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EXECUTIVE SUMMARY

This literature review contains important references relating to fire effects on pressure
vessels. The specific pressure vessels of interest are rail tank-cars carrying pressure
liquefied gases such as LPG and anhydrous ammonia. The literature identified is mainly
from the U.S., Canada, the U.K., and Germany.

The references have been organized into the areas of computer modelling, fire testing,
high temperature stress rupture, scale effects, thermal stratification and 2-phase swell,
thermal protection system defects, and pressure relief valves (PRV).



SOMMAIRE

Cette recherche documentaire a recensé des documents de référence majeurs portant sur
les effets du feu sur les appareils a pression, plus particulieérement sur le type particulier
d’appareil a pression que constituent les wagons-citernes transportant des gaz liquéfiés
sous pression, comme les GPL et ’ammoniac. Les documents de référence inventoriés
émanent principalement des Etats-Unis, du Canada, du Royaume-Uni et de I’ Allemagne.

Ces références ont été classées par domaine, soit la modélisation informatique, les essais
au feu, la rupture par fluage a haute température, les effets d’échelle, la stratification
thermique et I’expansion biphasique, les défauts des systémes de protection thermique et
les soupapes de streté.
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Introduction

This literature review contains a listing of some important references relating to fire
effects on pressure vessels. The specific pressure vessels of interest are rail tank-cars
carrying pressure liquefied gases such as LPG and anhydrous ammonia.

The references have been organized into the following areas:

1) computer modelling

i) fire testing

1) high temperature stress rupture

iv) scale effects

V) thermal stratification and 2-phase swell
vi) thermal protection system defects

vii)  pressure relief valves (PRV)

The references identified are mainly from the US, Canada, UK and Germany. The list is
located at the end of this report. The references cited are available in the public domain.

Not all of the references listed in the bibliography have been cited. References that are
specifically cited appear in a separate reference section. These references can also be
found in the bibliography.

Computer Modelling

There are several models for pressure vessels in fires, and specifically rail tank cars.
These models have been developed in the U.S. [1,2], UK [3.,4], Germany [5] and Canada
[6,7]. Other applicable models exist.

It should be noted that there are commercial computer codes for simulating fluid flows
(Fluent, CFX, etc) and structural analysis (ANSYS, ABAQAS, etc) that could be used to
model tank-cars in fires. However, these would require substantial setup by experts and
would require enormous computing resources to solve the problem. The improvements in
modelling are unlikely to be worth the resources required. This may be an area requiring
further study.

For example, a recent study was just completed by Battelle Memorial Labs and
Thermdyne Technologies Ltd. using ABAQAS and Tank2004 to model the high
temperature stress rupture of a propane tank exposed to fire. The stress and failure
analysis part took ABAQAS 80 hours to run on a powerful work station. This model did
not include any of the fluid and heat transfer processes — just the stress and failure (i.e.
the transient pressure and wall temperatures of the tank were inputs to the ABAQAS
model). The Tank2004 code by Thermdyne [8] did the entire analysis of the tank
including stress and heat transfer in about 2 hours. The two codes were within a few



minutes of predicting the same failure time. Unfortunately the sponsor of this study is
not releasing the results for publication.

All of the models cited in this report contain the following basic elements:

1) fire heat transfer

i) tank wall, thermal insulation and jacket heat conduction
111) liquid space heat transfer

iv) vapour space heat transfer

V) lading thermodynamic properties and process

vi) PRV flow
vii)  Wall failure model

Most of these models have been validated at several scales. This means the model has
been used to predict failure of full scale tank-cars, and probably 1/3™ and 1/5™ linear
scale tank-cars (i.e. 1/5" linear scale, or 1/125 volume scale). Some have been validated
down to 33 1b propane cylinder scale (Tank2004, [8]).

Some of the models (e.g. Tank2004, [8]) account for more detailed processes in the tank
such as:

1) PRV cycling (shows full pressure and stress range)

i) 2-phase PRV flow (needed for high fill levels to account for proper mass loss)

111) PRYV spring softening at high temperatures (shows real world pressure
reduction as PRV spring is heated)

1v) temperature sensitive pressure relief devices

V) liquid temperature stratification (needed to predict correct PRV first open
time).

vi) 2-phase swell (needed for correct vapour space heat transfer and wall
temperatures)

vii)  tank roll and pitch

viii)  thermal protection

1X) thermal protection defects

X) high temperature stress rupture (needed for long duration, reduced heating
cases where failure may take up to 100 minutes).

Fire Testing

Fire testing has been conducted in several countries including the US, UK, Germany, and
Canada. To the authors knowledge, full scale tests of rail tank-cars have only been
conducted in the U.S. [9] and Germany [5].

Fire testing methods and test fire behaviour is very important in the outcome of a test.
Fire scale is important because it affects the total heat flux from the fire to the tank. Wind
effects can dramatically alter the fire geometry. Attempts to block or redirect the wind
using walls or trenches or other structures just adds new wind effects.



The scale of the fire determines how much heat is transferred by convection and how
much is transferred by thermal radiation. Tests have shown that a fire pan with liquid
hydrocarbon fuel must have a diameter bigger than about 1 m for the fire to be dominated
by thermal radiation. For this reason we should not try to model rail tank-cars with very
small cylinders in very small fire pans.

Of course, the fire must be big enough to engulf the subject tank. Birk [10] did fire tests
of 200 gallon ASME code automotive fuel tanks in pool fires using pans with a diameter
of about 2.5 m. In this case the fire pan extended about 1.5 tank diameters beyond the
dimensions of the tank. This means the fire was about 1 m thick all around the tank. This
is probably the smallest scale that could still be used to model a tank-car in a luminous
fire.

