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iT:ie Comeittee on Hazardous Materials were requested by the U.S. Coast Cuard (now an

jagency of the U.S. Department of Transportation) to raview the technical and engineering
' “andamentals which relate to safe cargo zontainment of dangerous carges.

iue Panel on Cargo Containment has compiled, reviewed, and analyzed factuzl data uszeful
)ﬁo the Coast Guard and to anyone interested in the problems related to a more ccmplete
ndestanding of cargo containment of vessels in marine transportation, with specific

artantion to control of over prassure during emervgency conditicns such zs inveivement
in a fire.

After careful analyses of thzs furmulae previsusly recommended for tha sizing of the
relief valves, the Panel has proposed a new formula for consideration by the Coast Guard,

of encouraging additional attention®to those details which make for

2 safer system.

aditional research on neat flux te carge vessels during exposure to firs is recomnended
to refine and extend understanding of presently existing information.
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6 March 1972

This report has been submitted in fulfillment of con:ract DOT-CG-15559
and is promulgated subject to the following qualifications:

Thi  -ntents of this report reflect the views of the Cargo Contain-
ment Panel of the Committee on Hazardous Materials, National Research
Council, National Academy of Sciences, Washington, D.C. which is respon-
sible for the facts and the accuracy of the data presented herein. The
contents do not necessarily reflect thne official views or policy of the

Coast Guard. This report does not constitute a standard, specification
or regulation.
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. J. R. IVERSEN,
Captain, U.S. Coast Guard
Chief, Applied Technology Division
Office cf Research and Development
U.S. Coast Guard Headquarters
Washington, D.C. 20590
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NOTICE

The scientific study described in this repert is part of
a program undertaken under the aecgis of the National Academy of
Sciences - National Research Council with the express approval
of the Governing Board of the NRC. Such approval indicated that
the Board considered that the problem is of national significance;
that elucidation and/or solution of the problem required scientific
or technical competence, and that the resources of the NRC were
particularly suitable to the conduct of the project. The institutional
responsibility of the NRC was then discharged in the following manner:

Responsibility for all aspects of this report rests with the

study panel and parent committee, to whom we express our sincere
appreciation.

Although the reports of our committees are not submitted for
approval to the Academy membership, nor to the Council, each report
is reviewed by a second gruup of scientists according to srocedures
established and monitored by the Academy's Report Review Cormittee.
Such reviews are intended to determine inter alia whether the major
questions and relevant points of view have been addressed, and
whether th= reported findings, conclusions, and recommend..:ions arose
from the available data and information. Distribution of the report
is permitted only after satisfactory completion of this review process.

/2

- e XA

gt e

st Lt Lo

Yokt s i el

S Wl K

o g
AN L itahy. vt

' . Lt B
wm4..n.m.m,uummmummdm RO e { TR bt il

=
5
3

1
El
3
i
3
]
3
2
E
3
E}




————m B T IE X o —e s =T S RNl B S A ¥ e T =

FORENORD

LAY,

The Committee on Hazardous Materials was requested by the
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U. 5. Coast Guard (now an agency of the U. S. Department of
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Transportation) to review the technical and engineering funda-
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3 mentals wiiicl relate to safe cargo containment of dangerous

3 cargos.

The #anel on Cargc Containment has compiled, reviewed,
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and analyzed factual data useful to the Coast Guard and to
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anyone interested in the probiems related to 4 more complete
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transportation, with specific attention to control of over-

pressure during emergency conditions such as involvement in

i a fire.
After careful analyses of the formulae previously recommended

3 for the sizing of the relief valves, the Panel has proposed a

new formula for consideration by the Coast Guard, to more adequately
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reflect present knowledge and engineering practices, with the
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make for a safer system.

Additioral research on heat flux to cargo vessels during :
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: exposure to fire is recommended to refine an¢ extend understanding
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of preseatly existing information.

1/

%
3
E
H
Z
4
i
a
ES
El
3
E
3
3
3
3
3
3
3
=
P
3
g
E]
2

3
4
§
=




T

TRTETY T

L ik

i

PREFACE

A general review of cargo containment, as it relates to
overpressure encountered under emerg:ncy situations, has been
prompted hy recognition of the unique characteristics of systems
involved in marine transport of bulk liquid hazardons cargos.

At the request of the Coast Guard, a panel was formed within
the Committee on Hazardous Materials for the specific purpcse
to recommend, in view of existing knowledge, more nearly adequate
pressure relieving systems, and to encourage design features
which will decrease the inherent hazards.

Pressure vessels for liquid cargos have a pressure level
at which they will fail, releasing their contents. The purpose
of pressure-relieving systems is to prevent *his pressure from
being attained, thus preventing the rupture of the vessel and
the release nf ths product. The safety of personnel, both those
directly concerned with the vessel and those incident to the
scene, is the primary consideration. Prevention of damage to

property is a second important factor, since this protects both

the vessel itself and the adjoining property that might be damaged

by the rupture, and aiso conserves the product.

