the size of the tank is adjusted for temperature and strain effects. The
temperature of the tank adjacent to the liquid is used to determine the expansion of the
volume of the tank due to its rise in termperature. The use of the liquid temperature is a
reasonable assumption because the effect is only significant when the product is near
the shell full condition. Calculation of the expansion of the tank is based on the
following equation:
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li=1g[1 +a(Ty-T,)] (9)

where: |y is length dimension at temperature T4 (1/°F),
lo is length dimension at temperature To (1/°F), and
a is a constant, which depends on the type of material (1/°F).
The ratio of any dimension on the tank at elevated temperature to the original
dimension is then:

1+aT,
1 + (X.T1 (10)

where: T, is the elevated temperature of the tank, and
T is the initial temperature of the tank.

Since this ratio applies to each of the three spatial dimensions, the ratio of volume
expansion would be the cube of the ratio.

The size of the tank is also adjusted to account for the membrane stresses in the
tank caused by the circumferential and axial stresses.

The circumferential and axial strains associated with these stress are given as
follows:

€ = 6c/E - n(oy/E) (11)

€ = 04/E - u(c/E) (12)

where: is the circumferential strain,

is the axial strain,

is the Modulous of Elasticity of tank material (psi),

is Poisson’s ratio assumed to be 0.3 for all tank materials,
is circumferential stress, equal to pd/2t (psi),

is the axial stress, equal to pd/4t (psi),

is the internal pressure (psig),

is the tank inside diameter (ins.), and

is tank wall thickness (ins.).

~QTaaTFT MY O

Substituting the values for stresses in the strain equations leads to the following
relationships:
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pd

= 0425 2=
gc = 0.425 Et
(13)
e, =0.100 P4
Et

The cross sectional area of the tank would increase by a factor (1 + £5)°>. The volume of

the tank would then increase by the following factor:

[(1+6)2(1+25)] (14)

4.2.8 Determine Vent Opening or Degree of Valve Opening

The next step in the calculation is to determine the degree to which the safety
relief valve has opened, when this type of device is used. Three pressure levels are
defined with reference to the start-to-discharge pressure. These are the fully opened
pressure, which is assumed to be 103 percent of the start-to-discharge pressure, the
valve closing pressure, which is assumed to be 82 percent of the start-to-discharge
pressure, and a reference pressure on the closing stroke of the valve which is 88
percent of the start-to-discharge pressure. The degree to which the valve is opened
depends on whether the pressure is increasing or decreasing. The relationship
between the degree of valve opening and the pressure is shown in Fig. 4.3. Note that
an alternate closing path is shown, which represents the condition where the valve
starts to close before it has fully opened.

429 Determine Conditions in the Tank

The next step in the calculation is to determine which of the four conditions exist
within the tank. These have been previously defined as:

Liquid and vapor within the tank with vapor adjacent to safety relief device,
Liquid and vapor within the tank with liquid adjacent to safety relief device,
Shell full of liquid product, and

Containing only product in the vapor phase.

The calculational procedure is divided at this point so that each of these cases is
considered separately. The general procedure is the same in each case, the major
difference being associated with the determination of the mass flow rate of the product
through the valve or vent.
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4.3 CALCULATION OF EFFECTS WITH LIQUID AND VAPOR WITHIN TANK
WITH VAPOR ADJACENT TO SAFETY RELIEF DEVICE

4.3.1 Calculate Heat Transfer to Liquid Product

If the type of fire is not a torch fire, the heat transfer to the liquid product is
determined by calculating the heat conducted through the portion of the tank shell which
is in contact with the liquid and by estimating the radiant heat transfer to the surface of
the liquid from the tank wall above the liquid. In the calculation of the heat conducted
through the wetted area of the shell, it is assumed that the heat transfer in the
circumferential direction is negligible, a quasi-steady situation exists (transient effects
are neglected), and that the heat capacity of a jacket, if present, and insulation materials
can be neglected. If the effect of discontinuities on heat transfer is considered, the heat
transfer through these discontinuities is added to the heat input calculated for the
insulated part of the tark.

If the type of fire is a torch fire the heat input is calculated for a 16 ft? portion of
the tank wall adjacent to the liquid. The effect of discontinuities are not included.

The radiant exchange of energy between the tank shell above the liquid and the
liquid surface has been discussed in Section 4.2.5.

4.3.2 Calculate Mass Flow Rate Through Safety Relief Device

The mass flow rate through the safety relief device is computed for vapor flow, if

the pressure is sufficient to open the valve or to have ruptured the frangible disc. The
calculation is first made by using the standard compressible gas flow equation, for flow
through a nozzle, which was previously given in Equation 1. The calculation makes use
of the VLPCON constants calculated at the beginning of the analysis. The formula for
the mass flow rate becomes.