The scale of the fire determines how luminous the fire is and this is determined by the
soot content in the flame. Large hydrocarbon fires are sooty and very luminous. For large
scale tanks like rail tank-cars the heat transfer is about 90% by thermal radiation and 10%
by convection. As the size (diameter) of the tank reduces, the heat flux by convection
increases to a fraction more like 20 or 30% (see for example [11],[12]). This is not a
problem as long as the total heat flux is comparable to the heat flux of interest. The total
heat flux is the fire heat flux due to convection plus the heat flux due to thermal radiation.
The ultimate goal is to achieve similar heat input to the lading and similar peak wall
temperatures in the tank vapour space.

The current fire standard (i.e. engulfing fire with T = 871°C plus or minus 56 °C) for
tank-cars was based on the RAX 201 fire test of an unprotected tank. Various researchers
have shown that the fire temperature actually depends on what is in the fire. A large cool
object is known to reduce the temperature of the fire [13]. If the object is thermally
insulated from the fire then the fire will not be cooled to the same degree. Therefore the
fire conditions observed in the RAX 201 test may not be the fire observed in fire tests of
thermally protected tanks.

Fire test results from several scales have been used to develop and validate computer
models of tanks in fires [5,10,14-21].

Stress Rupture

Many tank models assume the tank ruptures when the tank nominal hoop stress exceeds
the wall material ultimate strength at the peak wall temperature. This is known as the
maximum normal stress theory of failure. This failure model is not always accurate or
conservative.

High temperature stress rupture is a widely known failure model for high temperature
pressure components [22]. Our ability to use this analysis method for tank-cars is limited
by a general lack of stress rupture data for pressure vessel steels that are not intended for
high temperature service (i.e. TC 128B). Birk and Yoon [23] have recently generated
high quality stress rupture data for TC 128B.



Scale Effects

Scaling issues are complex. Small tanks in fires behave differently than large tanks in
fires. We need to understand the effects of scale so we can learn things about full scale
tank-cars in fires by conducting fire tests with small tanks. This is the basis for reduced
scale testing in industries such as aerospace, naval architecture, chemical and mechanical
processing, and others.

When we do scale model testing we expect that we will need to adjust the results from
the small scale tests so they apply to the large scale system. This requires analysis.
Sometimes we use dimensional analysis [24], sometimes we solve the governing
conservation equations (mass, momentum, energy, etc.) in computer models.

For tests at different scales to apply to each other, we need to ensure that the testing is
dynamically similar. This requires the following:

1) geometry similarity (object shape is the same)

i1) kinematic similarity (motion, flow directions are the same)

1) dynamic similarity (force ratios are the same, i.e. buoyancy, viscous, stress,
etc.)

In most cases of scale model testing there is a model scale at which the results from the
testing are no longer dynamically similar to the full scale system. If you make the model
too small you start to introduce large errors. The physics may change if the model gets
too small. For example, consider the case of a liquid hydrocarbon pool fire. We know
from testing that when these kinds of fires are larger than about 1 m in diameter they are
dominated by thermal radiation. Fires smaller than this are affected by convection. Very
small fires are dominated by convection. If you want to model a 10 m diameter fire you
should not do it with a 0.1 m diameter fire because the physics have changed. You should
not go smaller than about 1 m if you want to model a 10 m diameter fire. A better model
would be a 3 m fire. The best model would be a 10 m fire, which would basically be the
real thing.

We apply this same approach to modelling tank-cars in fires. We know that if we go too
small we will not get results that are representative of full scale tank-cars. The question
then is — how small can we go? We know that the smaller we go, the less expensive the
test. However, if we go too small the results do not apply to the full scale system because
the physics may change. Examples of where the physics may change in the tank-car if the
scale is too small are:

1) free and forced convection in the vapour space

i) 2-phase flow pattern in liquid space (swell)

1) Boundary layer effects in liquid and vapour space
iv) PRV behaviour



Examples where the physics should not change significantly include:

1) heat conduction
i1) stress
i) material failure

As noted earlier, we can account for many of the changes with our computer models. For
example, we can account for the changes in convective heat transfer.

The response of a rail tank-car filled 95% with propane to a 100% engulfing fire
exposure depends on the fire properties and the tank shape and size and orientation. We

will assume here we are considering long horizontal cylinders like railway tank-cars.

All of the processes are affected by the scale of the tank including:

1) Fire heat transfer

i) Wall heat conduction and convection

111) Liquid thermodynamics (P vs T, temperature stratification, two phase swell,
etc).

1v) PRV performance
V) Wall rupture

The following discussion of this has been extracted from Transport Canada Report TP
14366E dated March 2005.

Discussion of Scale Effects

Let us begin by considering two tanks, a full sized 112J tank-car and a reduced scale tank
where the following is true for both tanks:

1) same shape meaning same length to diameter (L/D) ratio and same end types
1) wall thickness scaled to give same hoop stress at same pressure
iii) same wall material (i.e. same ultimate tensile strength UTS, density, thermal

conductivity, specific heat, etc)

iv) PRYV size based on tank surface area and fire heat flux so that pressure does
not exceed 120% of PRV set pressure during fire exposure.

V) same PRV pressure setting

Let us put these two tanks in fires that have the same heat flux (kW/m?). The pool fire
standard for tank-car thermal protection requires a fire in the range of 816 to 927 °C
effective blackbody temperature. This has been determined to be the fire environment
seen by the RAX 201 test of a full scale tank-car [9].