Excessive pressure in cargo vessels may develop through leat

entering the vessel Trom the surroundings, generating vapor and

ix
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increasing the pressure. Heat may be transferred by ambient tem-
peratures (for refrigerated vessels), or by fires (for vessels
designed for ambient conditions). Overpressure may occur during
filling or loading operations, or result from gases applied to
provide discharge pressures, Insufficient ullage with temperature
variations substantislly in excess of normal operating conditions
can also result in overpressure.

Pressure-relieving devices are intended to relcase only the
quantity of product necessary to lower the pressure effectively to
a predetermined safe value, without releasing an excessive quantity.
This control is especially impor:ant in situations where the re-
lease of the product generates a hazard for personnel or property,
because of its flammability or its toxicity. The following is a

specific list of causes of overpressure:

1) Loss or deterioration of insulation from refrigerated tanks

2) Heat absorption from fire adjacent to the tank

3} Operating error, including pumping at excessive flow rate

4) Inoperability or failure of the relief valve

5) Restrictions or plugging of relief valve discharge
concomitant with abnormal heat input to the vessel.

The pressure relief problem may be examined in significant

detail by considering,
1) What is the purpose of relief valves and under what

conditions should vapor be vented to the atmosphere?

iii
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3 2) What criteria should be used .in sizing relief systems?

3) How should vapor relief be provided for non-pressurized

ik el

cargos?

4) What treatment is extended to multi-range carriage of

products?

PR AT

and, by considering the following factors in providing answers to

the above questions:
1. Mechunical Requirements
a. Relieving capacities
- b. Maximum and minimum relief device settings

c. Types of acceptable relief devices (valves, discs,

fusible plugs), including materials or comstruction

T TRTTRRTY

4 d. Location and number of relief devices

e. Tank size and configuration

ek g

i f. Outage

g. Vent diffusion

o1 gl Lt

gy

h. Insulation

A il ot v Kl

i. Fire protection systems

j. Test and maintenance

k. Applicability to the various categories of cargos

(i.e. cryogenic fluids, liquefied gases, compressed
gases and volatile liquids).
2. Persoanel Requirements
a. Personnel should be instructed in 1) relief vzive 3
operation and maintenunce and in 2) the specific

hazards and precautions for the cargos carried.

iv
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INTRODUCTION

Bulk transport containers for hazardous cargoes must include within

the container system appropriate pressure relief devices. These
must be capsble of adequately venting sufficient cargo to prevent
the pressure in the container from exceeding an acceptable maximum.
Container rupture froam overpressure, with attendant side-effects,
is thus avoided.

Pressure relief devices are set to relieve fluids when the
pressure reaches some intermediate pressure between normal operating
pressure and a predetermined upper safe pressure. Close proximity
to an external fire or other source of heat may cause a pressure rise
in the container from expanding liquid or vapor generation from the
liquid cargo. The metal in contact with the liquid cargo is coo:ed by
the cargo as it boils, whereas the portion of the container in the
vapor space is not cocled significantly by the boiling liquid. This
vnwetted netal rises in teaperature.when subjected to fire and if the
fire continues will lose strength and may even eventually rupture,
ever, though the relief system is maintaining the pressure at the
normally acceptable paximm.> The time-temperature relationship for
the tepperature rise of the unwetted but fire-exposed portion of the
cargc tank is calculable if the heat flux input is known. However,

many fires do not heat the metal to the temperature of failure by
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g abating or being brought under control, by not totally involving

ot Lo e

the cargo tank, or as az result of water spray applied on the container

LRk

to cool the vapor space. The safety valve prevents rupture of the

el

vessel during heat exposure, and in addition, when the heat exposure

is reduced, closes, and thus stops the flow of preduct which may have

TR AT £ T

been contributing to the fire exposure.

A certain minimum vapor relief capacity is required for each

A o oA B, S LR A

container subjected to fire. Oversized valves will pop, close, wait for

pressure to build up, and pop again. Undersized valves may result in

sufficient pressure build-up that the container will rupture. For
severe fires of long duration, the container may fail in the unwetted

vapor space by weakening of the overheated metal, since Such weakening

oy

lowers the strenpgth of the vessel wall below the ordinary yield strength

A kb s

of the metal.