W = (VLPCON) C4AP \/% (15)

Where there is more than one component in the vapor, such as a padding gas, or
vapor from the solvent of a commodity that is in solution, it is assumed that the mass
flow of each component is proportional to the partial pressure of each gas. The effect of
the padding gas on the mass flow rate becomes negligible after a short period of time,
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because its mass in relation to the mass of the product is quite small. Examination of
the logic in the calculation will show that the out-flows are arbitrarily reduced if the
resulting pressure would be less than atmospheric in the case of a vent, or less than the
valve closing pressure in the case of a safety relief valve. This compensates for the
consequences of using a finite time step which may not be sufficiently accurate for
rapidly changing conditions. The effect is significant only as the shell full condition is
approached.

If the total pressure within the tank is greater than atmospheric pressure (14.7
psia), but less than 27.0 psia, the calculated outflow of vapor is reduced because a
critical flow condition would not be reached at the minimum area cross section of the
valve or vent.

If less than 2.5 percent of the tank is filled with liquid, rapid changes in the
outflow are limited by adding one-half of the newly calculated outflow to one-half of the
outflow calculated in the previous step.

After these calculations are completed, additional checks are made, if a padding
gas was initially present, to determine if the outflow is such that the pressure within the
tank would be below atmospheric pressure in the case of a vent or below the closing
pressure in the case of a relief valve. It the pressure is below the appropriate limit, the
calculated outflow of vapor is reduced further to keep the vapor pressure in the tank at
the limit.

4.3.3 Calculate Change in Mass of Product

The next step in the calculation is to determine the change in the mass of product
within the tank and its apportionment between the liquid and vapor.
4.3.4 Calculate Temperature Rise of Liquid

The temperature rise of the liquid product is calculated by determining the net
heat flow into the liquid product which is the difference between the total heat flow to the

product and the heat absorbed by the vaporization of the product.

44 CALCULATION OF LIQUID AND VAPOR WITHIN TANK WITH LIQUID
ADJACENT TO SAFETY RELIEF DEVICE

This case represents the overturned car condition.
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4.4.1 Calculate Heat Input to Liquid Product

The heat transferred to the liquid product within the time increment is determined
by calculating the heat conducted through the wetted area of the tark and the heat
radiated to the surface of the liquid from the inner tank shell surface over the vapor
space.

4.4.2 Calculate Liquid Flow Rate Through Safety Relief Device

The liquid flow rate through the safety relief device, if it is open is calculated

using subroutine AVFLOW, (see Appendix K) which assumes homogenous, isentropic,
two-phase flow (liquid and vapor). Two-phase flow effects will be a significant factor
only if the product has a high vapor pressure.

4.4.3 Calculate Change in Temperature

The change in temperature of the liquid of the product over the time increment is
calculated by considering the heat added to the liquid product, the amount of liquid that
is vaporized within the time increment, and the work done in expelling the fluid from the
tank.

4.4.4 Determine New Properties

The properties of the product at the new temperature are determined by calling
the appropriate property subroutine.
4.4.5 Calculate Remaining Mass of Product and Padding Gas

The remaining mass of the product within the tank, and its division between liquid
and vapor states, is recalculated under the new temperature and pressure conditions.

The following assumptions are made for the cases where a padding gas is
used. First, it is assumed that initially the padding gas in the vapor space is in
equilibrium with the gas dissolved in the liquid product. Because of the small outage
volume in which the gas is contained, there may be more gas dissolved in the product
than present in the vapor phase. It is also assumed that there is no exchange between
the padding gas dissolved in the fluid and the gas in the vapor phase during the course
of the exposure to the fire environment. [f equilibrium were to be maintained between
the padding a gas in the vapor phase and the gas dissolved in the product, there would
first be an increase in the amount of the dissolved gas and a corresponding decrease in
the amount of padding gas vapor. This would be caused by the increase in pressure,
when the outage volume is diminished by the expansion of the product as it is heated.
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This would mean the pressure of the padding gas would be less than that predicted by
the assumption of no exchange between the vapor and the dissolved state. After the
safety relief device opens and the product starts to flow from the car, the outage volume
would increase and the corresponding decrease in the vapor pressure would cause
more padding gas to be liberated from the fluid. Also, as the liquid product is heated,
more of the padding gas would be liberated from the fluid. Thus, there would be a
tendency to maintain the partial pressure of the gas above that predicted by the
assumption of no exchange between the vapor and the dissolved states. The
assumption that equilibrium is maintained would delay slightly the time at which the
safety relief device is first opened, but increase the pressure after the product starts to
flow through the valve. These effects would counteract one another. In any event,
when the outage gets to approximately 10 percent, the effect of the padding gas
becomes insignificant on the prediction of flow through the relief device.