Let us also consider that the tanks start off with the same fill level and initial temperature.



The question is — will the small scale tank behave the same as the full scale tank? What
will be different? Can we account for this in some way?

From the above the tanks only differ in tank diameter, tank length and wall thickness. All
of these would be related to the full scale tank by a single scale factor A. For example, we
may choose to test with a tank 1/3™ the diameter of the full scale tank. This means the
tank length, diameter and wall thickness are all 1/3™ that of the full scale tank. In this
case the volume would be 1/27™ that of the full scale tank.

Tank failure in a fire is dictated by the following:
1) wall temperature in the vapour space
i1) tank stress in heated area
iii) wall material properties at the elevated temperature

We have already said the tank will be scaled to have the same material and stress.

The wall temperature rise rate depends on:

1) fire heat flux

1) wall thickness, density, thermal conductivity and specific heat
111) convection in vapour space

v) radiation in vapour space

We know the fire must be large and luminous for the heat transfer to be dominated by
thermal radiation [25]. We know from fire testing [13] that large massive cool objects
actually cool the fire and reduce the heat flux. However, if a tank is thermally protected
this effect does not apply since the cool object is insulated from the fire. We also know
from testing that the small scale tank will see less heating by radiation and more heating
due to convection [11]. Therefore, we expect the heat flux to be similar for the two
different scales but probably a little higher (worse) for the small scale (i.e. small scale is
slightly conservative). This is good since we will err on the safe side. We should take
care that our error is not too large.

Here we again note that both tanks are made of steel with similar density, thermal
conductivity and specific heat. Surface emissivities should also similar [26] for similarly
aged tanks. Any difference can be accounted for in computer models.

The convection and radiation in the vapour space depends on the liquid level and on the
action of the PRV. The shape of the vapour space is important. For horizontal round
cylinders the shape of the vapour space is similar for different scales for similar fill
levels. Smaller tanks will have higher convective heat transfer coefficients in the vapour
space which will reduce the wall temperature slightly. The small tanks will have higher
fire convection effects as well which will tend to increase the wall temperature [11]. As a
result we do expect a small difference in wall temperature from small to large scale but it
will not be large. This difference can be accounted for in computer models.



At high wall temperatures and low liquid fill levels, thermal radiation heat transfer will
dominate in the vapour space.

For radiation heat transfer the vapour space shape is very important and we just noted
that this will be the same for the different scales, provided the fill is the same. We must
be sure the surface emissivities are the same between scales. Emissivity does not vary
with scale but depends on materials and surface properties which are the same between
the scales considered here. We expect some difference between new and old tanks (i.e.
oxidation affects surface emissivity for bare metals).

The boiling heat transfer effects will change slightly with scale since the vapour bubbles
will be the same for both large and small tank (both have propane) [27] . In both cases the
ratio of the bubble diameter to the tank diameter is very small. This will affect the bubble
terminal rise velocity only slightly and therefore liquid swell only slightly. It is important
to consider liquid swell when trying to predict mass flows through the PRV. Two phase
swell can result in 2-phase flow in the PRV and this can make the liquid level drop faster.
This then affects wall temperatures and failure time.

The rate of increase of the wall temperature in the vapour space is determined by the heat
in from the fire, the heat out by convection and radiation on the inside (backside) and the
tank wall heat capacity. In mathematical terms this can be written (see for example
Holman [28]).

dTW _ (q fire qback)A
dt LCAW

oc — (i.e. o means proportional to) (1)
W

Where,

T, = wall temperature

t = time

w = wall thickness.

p = density of wall material

c = wall specific heat

A = wall area exposed to heating
q = heat flux

The above shows the temperature rise rate depends on the wall thickness if the heat flux
is similar. The thicker the wall the slower it heats up. Therefore we know the smaller tank
will heat up faster and fail faster. This will scale with the wall thickness, which also
happens to scale with the tank diameter (w proportional to D for same hoop stress). This
has been seen in numerous tests of small scale tanks [5,10,14-16,18,20,21].

The tank stress depends on:

1) tank pressure P
i1) wall thickness w



i) tank diameter D

1v) tank L/D

V) end types

vi) heating pattern (fill level, fire contact area, etc.)

The nominal hoop stress = PD/2w. For tanks of similar shape with the same w/D and L/D
ratio the stress field will be the same for the same heating pattern.

Stress rupture data [22] provides time to failure as a function of nominal tensile stress and
sample temperature under constant load conditions. The size of the sample is not a strong
factor. This is the basis of tensile testing. Therefore a 7.1 mm wall should behave the
same as a 16 mm wall as far as stress rupture is concerned provided the stress is the same
and there are no large defects in the steel. Therefore the time to failure for a given stress
and temperature should be the same for the different scales.

The size of the failure or rupture will depend on the wall thickness. Therefore we would
expect the failure length to scale with the wall thickness. For the assumed tanks this
means the failure length scales linearly with tank diameter.

The tank pressurization depends on:

1) fire heat flux
i) PRV setting and capacity
iii)  tank fill

Tanks with higher fills pressurize faster because of the small vapour space and large
surface area of liquid wetted wall [20].