St WA,

The severity of fires and the rate of heat transfer to containers

to generate vapor depends upon several items: 1) fracticn of container

surface in contact with flame, 2} preseace or absence of jnsulation

on the tank, 3) the kind of fuel burning, 4) the geometry of the fuel
source as compared to the vessel, 5) the thickness of the flame adjacent
to the container wall, and 6) the availability of air to feed the flame
and permit violent burning. Methods and recomrendations for sizing
relief valves to cope with all possible situations have historically
beer partly empirical and partly based on experimental data for heat

traasfer rates from fires to couni{ainers. Soveral fermulae relate the

total heat input o a container expased to fire to that container's surface




ULAOLLLLS

T TR 7 A e

TP

(ki e

Lo

Gk MR

e ik LD LR

L

area, with that area raised to an exponential power less than unity.
This practice discounts the container area to account for the reduced

fraction of the container likely to be engulfed in fire as the con-

tainer size increases. Such a simple correlation between size and

exposure to fire does not inkerently reflect the elements of the
hazard associated with the specific system, and may even obscure

recognition of the intrinsic hazards.

For marine cargoes, the relative relationship between vessel and

container size and shape, and the probable area :xposed to fire can be

considerably different than for the land based situation. The eiements

of the hazard will be in many respects the same but the relative signi-

ficance of each element may well differ. Evaluation of the fire

exposure hazard should involve examination of each element - local heat
flux, the container environment factor, and the portion of the container

exposed to fire - as it is related to the specific cargo container

systen.

This study suggests a view of heat transfer rate calculations to
give credit for those items which both reduce the needed relief valve
capacity and also ensure sufficient vapor relief when no special pre-
cautions are taken to confine a possible fire or to recuc: its intensity.

Data indicate that free burning fires cen transfer heat at rates

which upproximate 34,500 Btu/{hr){ft2), to bare containers under some

conditions. For cylindrical tanks in barges this rate could upply for
the porticn of the container above the fuel burning from a pool in the

tottom of the barge. Spills of fuel in a barge can be limited by
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bulkhead dams; since a single source is probable for anv fire, such
dams can be significant in limiting the area of the cargo container
subjected to fire.

Insulation can be very helpful in reducing heat transfer during
fire exposure. Insulastion of the upper portion of the cargo container,
the portion for which it is probable that boiling protection will not
exist, appears to offer a significant extra protection by reducing

the likelihood of over-heating of the metal in that portion of the

container.
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CONCLUSIONS AND RECOMMENDATIONS

1. The following formula, described in detail beginning on page 27,
is proposed for obtaining the heat transfer rate to marine bulk liquid
cargo containers during exposure to fire. The heat absorption rate

thus calculated may be used in sizing the relief system.

Q = qFEA [2]
where
Q = rate of heat absorption by liquid cargo, Btu/hr
q = heat flux from fire (per unit wetted area completely

exposed to fire), Btu/(hr)(£t2)
F = environmental factor, dimensionless; accounts for the E
combined effects of difference in exterior environment

conditions, such as insulation, water spraying, etc.

Ll

E = fire exposure factor, dimensionless; the fraction of
total wetted surface area which is exposed to fire

A = total wetted surface area of the cargo container, ft2

To most fully implement the above recommended formula for heat
absorption the following conclusions and recommenuations are made:

2. Large-scale fire tests (involving containers of the shape and
size of those used or proposed for marine service) properly
planned and carefully instrumented, are needad to resolve funda-
mental questions regarding heat transfer rates, metal failure,

and relief valve operations.
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Tests are needed to develop an improved correlation of radiant
flux from fires as a function of the fuel burned. The limited
data available show that the radiant flux varies from one fuel
to another in a way apparently related to the specific fuei; a
correlation which would permit predictions based on the molecular
structure of specific fuels would be desirable.
More detailed study is needed, including performance testing,
of vapor relief devices under conditions to be expected in marine
service including:
(1) when handling saturated liquid;
(i1} when handling entrained liquid.
Further experimental characterization is needed of the entrainment
to be expected from the liquid surface under conditions corre-

sponding to those in actual pressure relieving.

Further study is needed of the rate of evaporation from burning

pools.

A study should be instituted to develop, ccmpare and prepare con-

clusions on the conflicting concepts of American versus European
practices on 1elief in contrast to containment.

A study should be made of insulation efficiency, with particular
attention to high integrity and thermal stability under fire
exposures as well as weathering in the marine environment. The

available information on this subject is neither precise nor

comprchensive. (see Appendix 7)
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PART THREE: DISCUSSION OF OVERPRESSURE PROBLEMS AND RELATED
RELIEF SYSTEMS

Relief valves and attached systems are designed to relieve
overpressure, thus minimizing the possible rupture of the
container. Code of Federal Regulations (CFR)27 requires that,
where an additional “azard can be created by exposure of a
pressure tank to fire or other unexpected sources of external
heat, the combined relieving capacity of the aressure relieving
devices shall be capable of preventing the pressure from rising
more than 20 percent above the maximum allowable working
pressure of the tank. In the same paragraph, the minimum rate
of discharge which the pressure relief valve must he able to

pass is given by the following formula:

o 0 i o 5 D
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1,0.82 0.5
(cfm), = 633,000 1% [% (] §
é where
2 (cf’m)a = Minimum required rate of discharge in cfm of

air at standard conditions (60°F and 14.7 psia)*

F = Fire exposure factor

A = Total surface area of the cargo tank, ft2

L = Latent heat of the material being vaporized at
relieving conditions in Btu/1lb.