The major reason that the exchange of padding gas between the vapor state and
the dissolved state is not included in the analysis is that one would expect that
equilibrium conditions would not be attained during the course of the phenomena
predicted by the fire environment. There would not be sufficient time for the effect of the
partial pressure of the padding gas in the vapor state to be communicated to all portions
of the liquid within the tank and for gas to be absorbed in the early phases of the
predicted effects. Similarly, the effect of the decrease in the partial pressure of the
padding gas once the device is opened, would not be immediately communicated to all
portibns of the liquid in the tank so a non-equilibrium condition would likely exist.
Consequently, the assumption that there is no exchange of the padding gas from the
vapor phase to the dissolved state is believed to have minimal significance in the

predicted events associated with the flow of the product from the tank car.

4.5 CALCULATION OF EFFECTS WITH SHELL FULL CONDITIONS

This case considers the condition where the tank is completely filled with liquid.
4.5.1 Calculate Heat Transferred to Liquid Product

The total heat transmitted to the liquid product of the tank in the time increment is

calculated.
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45.2 Calculate Change in Temperature

The change in temperature of the liquid product is established from the heat
transferred into the tank.
4.5.3 Determine New Properties

The new properties of the product at the higher temperature are determined by
calling the appropriate property subroutine.
4.5.4  Calculate Required Volume of Flow

The volume that must be discharged through the safety relief device in the time
increment is determined by calculating the change in the specific volume of the product
over the time increment.

4.5.5 Calculate Pressure Required to Generate Sufficient Flow

The pressure that must be developed within the tank so that the required volume
will be discharged through the valve is calculated. This pressure is calculated by
assuming that the pressure difference driving the fluid out through the device will have
as the lower pressure the maximum of the saturated vapor pressure or atmospheric
pressure. This is a conservative assumption. Consideration of two-phase flow effects
for high vapor pressure products might result in a slightly lower tank pressure, but the
difference would be small. The following formula is utilized:

w= CePp |/ (29/0) (P - Ps) (16)

where: w is the mass flow rate, (Ibs/sec),
Cq is the liquid discharge coefficient of the valve,
A is the cross sectional area of the valve (ft?),
p is the density of the liquid (Ibs/ft%),
pc is the upstream fluid pressure (lbs/ft?), and
ps is the saturated vapor pressure at the temperature of the fluid, or
atmospheric pressure, whichever is greater (Ibs/ft?).

If the vapor pressure is less than atmospheric pressure, in the case of a vent, or
less than the valve closing pressure, in the case of a valve, the pressure is reset to one
of these values. The tank remains full.

If sufficient vapor flow can be generated with the pressure at saturated

conditions, in the case of an upright car, enough product may be passed through the
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relief device so that the tank will not be shell full the next time through the calculational
cycle. The liquid flow calculation is made using subroutine AVFLOW so that two-phase
flow effects are considered. If these calculations indicate that the mass flow is less than
the minimum required for the shell full condition, an index is set so that a shell full
condition will be recognized the next time through the calculational cycle. If the
calculations show that the mass flow is greater than the minimum required for the shell
full condition, the index is set so that a non-shell full condition will be recognized.

4.5.6 Calculate Mass of Product Remaining in Tank

The remaining mass in the tank is calculated. The mass flow from the tank will
be the larger of the mass flow required to accommodate the increase in specific volume
of the product or the mass flow calculated from saturated vapor flow for an upright car

or liquid flow for an overturned car.
46 CALCULATION OF EFFECTS WITH VAPOR PHASE ONLY WITHIN TANK

This condition occurs after the critical temperature® is reached (a condition
obtained only at high temperatures for the products: propane, ethylene oxide,
propylene, or propylene oxide, which have their properties contained in the program) or
after the vaporization of all of the liquid within the tank. The temperature of the
remaining product within the tank will increase at a fairly rapid rate during this phase
because of the relatively low mass of product and the fact that there is no heat
absorbed by the vaporization of the liquid. During this condition the pressure within the
tank may increase due to the increased pressure of the product, but the increased
pressure will be relieved by flow through the safety valve closing pressure.

4.6.1 Calculate Heat Transfer to Vapor Product

The first step in the calculation of this case is to determine the heat transfer to
the vapor product. This is estimated by assuming that there is a convection coefficient
of 1.0 (BTU/hr-ft?>-°F) between the vapor and the inner wall of the tank.

4.6.2 Calculate Change in Pressure

The change in pressure of the vapor within the tank is calculated using the ideal
gas law considering the change in temperature from the beginning of the time

increment.

* See note on page 8.
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4.6.3 Calculate Mass Flow Out

The mass out through the safety relief device is calculated using the equation
previously presented for vapor flow (Equation 1). A compressibility factor of 0.7 is
assumed for all commodities except for propane where it is represented as a function of
the total pressure within the tank, the temperature and specific volume.