For the same fill level, the tank initial pressurization rate depends on the temperature rise
rate in the liquid boundary layer. The liquid boundary layer is the liquid near the tank
wall. The heat from the fire passes through the wall and enters this liquid layer near the
wall. This warm liquid then rises to the liquid surface. The rate of temperature rise of the
boundary layer is determined by the ratio of heated surface area covered by liquid to the
heated liquid boundary layer volume. It is the heating of the liquid boundary layer that
determines the pressure in the tank. The boundary layer volume is determined by the
wetted surface area and the boundary layer thickness 6. Or in equation form:

dr, _gA, _ asDL oL
dt pcV, pcaDLo o

2)

The boundary layer thickness 0 is a weak function of the tank diameter — it is probably
related to D" (based on the laminar thin conduction layer model for free convection in
an enclosure, see Rohsenow et al, [29]). In other words, if you test with a 1/3™ scale tank
you expect the smaller tank boundary layer to heat up about 31% faster than a full scale
tank. For a near full tank this means the difference between the PRV popping in 2
minutes for the full scale tank [9] vs 1.5 minutes for a tank with 1/3™ the diameter. There



is a difference but it is not very significant. Test experience suggests the difference is
even smaller than stated above and is lost in the fire variability. Once again, we can
account for this in a computer model.

The rate of heating of the bulk liquid depends on the heated surface area and the liquid
volume. In mathematical terms this is:

ATow _ OA, _ 497DL 1
d eV, pcaD’L D

€)

As the tank diameter gets bigger it takes longer to heat up the bulk liquid. Once again we
have seen this in numerous tests [5,9,10,14,16-18,20,21].

The final pressure is determined by the PRV setting and the PRV capacity. If the PRV is
properly sized the pressure will be limited to about 120% of the PRV setting. In most
cases the tank fails some time after the pressure has reached the PRV set pressure. In
large unprotected tanks the pressure will be at the PRV set pressure before the wall heats
up to failure conditions. For example, with RAX 201 the PRV opened in 2 minutes and
the tank failed in 24 minutes. With a 500 gallon propane tank the PRV opens in about 1.5
minutes, and the tank fails in about 10 minutes. It is possible that in very small tanks the
wall will reach dangerous temperatures before the PRV is activated. This means the very
small tanks behave differently than large tanks (as noted earlier). Don’t test with tanks
that are too small.

In thermally protected tanks both the tank pressure and wall temperature are delayed.
However, if there are thermal protection defects the wall temperature may reach
dangerous levels in the defect area before the PRV is activated. We need a computer
model to consider all the possibilities.

If we consider tanks of similar shape (same L/D ratio) in similar fires, with similar
material UTS, and similar stress (i.e. wall thickness scaled by D) then we can say the
following:

1) the rate of wall temperature rise depends on D — the bigger the D the longer it
takes to heat the wall.
i1) the rate of initial pressurization depends on fill, and only weakly on D.

1i1) the rate of bulk heating of the liquid depends on D

iv) the failure time depends only on wall T assuming the tank is at the PRV set
pressure (since stress and material are the same) and this depends on initial fill
and D.

In other words, failure time scales with tank D if all other factors are fixed. How does it
vary with D? For severe heating the failure time is almost linear with D. This means if
you double the diameter the failure time doubles. We expect failure of an unprotected
112] type tank to take about 24 minutes (based on RAX 201). If we test with a 1/3 rd



scale tank under similar conditions we expect it to fail in about 8 minutes. For less
intense heating the failure time is dictated by stress rupture considerations.

Discussion of Scaling of Critical Defect Size

Let us consider a square defect with side dimensions S x S. Consider the plate with
thickness w under the defect. From a conduction heat transfer standpoint the defect heat
transfer depends on the thermal properties of the steel and the plate dimensions S and w.

Consider the case of the same fire heat flux (i.e. same fire blackbody T). The rate of
temperature rise of the plate is a function of the (heat input)/(plate mass) which relates to
S?/(S*w) or just 1/w. Since the tank wall w depends on the tank D we can say that the
defect temperature rise rate depends on the tank D. The larger the tank, the slower the
defect heats up.

The temperature gradients in the defect area also depend on S and w. If you have the
same S/w ratio then you get the same temperature distribution over the defect area. This
assumes the backside heat transfer is the same. The backside (or inside surface) heat
transfer on the wall is due to convection and radiation. This is not exactly true for small
and large scale but it is close.

The local stress field in the bulging steel plate is a function of the heated length S and the
heated area width B and wall thickness w [30]).The wall bulges because the wall has
been weakened by the high temperatures in that area of the wall. The weakened area of
the wall deforms plastically under the pressure forces from within, and this causes the
bulging shape. The bulge geometry will be similar as long as the temperature and stress
field are similar and this will be true if the ratio S/w and S/B are the same. Therefore we
must scale the critical defect length for failure based on the wall thickness. In other words
the critical defect length for the 112J tank car = (w for tank-car)/(w for small scale tank)
x critical defect length for the small scale tank.

The critical defect length would be the defect length required for fire induced rupture to
take place within a specified length of time. For a full scale tank-car this time would be
100 minutes for a fully engulfing fire. If we use a 1/3™ linear scale model then the time
allowed would be about 33 minutes (i.e. we have scaled by the diameter). A more
accurate time scaling would be determined using a suitable computer model that accounts
for the processes in more detail.

Non Ideal Scaling

Perfect scaling is usually not achieved in real world testing. Scale model tests usually
have some scaling differences with the 112J tank-car. These can include:

1) material UTS

1) tank L/D ratio
111) tank t/D ratio

10



iv) hemi heads vs elliptical heads
V) nominal PRV pressure setting and flow capacity
vi) tank initial fill

The fire conditions were also probably not exact.