c = Constant based on the relation of the specific
heats (See Part VI)

Z = Compressibility factor of the gas at relieving
conditions

T = Temperature of the gas at the relieving conditions,
°R

M = Molecular weight of the cargo

*In CFR (Ref. 27) minimum required rate of discharge is represented

by Q, whereas in the present study Q = rate of heat atsocption.
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Equation {1] is based upcn estimation of the rate of vapor gen-
eration due to exposure of a cargo tank to fire. If this vapor were
net discharged, the container would be overpressured. Additional
causes of excessive overpressure in a cargo tank have been specified
in the Preface of the present study. Before considering problems
associated with determining the required capacity of pressure
relieving systems, four spr ific causes of overpressure will be
discussed: overpressure caused by fire; by chemical reaction of

cargo; by insulation loss; and by improper operation.
A. Overpressure Caused by Fire

Fire exgosure represents the mest criticai factor when con-
sidering the requiverents for relief of overpressure in marine
cargo containers. The present study is concerned primarily with
this aspect of the prcssure relief problem. Design and evaluatio;
of prctection against fire requires a complete knowledge of marine
cargo transport systems. Fire safety requirements influence design
features. The designer of pressure relievipg systems shouid con-
sider the uncertain infiuences of

1) various carge transport systeams,

2) the -ariety and complexity of cargos, and,

3) the potentially unique and unplarned ccnditions
caused by accident.

Appendix i contains scme typical informatior descriptive of

barge and ship transportation, and illustrates various types of
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vessels on which relief valves are required. From the standpoint of fire
exposure of the cargo, design features such as arrangement of cargo tanks
with respect to surrounding walls, bulkhead locations, weather shields and
other fire-limiting structural configurations are extremely important and
should be considered in designing pressure relieving systems. This matter
will be discussed in more detail in Part Four of this study. Most codes and
regulations specify protection to meet the most severe hazards which may be
encountered. Consequently, the relief requirement for cargo tanks are
usually determined on the basis of the rate of heat absorption from a fire.

The requirement for relief of overpressure due to fire exposure is
usually much greater than the relief required by overfilling, improper opera-
tion, and failure of control equipment. Although, from the standpoint of
emergency relie’, fire exposure is the major concern, the simultaneous
occurrence of twe or more unfavorable events should be considered by the
designer. When such a probability exists, souné ergineering judgment is
rvequired to arrive at a safe and economical relief rate.

Special storage systems exist in which the requirement for relief cf
overpressure due to causes other than fire exposure is the major item. As
one example, consider cargo tanks covered with substantial, fire-resistant
insulation. In such systems an analysis may indicate that operational
relief requirements outweigh that for fire exposure.

Another item which may cause overpressure and requires consideration
is the possible occurrence of an uncontrolled chemical reaction within

the cargo, thus increasing the rate of vaporization. This conditioa
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would requiie a relief rate larger than that for the case of fire
exposure only, and generally is not controlled by relief valve sizing.
Such contingencies should require use of inhibitors, inert atmospheres
and/or sufficient insulation to prevent overheating to the critical
reaction temperature.

In order to get a reasonably complete picture of pressure
relief requirements it is advantageous to identify different potential

causes of overpressure in marine cargo tanks.
B. Overpressure Caused by Chemical Reaction of Cargo

Cargo vessels carrying organic materials which have the capacity
of undergoing chemical reactions such as polymerization are subject
to a peculiar hazard. A pressure rise may occur due to the internal
reaction, which may not necessarily be associated with exposure to
fire, but which will resvlt in an emergency relief requireiient.

The problem of designing a safety relief device for such a system
is difficult due to the unsteady state nature of the evaporation
process. Temperature, composition, rate of polvmerization, vapor
pressure, and rate of evaporation are all changing with time.

An investigation of several ethylene oxide tank car derail-
ments, involving explosions, resulted in the conclusion that the
initial fires heated the tank cars sufficiently to initiate

polymerization. Even after the fires were extinguished and the cars
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cooled, the contents remained hot due to the tank insulation.
Polymerization slowly builds up heat and pressure. Ethylene oxide,
once heated and then ccoled, may continue to polymerize, overpressure
the container, and rupture. The Dunreith, Indiana, derailment
and fire case history is an exawmple of the interaction between the
tdo sources of overpressure, i. e., chemical reaction and fire
exposure.

Behavior of a monomer carge during rapid polymerization and
pressure relief considerations associated with polymerization process

are discussed in Appendix 9.