4.6.4 Calculate Change in Tank Temperature

The change in the temperature of the product within the tank over the time
increment is calculated considering the heat transferred to the product and the work
done in expelling the gas from the tank.

4.7 OUTPUT DATA

The program provides two different types of format for displaying the results of
the calculations. The first format writes data to a file at selected time intervals during
the course of analysis. The interval is selectable as a multiple of the time increments
used during the analysis. The second format displays a more limited set of data on the
monitor screen at selected intervals. The output variables displayed at the monitor are:
time, the pressure within the tank, the burst pressure of the tank, the temperature of the
product, the fraction of the tank filled with liquid, the fraction of the original mass of
product remaining in the tank, and the rate of product out-flow through the safety relief
device. The output to the monitor pauses after 20 lines of data have been displayed on
the screen. The calculation can be restarted by pressing the ENTER key.

| The output variables which are written to the computer file include all of the
above along with the temperature of the tank over the vapor space. The rate of product
out-flow that is displayed in each of these cases is the average out-flow over the
number of time increments between the display of data.

If during the course of the analysis the temperature of the product exceeds the
temperature for which thermal property data have been entered into the program, the

following message will appear in the output data:

OUTSIDE TEMPERATURE RANGE OF THERMAL PROPERTY DATA

The analysis program will still run if a temperature limit is exceeded, but reduced
accuracy should be anticipated because the property values would be determined by
extrapolation rather than by interpolation.
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If during the course of the analysis of a solution, the concentration of the solution
goes outside the range for which thermal property data have been entered into the

program, the following message will appear in the output data:

OUTSIDE CONCENTRATION RANGE OF THERMAL PROPERTY DATA

The analysis program will still run if the concentration range has been exceeded, but
reduced accuracy should be anticipated because the property values would be
determined by extrapolation rather than interpolation.

If a critical temperature has been entered into the program, the program will
terminate the analysis if the critical temperature is exceeded. A message will appear in

the output data stating:

CRITICAL TEMPERATURE EXCEEDED
4.8 COMPARE TANK BURSTING PRESSURE AND INTERNAL PRESSURE

The final step in the calculation is to compare the internal pressure in the tank
with its bursting pressure. The bursting pressure is determined from the tensile strength
of the tank material, which is a function of its maximum temperature. If the internal
pressure exceeds the burst pressure it is assumed that the tank will fail and the
calculation is stopped. The burst pressure is calculated by substituting the tensile
strength in the formula for the membrane circumferential stress in the tank as follows:

where: Py is the burst pressure (psig),
o is the tensile strength (psi),
t is the tank wall thickness (ins.), and
d is the inside diameter of the tank (ins.).

A number of functions are contained in the program which define the reduction in
strength of tank materials with increasing temperature. These functions reduce the
value of the tensile strength of the tank material, which is entered into the program at
the beginning of the analysis, as the temperature of the tank increases. The reduced

strength is then used to calculate the burst pressure. One function is used for carbon
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steel. It is based on data for TC128 steel given in Ref. 14. Two functions are used for
stainless steel. They are based on data in Refs. 15 and 16. Three functions are used
for aluminum alloys. They are based on data in Ref. 13. The program uses the
identification number for the tank material, IMT, to select the appropriate function.

4.9 CHECK FOR TIME LIMIT

If the burst pressure has not been exceeded, a check is made to determine if the
time limit has been exceeded. If so, the calculation is halted. Otherwise, the time is
incremented and the calculation returns to the point where the effective conductance of
the thermal shield is determined (see Section 4.2.1).

410 PROGRAM TERMINATION OR RESTART

After the analysis has been completed an option is provided to terminate the
operation of the program or conduct a repeat analysis. If a repeat analysis is desired,
an option is provided to begin the analysis using the same initial conditions and thermal
properties as the preceding analysis, or to change the initial conditions.

411 PROGRAM LISTINGS
The source code for the main program AFFTAC.FOR is presented in Appendix
A. The source codes for the subroutines are presented in Appendices B through L.
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APPENDIX A

SOURCE CODE FOR MAIN PROGRAM: AFFTAC




NN

403

AFFTAC.FOR IS A PROGRAM FOR THE ANALYSIS OF TANK CARS IN THE

POOL OR TORCH FIRE ENVIRONMENTS VENTING LIQUID OR VAPOR. THE
PROGRAM USES SUBROUTINES FPRPSBS, FPRPSLV, AVFLOW, ASETUP, SURFACET,
TSHIELD, ENTRDAT, ALYRPT, SBSENTR, SLNENTR, SBSPROP, AND SLNPROP.

................................... Version 3.0, November 11, 1998

REAL CNDLQ, CNDVP, TWAL, TWAV,ATEM, WLET

REAL NETQ, LENG, KWALL, WOUT, CONC, TEMP, CINTV, FLFAC
REAL LINTV,MLWSBS,MLWS