Material UTS can be accounted for in the stress rupture analysis. The different PRV set
pressure is also accounted for in any hoop stress calculation. The tank w/D ratio is also
accounted for in the stress analysis.

The PRV flow capacity is determined by the tank surface area and the assumed fire
conditions. We need to make sure the PRV is not undersized. A properly sized PRV will
not allow the pressure to exceed 120% of the PRV setting.

The different tank ends mean the stress will be different near and in the ends. We are not
interested in end failures in this study and therefore end type is not important.

The different L/D means the cylinder stress field will be more affected by the ends.
However, in the middle of the tank these end effects will be small. So this means we do
not need exactly the same L/D. A tank-car has an L/D of about 6. We should not test with
L/D less than about three.

For heat transfer the L/D is important because for the same defect length ratio S/w the
defect will take up a smaller fraction of the total tank surface area on a tank with larger
L/D. This means the defect will see more cool wall and this should reduce the wall T in
the defect slightly. Again, this can be accounted for in a good thermal model.

The tank fill is important. Tank cars can be filled to 95% or more. Normal propane
storage tanks are usually filled to about 80%. A tank-car is more likely to go liquid full
and this can delay failure. The full scale propane railway tank test by BAM in Germany
[5] showed a 22% full tank would fail in about 17 minutes when engulfed in fire. The full
scale test RAX 201 [9] with a 94% fill failed in 24 minutes in an engulfing fire. Both
failed at about the same vapour space wall temperature and tank pressure. The RAX 201
tank failed when it was about 40-50% full. The extra initial fill (95% vs 22%) in the RAX
201 test delayed failure by 7 min. This difference is significant, but not huge.

The above arguments show that some adjustments need to be done to compensate for non
perfect scaling. We make these adjustments with our computer thermal model of the tank.
If our model is properly validated and if it accounts properly for the important physics of
the problem, our model predictions will be reasonable. The Tank2004 thermal model of a
propane tank has accurately predicted failure times of 33 1b propane cylinders, 400 b
propane cylinders, 200 gallon ASME code tanks, 500 gallon ASME code tanks and
33,000 gallon railway tank-cars.
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We do not expect the model predictions to be perfect or exact. There will always be some
uncertainty in our analysis and therefore we should try to be conservative in our
estimates.

Thermal Stratification and Two-Phase Swell

Thermal stratification has been observed in most fire tests of propane tanks
[5,7,9,10,14,16-21,31,32]. Thermal stratification is due to the way heat enters the liquid
from the heated wall. The heat is not instantly distributed uniformly throughout the
liquid. In horizontal tanks the heat from the wall enters the liquid near the wall (in the
boundary layer) and this warm and less dense liquid rises to the liquid top where it
remains due to buoyancy. This warm layer of liquid drives the pressure in the tank. In
other words, thermal stratification is very important in being able to predict the tank
pressure rise.

Two phase swell is a phenomenon that takes place when the PRV opens to release
vapour. When this happens vapour bubbles form in the liquid at the wall and this makes
the liquid level rise suddenly due to added volume of the bubbles (i.e. two-phase swell).
This is in addition to the normal liquid expansion due to temperature rise. This swell
affects wall temperatures in the vapour space when the tank is near full. This swell can
cause 2-phase fluid to enter the PRV.

Thermal Protection Defects

To our knowledge detailed analysis of thermal protection system defects for rail tank-cars
has only taken place in Canada under sponsorship by Transport Canada. Several reports
have been published.

PRV Performance

The performance of pressure relief valves is dictated by various performance standards.
However, very little data is available on how PRVs actually perform under fire
impingement conditions.

Several types of PRV behaviour has been observed in smaller tank PRVs. It is expected
these same behaviours can been seen in full scale tank car PRVs. Examples are:

1) cycling vs continuous flow
i) sticking or sitting partially open
1i1) spring softening at elevated temperatures

All of the above affects how the tank and lading will respond to fire impingement.
Models can include all of these effects if we want to study how important they are.

12



References

10.

11.

12.

13.

14.

15.

16.

Graves KW, 1973, Development of a Computer Model for Modeling the Heat
Effects on a Tank Car, FRA-OR&D 75-33,
Johnson MR, 1998, Tank Car Thermal Analysis, Vol 1 User Manual, Vol 2
Technical Documentation, DOT/FRA/ORD-98/09A and 09B, US DOT Report
Beynon GV, Cowley LT, Small LM, Williams I, 1988, Fire Engulfment of LPG
Tanks: HEATUP, A Predictive Tool, Journal of Hazardous Materials 20:227-38
Ramskill PK, 1988, A Description of the ENGULF Computer Codes -- Codes to
Model the Thermal Response of an LPG Tank Either Fully or Partially Engulfed by
Fire, Journal of Hazardous Materials 20:177-96
Balke C, Heller W, Konersmann R, Ludwig J, 1999, Sudy of the Failure Limits of a
Tank Car Filled with Liquefied Petroleum Gas Subjected to an Open Pool Fire
Test, BAM Project 3215, Federal Institute for Materials Research and Testing
(BAM)
Birk AM. 1983. Development and Validation of a Mathematical Model of a Rail
Tank-Car Engulfed in Fire. Department of Mechanical Engineering, Queen's
University, Kingston, Ontario, Canada.
Venart JES, 1986, Tank Car Thermal Response Analysis -- Pahse |1, UNBME-TF-
86/3,
Birk AM, 2004, Tank2004 -- A Computer Code for Modelling Pressure Vessels
Containing Pressure Liquefied Gasesin Fires: User Guide, Thermdyne
Technologies Ltd.
Townsend W, Anderson CE, Zook J, Cowgill G, 1974, Comparison of Thermally
Coated and Uninsulated Rail Tank-Cars Filled with LPG Subjected to a Fire
Environment, FRA-OR&D 75-32, US DOT Report
Birk AM, Cunningham MH, Ostic P, Hiscoke B, 1997, Fire Tests of Propane Tanks
to Study BLEVESs and Other Thermal Ruptures. Detailed Analysis of Medium Scale
Test Results, TP 12498E, Transport Canada
Nakos JT, Keltner NR, The Radiative -Convective Partitioning of Heat Transfer to
Structures in Large Pool Fires, HTD-Vol 106, Heat Transfer Phenomena in
Radiation, Combustion and Fires, 381-387, 1989, 1989 ASME National Heat
Transfer Conference,
Keltner NR, Nicolette VF, Brown NN, Bainbridge BL, 1990, Test Unit Effects on
Heat Transfer in Large Fires, Journal of Hazardous Materials 25(1 + 2):33-47
Bainbridge BL, Keltner NR, 1988, Heat Transfer to Large Objects in Large Pool
Fires, Journal of Hazardous Materials 20:21-40