C. Overpressure Caused by Insulation Loss

The Coast Guard regulations are concerned with the efficacy
of insulation in two ways: first, how the insulation affacts the
design pressure of the tank when insulation is used to protect
anbient temperature cargos or refrigerated cargos, and second,
how the insulatioa affects the rate of vapor generation during
fire exposare. "Where cargo tanks, in which the cargo is transported
at or near ambient temperatureg,are lagged with an insulation
material of a thickness tc provide a thermal conductance of not
more than 0.075 Btu per square foot per degree Fahrenheit
differential in temperature per hour, the tanks shall be designed
for a pressure of not less than the vapor pressure of the gas at

105°F. The insulation material shall conform to the requirements

46 CFR 38.05-20.22

The design shall also be based on the minimum internal




pressure (maximum vacuum) plus the maximum external static head

to whicit the tank may be subjected."21 Where used, tank insulation
shall satisfy the specified requirements for combustibility,
installation, and arrangements.22 This section of the regulations

is concerned with protecting the cargo system against the hazards

A e o L] 0 Lt o,

caused by loss of insulation effectiveness due to ageing, fire,
water damage, mechanical damage, and deterioration of a vapor
barrier. Such insulation effcctiveness loss might be important
with cryogenic cargos even without exposure to fire, due to
increased heat input causing exccssive vapor generaticn.

The value of insulation during a fire and the problenms

related to its use will be discussed in Part Four of this repert,

(Insulation, its valuc during a fire). The probiem of cargo

-
tank insulation has many interrelated features.” The insulation

LA b 1

sysiem should be evaluated under bpoth normal operational and fire
conditions. This evaluation would assist in the identification of

the conditions which are controlling in establishing relief requirements.

Some tanks designed for normal liquid cargos at ambient vapor
pressure have insulatian installed and supplementary refrigerating
equipment provided aboara the vessel in order to accommodate

transfer from or to cryogenic storage systems ashore. In normal
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operation with normal liquid cargos, the insulation is of little
concern. Consequently, the insulation requirements for such tanks
in normal operaticns should be studied under rfire conditions only.

In the case of tanks designed for normal operation at less
than the vapor pressure of the cargo at ambient temperature, i. e.,
refrigerated or semi-refrigerated tanks, the containment of the
cargo is dependent upon the integrity of the insulation. For examole,
if the effectiveness or quantity of iasulation is allowed to
deteriorate, the recompression capacity on the vessel will eventually
become overloaded, the cargy pressure will rise, and cargo wil! be
pericdically released by the relief valve to the surrourdirgs.
This violates the premise that undzr normul conditions cargo will
not be released to the surroundings.

It is required that the insulation should not, under normal
operating conditions, lose its effectivensss and should, in case
of fire, before it detericrates, allow adequate time for the
efforts to control the fire. Considering the safety of refrigerated
cargos, questions might arise in regard to specifying the insulation
materials which would be effective at low temperatures and yet can
withstan& high teupé}atures without failure. This two-foid requirement is
not always realized in practice without excessive financial burden.
An insulation system, for instance, may be considered safe for
protection against fire; however, if the insulatior does not
perform in the normal operation as intended, and cargo is released

to the atmosphere. this will soon become an economic burden on the
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owner, and the insulatZon must be replaced.

An additional consideration ir the safety related and normal
cperational requirement for insulation performance is the need for
periodic inspection. Presently, the only requiremest for periodic
inspection is that, if deemed necessary by the marine inspector,
sufficient insuiation shall be removed from insnlated tanks at lcast

orce in each eight calendar years to permit spot external examination
Gf the tanks and insulation.?® No guidelines presantly exist for the
evaluation cf insulation in service. The insulatioa problem will be

discussed further ir Part Four.

D. Overpressure Caused by Improper Operation

Equipment failure and humar error, alone or in combination, can

contribute to overpressure in a liquid cargo tank. The simplest

case is overpressure caused by overfilling of the cargo tank.

Coast Guard regulationsz3 specify thsr refrigerated and semi-

refrigerated tanks shall be filled sc an cutage of at least 2 per cent
of the volume of the tank exists when the tank contents are at a

temperature yielding a vapor pressure of the cargo corresponding to

the safety relief valve setting. In other words, the regulations

are intended to ensure that cargo vapor, not liquid, is released from

the relief valve, and that the tank at no time is 100 per cent

liquid filled.
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With non-vefrigerated tanks and cargos, the regulation
specifies the maximum permissible filling densities in terms
of cargo, specific gravity values and the tank volumes, for
both unlagged and lagged tanks. The “filling density" is de-
fined as the per cent ratic of the weight of the liquefied gas
in the tank to the weight of water the tank will hold at 60°F.
In the case of non-refrigerated cargos, the relief valve capacity
should be specified as to vapor or liquid relief. Considering
for the moment a cargo having a specific gravity of 0.63, it
may properly bz filled, so that the tank will have an outage
of 4.8 per cent. If the relief valve setting ic high, the
tank may bccome completely liquid filled through warming of
the tank contents. Pentane has a specific gravity of about
0.63 at 60°F; it has a cubical expansion coefficient of about
0.0009 cc/cc per degrce F. Thus the 4.8 ner cent outage of
60°F is rcduced to 0.0 per cent outage when the tank contents
are warmed to 113°F, at which temperature thc vapor pressure of
pentane is 20 psia. Pentane would start te be vented at the
relatively low temperature of 113°F; at that temperature the outage
would beccome zero and the pressure would rise rapidly upon further
increase in cargo temperature. The venting of flammable liquids
could increase the fire potential by ignition. The outage

design consideration for non-refrigerated tanks should give
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specific considerations te such factors as: vapor pressure,
volumetric expansion coefficient, flammability limits, and the
acceptability of, or prohibition of, venting liquid instead of
vapor to relieve pressure.
Overpressure could also be created in cases where high
capacity pumps are used in transferring the cargo from one tank
to another or where the filling stream is from equipment opera-
ting at a much higher pressure through a flow control valve.
Malfunction of control valves might cause serious overpressure;
such controls should be dependable in order to achieve successful
operation. Pressure relief for pipe iines and accessory equipment
should not be neglected nor absurdly overdonz. Prevention of over-
pressure during transfilling operations re-uires good system design
and careful operation if justifiable safety protection is to result.
The opposite of overpressure, namely, vacuum collapse, is
another real operating hazard which occurs when the pumps emptying
a tank are capable of a greater rate of displacement than the rate
at which air or inerting gases can eﬁter the tank. The system should
be analyzed in terms of the complete cycle of operations to insure
that the operating requirements do not produce transient conditions

which exceed expected or planned design criteria for pressures and

vacuums.

Other possible causes of overpressure or underpressure can
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generally be determined by a careful study of the cargo transport 3

FHbiag

system. As a result of the analysis, the relief capacity required

LLS

for such systems can be predicted for practically all operational

TR TN

difficulties.
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PART FOUR: ESTIMATION OF NEEDED RELIEF CAPACITY IN PRESSURE

RELIEVING SYSTEM VENTING VAPOR

In order to estimate or design an adequate pressure relieving

system, two separate but interrelated factors must be considered:

(1) estimating the volume of vapor or gas which may be anticipated,

and (2) sizing the valve and related discharge vents.

A. Previously Developed Formulae

Previous studies which have evolved or developed criteria for
relief capacity have had the objective of specifying what capacity

the system must accommodate to prevent excessive pressures. Fundamental

approaches have considered data based on heat transfer into the vessel

from a fire, translated into the capacity of the system.
Recognition of the fire hazard as the most critical threat to

the cargo and the personnel safety requires the utilization of adequate

preventive and also protective means against fire. The importance of

fire preventive design features, and the standardized operational
procedures (both routine and emergency) cannot b= overemphasized.

However, it is recognized that fire hazards may exist, even with

non-flammable cargos. Consequently, a complete understanding of the

fire characteristics is needed in order to determine the pressure

relieving capacity of the safety system. Estimation of this capacity,

in turn, necessitates prediction of the amount of heat absorbed by
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a cargo tank which is exposed to an open fire. The heat absorbed is
affected by size and design features of the cargo system and by
environmental factors, particularly insulation.

A comprehensive review of the formulae that have been used over
the years for calculation of pressure relief capacity is given in
Appendix 2. Some of these formulae relate the area of the tank to the
rate of heat transferred into the tank or the equivalent amount of
vapor generated. Several of these discount the tank area ty means of an
exponent which may vary from 2/3 to unity. It is interesting that one
formula uses two different exponents depending on the :ank size.37COther
methods relate valve size to a varisty of situations including maximum
pressure allowed. For ease of comparison, these historically used
formulae are listed in Appendix 2, each formula being presented separately
in some detail. To facilitate the comparison, where possible, an
"Equivalent Equation' is determined for each formula which results from
converting the original e~uation into a form which sets a rate of
heat input, in Btu/hr, equal to a constant times the container area
raised to a power. The area used in the equivilent equation is that
considered significant in the original equation and does not necessarily
equal the total tank area.

Critical consideration of the iaformation given in Appendix 2
indicates that further experimental data and improved theoretical
studies are needed for a more a.curate estimation of the heat absorbed
by a cargo tank exposed to fire. It is recognized that there is no
substitute for well organized and carefully performed fire tests. How-

ever, the theoretically-based methods for predicting heat absorption from




fires may be improved by reexamination of the available experimental
data.

As an example, although it is generally recognized that the heat
absorbed is in some way proportional to the surface area of the tank,
there is no agreement among different formulae as to which surface
area is to be used; total tank area, or wetted surface area. (“"wetted
area" is that area of the tank which is in contact with liquid cargo).
And, in addition, when the wetted area is used it is more proper to
relate the actual heat flux values (Btu per unit area per unit time)

to the part of the wetted area which is actually exposed to fire rather

than the total wetted area. A number of formulae make use of constants

which are determined by dividing the experimentally measured total
heat input either by total tank area or by the total wetted area.
Since, in general, neither the tank nor the wetted area is completely
exposed to fire these computed values do not represent the real heat
fluxes; they are average values which vary considerably with the tank
size and the flame-tank configuration.