1973, Phase Il Report on Analysis of 1/5th Scale Fire Tests, RA-11-5-26 US6 AFI
17-73 ENG(PF), RPI-AAR Railroad Tank-Car Safety Research and Test Project

1972, Phase Il Report on Analysis of 1/5 Scale Fire Test Data, RA-11-2-14, RPI-
AAR
Appleyard RD, 1980, Testing and Evaluation of the Explosafe Explosion
Suppression System as a Method of Controlling the Boiling Liquid Expanding
Vapour Explosion, TP 2740, Transportation Development Centre, Transport Canada

13



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Birk AM, Poirier D, Davison C, Wakelam C, 2005, Tank-Car Thermal Protection
Defect Assessment: Fire Tests of 500 gal Tanks with Thermal Protection Defects,
TP 14366E, Transportation Development Centre, Transport Canada

Droste B, Schoen W, 1988, Full Scale Fire Tests with Unprotected and Thermal
Insulated LPG Storage Tanks, Journal of Hazardous Materials 20:41-54

Manda LJ, 1975, Phase |1 Report on Full Scale Fire Tests, RA-11-6-31 (AAR-R-
201), RPI-AAR Railroad Tank Car Safety Research and Test Project

Moodie K, Cowley LT, Denny RB, Small LM, Williams I, 1988, Fire Engulfment
Test of a 5 Tonne LPG Tank, Journal of Hazardous Materials 20:55-71

Schoen W, Droste B, 1988, Investigations of Water Spraying Systems for LPG
Tanks by Full Scale Fire Tests, Journal of Hazardous Materials 20:73-82

Boyer HE, 1988, Atlas of Creep and Stress Rupture Curves ASM International,
Metals Park, Ohio, 44073.

Birk AM, Yoon KT, 2004, High Temperature Sress Rupture Testing of Sample
Tank-Car Steels, TP 14356E, Transportation Development Centre, Transport
Canada

White FM, 1986, Fluid Mechanics, New York, McGraw Hill Publishing Company.
Rew PJ, Hulbert WG, Deaves DM, 1997, Modelling of Thermal Radiation from
External Hydrocarbon Pool Fires, Trans |IChemE 75(B):81-9

Hottel HC, Sarofim AF, 1967, Radiative Transfer, New York, McGraw-Hill Book
Company.

Carey VP, 1992, Liquid Vapor Phase Change Phenomena, Washington,
Hemisphere Publishing Corp.

Holman JP, 1976, Heat Transfer, New York, McGraw Hill Book Company.
Rohsenow WM, Hartnett JP, Ganic EN, 1985, Handbook of Heat Transfer
Fundamentals, New York, McGraw-Hill Book Company.

Baum MR, Butterfield JM, 1979, Studies of the Depressurization of Gas
Pressurized Pipes During Rupture, Journal of Mechanical Engineering Science
21(4):253-61

Aydemir NU, Magapu VK, Sousa ACM, Venart JES, 1988, Thermal Response
Analysis of LPG Tanks Exposed to Fire, Journal of Hazardous Materials20:239-
62

Hadjisophocleous GV, Sousa ACM, Venart JES, 1990, A Study of the Effect of the
Tank Diameter on the Thermal Stratification in LPG Tanks Subjected to Fire
Engulfment, Journal of Hazardous Materials 25(1 + 2):19-31

14



Bibliography

Modelling

1.

10.

11.

12.

Graves KW, 1973, Development of a Computer Model for Modeling the Heat
Effects on a Tank Car, Rep. FRA-OR&D 75-33,

Birk AM. 1983. Development and Validation of a Mathematical Model of a Rail
Tank Car Engulfed in Fire. PhD Thesis, Faculty of Graduate Studies, Department
of Mechanical Engineering, Queen's University, Kingston, Ontario, Canada.