It would appear that this method of correlation of the experi-
mental data may result in equations with a rather lim.ted range of
applicability. Considering the :pecial design features of the marine
cargo systems, it would appear to be inadequate to express the portion
of the zank surface exposed to the fire by using a factor which is
equal to the total container area raised to a power.

In a marine cargo transport system the tank surface area exposed

to fire #ay be limited by tank supports, transverse and longitudinal
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bulkheads and other structures. As a result, significant protection
against fire is provided along the length of the cargo tank by
such structures which isolate the exposure from a possible fire.
Consequently, a factor based on the total tank areaz for representing
the area exposed to fire is unrealistic. Similarly, the use of an
average heat flux obtained from open fire tests, without any surround-
ing wal's, is inadequate for marine cargo tanks. These problems will
be discussed further in Part Four, Section B-1b, of this report.
Considering the main objectives of the present study, it is
appropriate to predict the heat flow into the cargo by using the
fundamental heat transfer equation rather than an empirical equation
obtained from limited experimental data. This prediction would
permit one to take into account, in an orderly manner, the following

typical items related to the heat transfer problem:

1) The local heat flux from a fire to the cargo tank--
effects of fuel type, fire characteristics and
environment on the heat flux.

2) Portion of the cargo tank surface exposed 0 the
fire--influence of special design features used to
limit the exposed. area.

3) Effect of the nonwetted tank area on the safety
hazard. ("ncnwetted" is the area of the tank in

the vapor space)

—
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4) Evaluation of the possibility of liquid entrainment
and/or two-phase flow through the relief valve and
determination if such flow adversely affects the capacity
of the valve; and consideration of the possibility that
the relief valve will be exposed to liquid rather than

vapor during its relieving operation.

Each of these items involves a number of variables. These
variables and their influence on the preventative measures against

fire hazard will be discussed in the following sections.

B. Recommended New Formula

The most critical cause of overpressure in a liquid cargo tank
is excessive heat flow from a possible fire. Therefore, a realistic
prediction of the amount of heat absorbed by the cargo exposed to
fire is very important. In the case of thermally unstable cargos,
total heat absorbed by liquid should alsn include the heat of
reaction caused by the chemical process within the cargo unless the

cargo is effectively inhibited against such reaction.

1. Rate of Heat Transfer From Fire To Tho Cargo Container

Estimation of the rate and amount of heat transfer to a liquid

cargo container during fire exposure requires knowledge of both
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the heat flux from the fire and the portion of the container surface

exposed to the fire. The suitable sizing of a pressure relieving

system depends a great deal upon correct estimation of these two
quantities.
It is recognized that the arrangement of adjacent wall compart-

mentation, shrouds, protective covers, and insulation significantly

affects the area of a cargo container exposed to fire as well as the

heat flux to the container from that fire. It would appear that very

significant control over the contajner area having a probahility of

becoming involved in a fire nmay be exercised through strategic location

of bulkheads and protsctive covering. Further, such restrictive sur-

roundings could materially lower the flame temperature through
reducing its thickness and access of 2ir to the fuel. Such flame

temperature reductions wouid substantially lower the heat flux to the

containers, especially as a large fraction of the neat flux will be

induced by means of radiation.

It is evident that maximum attention should be given to the design

features which would keep a cargo container from being fuliy involved

in a possible fire. Accordingly, credit should be aliowed for these

safety-contributing design features in heat transfer talculations.

The fundamental aquation used in calculating the amount of heat

absorbed by a liquid carge container exnosed to fire can be expressed as:
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Q = qFEA [2]
where
Q = rate of heat absorption by the licuid cargo, Btu/hr
q = heat flux from fire (per unit wetted area completely

exposed to fire), Btu/(hr)(ft?)

L L A it A B 0

F = environmental factor, dimensionless, ac:ounts for
the combined effects of the exterior ervironment conditions.
E = fire exposure factor, dimensionless; the fraction

of total wetted surface area which is exposed to
fire

A = total wetted surface area of the cargo container, ft2

Equation [2] allows credits or corrections for the effects of

different situations through suitable selections of the exposure

factor E and the environmental factor F. The product EA represeats
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the fraction of the total wetted area A which is in actual contact
with the fire. The fire exposure factor E, therefore, accounts for
items which keep the tank from being fully involved in the fire,
such as the bulkheads placed along the length of the cargo container

in such a way as to isolate sections of that container.
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The factor F includes the combined effect of different environ-
mental conditions on the amount of heat absorbed; such as the =ffect
of insulation. The heat flux q varies with the kind of fuel burning
and depends on the heat transfer characteristics, such as the
geometry of the fuel source as compared to container, the thickness
of the flame opposite the container wall, etc., and also on the
configuration of the reradiating surfaces. Parameters involved in

Equation {2] will be studied in more detail below.

a. Structural configuration

It is recognized that maximum effort should be applied to
keeping the liquid cargo container from being fully involved in the
fire.. Hence, credit should be given for special structural configura-
tions which will limit the area of the cortainer exposed through
confinement of the fire. This credit is accounted for, as it has
been seen, through the use of the fire exposure factor E.