Aydemir NU, Magapu VK, Sousa ACM, Venart JES, 1988, Thermal Response
Analysis of LPG Tanks Exposed to Fire, Journal of Hazardous Materials20:239-
62

Beynon GV, Cowley LT, Small LM, Williams I, 1988, Fire Engulfment of LPG
Tanks: HEATUP, A Predictive Tool, Journal of Hazardous Materials20:227-38

. Birk AM, 1988, Modelling the Response of Tankers Exposed to External Fire

Impingement, Journal of Hazardous Materials20:197-225

Ramskill PK, 1988, A Description of the ENGULF Computer Codes -- Codes to
Model the Thermal Response of an LPG Tank Either Fully or Partially Engulfed
by Fire, Journal of Hazardous Materials 20:177-96

Moodie K, 1988, Experiments and Modelling: An Overview with Particular
Reference to Fire Engulfment, Journal of Hazardous Materials 20:149-75

Birk AM, 1989, Modelling the Effects of Torch Type Fire Impingement on a Rail
or Highway Tanker, Fire Safety Journal 15:277-9

Dancer D, Sallet DW, 1990, Pressure and Temperature Response of Liquefied
Gases in Containers and Pressure Vessels which are Subjected to Accidental Heat
Input, Journal of Hazardous Materials 25(1+ 2):3-18

Hadjisophocleous GV, Sousa ACM, Venart JES, 1990, A Study of the Effect of
the Tank Diameter on the Thermal Stratification in LPG Tanks Subjected to Fire
Engulfment, Journal of Hazardous Materials 25(1 + 2):19-31

Birk AM, 1990, Thermal Protection of Pressure Vessels by Internal Wall Cooling
During Pressure Relief, ASME Journal of Pressure Vessel Technology 112:427-31

Birk AM, 1991, Modelling the Effects of Temperature Sensitive Pressure Relief

Devices on Tankers Exposed to Engulfing Fires, Journal of Applied Fire Science
1(1):23-37

15



13.

14.

15.

16.

17.

18

Johnson MR, 1998, Tank Car Thermal Analysis, Vol 1 User Manual, Vol 2
Technical Documentation, Rep. DOT/FRA/ORD-98/09A and 09B, US DOT
Report,

Birk AM, 2002, A Study of the Fire Survivability of Steel and Aluminum 33.5 Ib
Propane Cylinders, Journal of Applied Fire Science 10(3):215-35

Birk AM, The Effect of Reduced Design Margin on the Fire Survivability of
ASME Code Propane Tanks, ASME Pressure Vessels and Piping Conference,

Design and Analysis of Pressure Vessels, Heat Exchangers, and Piping
Components - 2004 - PVP-Vol 477, 3-8, 2004, ASME,

Birk AM, 2005, Thermal Model Upgrade for the Analysis of Defective Thermal
Protection Systems, Rep. TP 14368E, Transportation Development Centre,
Transport Canada,

Thermdyne Tech.Ltd., 2005, Modeling of Fire Effects on ASVIE Code Propane
Tanks: Task 1 Effect of Wall Thickness and Fire Severity On Fire Survivability of
500 Gallon ASMEE Code Tanks, Rep. TSA 184902-N006182, Battelle Memorial
Inst. for PERC,

. Yoon KT, Birk AM, 2004, Computational Fluid Dynamics Analysis of Local

Heating of Propane Tanks, Rep. TP 14357E, Transportation Development Centre,
Transport Canada,

Fire Testing

19.

20.

21.

22.

23.

24.

1973, Phase Il Report on Analysis of 1/5th Scale Fire Tests, Rep. RA-11-5-26 US
6 AFl 17-73 ENG(PF), RPI-AAR Railroad Tank-Car Safety Research and Test

Townsend W, Anderson CE, Zook J, Cowgill G, 1974, Comparison of Thermally
Coated and Uninsulated Rail Tank-Cars Filled with LPG Subjected to a Fire
Environment, Rep. FRA-OR&D 75-32, US DOT Report,

Appleyard RD, 1980, Testing and Evaluation of the Explosafe Explosion
Suppression System as a Method of Controlling the Boiling Liquid Expanding
Vapour Explosion, Rep. TP 2740, Transport Canada,

Anderson CE, Rail Tank Car Safety by Fire Protection, 6th International Fire
Protection Seminar, 1982,

Bainbridge BL, Keltner NR, 1988, Heat Transfer to Large Objects in Large Pool
Fires, Journal of Hazardous Materials 20:21-40

Balke C, Heller W, Konersmann R, Ludwig J, 1999, Study of the Failure Limits of
a Tank Car Filled with Liquefied Petroleum Gas Subjected to an Open Pool Fire

16



25

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Test, Rep. BAM Project 3215, Federal Institute for Materials Research and
Testing (BAM),

. Birk AM, Cunningham MH, 1994, A Medium Scale Experimental Study of the

Boiling Liquid Expanding Vapour Explosion, Rep. TP 11995E, Transport Canada,

Birk AM, Cunningham MH, 1994, The Boiling Liquid Expanding Vapour
Explosion, International Journal of Loss Prevention in the Process Industries
7(6):474-80

Birk AM, Cunningham MH, Ostic P, Hiscoke B, 1997, Fire Tests of Propane
Tanks to Sudy BLEVES and Other Thermal Ruptures: Detailed Analysis of
Medium Scale Test Results, Rep. TP 12498E, Transport Canada,

Droste B, Schoen W, 1988, Full Scale Fire Tests with Unprotected and Thermal
Insulated LPG Storage Tanks, Journal of Hazardous Materials 20:41-54

Keltner NR, Nicolette VF, Brown NN, Bainbridge BL, 1990, Test Unit Effects on
Heat Transfer in Large Fires, Journal of Hazardous Materials 25(1 + 2):33-47

Nakos JT, Keltner NR, The Radiative -Convective Partitioning of Heat Transfer
to Structures in Large Pool Fires, HTD-Vol 106, Heat Transfer Phenomena in
Radiation, Combustion and Fires , 381-387, 1989, 1989 ASME National Heat
Transfer Conference,

Nicolette VF, Larson DW, Influence of Large Cold Objects on Engulfing Fire
Enviroments, AIAA/ASME Thermophysics and Heat Transfer Conference, HTD
V141, 63-70, 1990, ASME Heat Transfer Division,

Moodie K, Cowley LT, Denny RB, Small LM, Williams I, 1988, Fire Engulfment
Test of a 5 Tonne LPG Tank, Journal of Hazardous Materials 20:55-71

Schoen W, Droste B, 1988, Investigations of Water Spraying Systems for LPG
Tanks by Full Scale Fire Tests, Journal of Hazardous Materials 20:73-82

Rew PJ, Hulbert WG, Deaves DM, 1997, Modelling of Thermal Radiation from
External Hydrocarbon Pool Fires, Trans IchemE 75(B):81-9

Birk AM, The Effect of Reduced Design Margin on the Fire Survivability of
ASME Code Propane Tanks, ASME Pressure Vessels and Piping Conference,

Design and Analysis of Pressure Vessels, Heat Exchangers, and Piping
Components - 2004 - PVP-Vol 477, 3-8, 2004, ASME,

Birk AM, VanderSteen JDJ, Davison C, Cunningham MH, Mirzazadeh I, 2003,

PRV Field Trials -- The Effects of Fire Conditions and PRV Blowdown on
Propane Tank Survivability in a Fire, Rep. TP 14045E, Transport Canada,

17



Stress Rupture

37. Anderson CE, Norris EB, 1974, Fragmentation and Metallurgical Analysis of
Tank-Car RAX 201, Rep. FRA-OR&D 75-30, US DOT Report,

38. Birk AM, Yoon KT, 2004, High Temperature Stress Rupture Testing of Sample
Tank-Car Steels, Rep. TP 14356E, Transportation Development Centre, Transport
Canada,

39. Boyer HE, 1988, Atlas of Creep and Stress Rupture Curves, ASM International,
Metals Park, Ohio, 44073,

Scale Effects, Thermal Stratification, Swell Effects

40. Birk AM, 1995, Scale Effects with Fire Exposure of Pressure Liquefied Gas
Tanks, Journal of Loss Prevention in the Process Industries 8(5):275-90

41. Birk AM, Cunningham MH, 1996, Liquid Temperature Stratification and its
Effect on BLEVESs and their Hazards, Journal of Hazardous Materials 48:219-37

42. Sumathipala K, Venart JES, Steward FR, 1990, Two-Phase Swelling and
Entrainment During Pressure Relief Valve Discharges, Journal of Hazardous
Materials25(1 +2):219-3

43. Hadjisophocleous GV, Sousa ACM, Venart JES, 1990, A Study of the Effect of
the Tank Diameter on the Thermal Stratification in LPG Tanks Subjected to Fire
Engulfment, Journal of Hazardous Materials 25(1 + 2):19-31

44. Venart JES, Sumathipala K, Steward FR, Sousa ACM, Experiments on the
Thermo-Hydraulic Response of Pressure Liquefied Gases in Externally Heated
Tanks with Pressure Relief, Plant Operations Progress 7[2], 139-144, 1988,
Thermal Protection Defects

45. Birk AM, Cunningham MH, 1999, Thermographic Inspection of Tank-Car
Insulation: Field Test Manual, Rep. TP 13517E, Transport Canada Report,

46. Birk AM, Cunningham MH, 2000, Tank-Car Insulation Defect Assessment
Criteria: Thermal Analysis of Defects, Rep. TP 13518 E, Transport Canada
Report,

47. Birk AM, VanderSteen JDJ, 2003, Burner Tests on Defective Thermal Protection
Systems, Rep. TP 14066E, Transport Canada Report,

18



48.

49.

50.

VanderSteen JDJ, Birk AM, 2003, Fire Tests on Defective Tank-Car Thermal
Protection Systems, Journal of Loss Prevention in the Process Industries 16:417-
25

Birk AM, Poirier D, Davison C, Wakelam C, 2005, Tank-Car Thermal Protection
Defect Assessment: Fire Tests of 500 gal Tanks with Thermal Protection Defects,
Rep. TP 14366E, Transportation Development Centre, Transport Canada,

Birk, A.M., Tank-Car Thermal Protection Defect Assessment: Updated Thermal
Modelling with Results of Fire Testing — Summary Report, Transport Canada
Report TP 14367E, March 2005.

PRV Effects

51.

52.

53.

54.

55.

Pierorazio AJ, Birk AM, 1997, Evaluation of Dangerous Goods Pressure Relief
Valve Performance -- Phase I1: Air Test Results, Rep. TP 12978E, Transport
Canada,

Pierorazio AJ, Birk AM, 1998, Evaluation of Dangerous Goods Pressure Relief
Valve Performance -- Phase I1: Full Scale Transport PRV Tests, Rep. TP 13259E,
Transport Canada

Pierorazio AJ, Birk AM, 1998, Evaluation of Dangerous Goods Pressure Relief
Valve Performance -- Phase I1: Small Vessel PRV Tests, Rep. TP 13259E,
Transport Canada,

Pierorazio AJ, Birk AM, 1999, Evaluation of Dangerous Goods Pressure Relief
Valve Performance -- Phase I1: Two Phase Energy Sorage Study, Rep. TP
13377E, Transport Canada,

Pierorazio AJ, Birk AM, 2000, Dynamic Behaviour of Transportation Pressure
Relief Valves Under Simulated Fire Impingement Conditions, Journal of
Pressure Vessel Technology 122:60-5

19