The previously used formulae as summarized in Appendix 2 often
use an exponent for the container surface area to account for the con-

tainer expected to be engulfed in the fire as the container si:ie increases.

For increasingly larger tank sizes, the probability of full envel-
opment by fire is acknowledged to be less than for smaller tanks. The
fraction of the total wetted surface which is exposed to fire is des-

cribed in Eq. [2] by the exposure factor, E. The formulae of Appendix 2
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have in many cases estimated the fraction of the vessel area exposed
by relating an exponential function of the area to the total heat

flux. Such a relationship could have been describ:d in terms of the

fire exposure factor, E, of Eq. [2] as:

hi]

A
=& . A i = 2
E=—— = () with a=1#ft {3]

where, in accordance with definition of the fire exposure facter, A
and A are the portion of the wetted surface area which is exposed to

fire and the total wetted surface arez, respectively. The dimensional

L AL P A

conctant a = 1 ftz, is used in Eq. [3] in order to make B

dimensionless; a and A are given in the same system of units
both in ftz.. The exponent m, in Eq. [3] varies from 0 to 1
depending on the tank size.

Considering the characteristics of marine liquid cargo containers,
Eq. [3] has very limited use, since this equation does not include the
effects of supporting structure or other specially introduced features

which may serve to confine the fire. Therefore, for such cargo con-
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tainers, the actual fractional tank area exposed to fire is almost

always less than that determined by using a general relation in the

form of Eq. [3]. It has been seen in Part Four, Section A, that,

even with the simplest tank configurations, it is not possible
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to correlate the results of fire tests by assigning a single
constant value to exponent m in Eq. [3]. Therefore, for the
cases vhere measures are taken to limit a possible fire, it is
more realistic to compute the exposure factor by considering the
configuration of the cargo container with respect to the
probable surrounding fire. By making some rather plausibie
simplifying assumptions, it is possible to determine the
exposure factor in terms of geometrical configuration of the
cargo container with respect to its surrounding boundaries.
The computed value of E is then substituted directly in Eq. [2].
The following example illustrates the differences between
the exposure factor values Ej and E; determined by using the
direct method suggested above and the conventional method which
makes use c¢f Eq. [3].
In a cargo barge, the tank surface area exposed to fire is

ssumed tc be limited due to the effect of the transverse frames
which serve to gonfine a spill to a local area, and therefore «
confine the fuel for a potential fire, and presumably the fire
itself.10 it is also assumed that the total wetted area is almost
equal to the total container surface area. It is reasonable to
assume that any one of the transverse bulkheads might be breached
due to collision and thus be ineffective. With a transverse

frame spacing "S", the effective length of fire in case of a
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breached bulkhead becomes "'2S". For a fire involving a tank of
cylindrical configuration the surface area 211DS is assumed to

be subjected to the full heat flux from the fire, D being the

tank diameter. It should be noted that this assumption reduces

the exposure factor E to a parameter which depends purely on

the geometry. In the majority of cases, the supposition is
plausible, thus simplifying the problem considerably. However,

if the existirg experience, conditions and requirements do not
justify this assumption, it is more convenient to apply a correction
to the environmental factor F rather than using a more complicated
procedure to predict E. Such considerations lead to the need for
applying two factors E and F, rather than only one. As a general
statement it can be said that-for a given design, E.is fixed, whereas
q and F, in Equation [2], depend on varying environmental and
operating conditions.

Considering again the example, the fractional area exposed to

fire becomes

E,A [{i] A (4]

where L = length of tank

and the fire exposure factor

. 2 5
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On the other hand, referring to present U. S. Coast Guard regulations,?7

the fire exposed area is given as

E, = (2) 0.18 2

2 A , Witha=1 ft [6]
ard
a ,0.18 0.82 Z
EZAS(K) A=A £. (71

It should be noted that in the Coast Guard regulatigms,
although F is called the fire exposure factor, it is equivalent

to the environmental factor F defined in Eq. [2]. It is seen

from Eq. [7] that the exposure Factor E, is already included in

A0-82  por 4 simple comparison of results of the two methods

used, it is convenient to rewrite Equations {5] and [6] in the

following forms:
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_ A \0.18 28 0.18
Ey = EIH —xT— A (8

_ 4 \0-18
= ExXg = 1 (dimensionless) (9]

Obviously  Ey/Ep = Ej/E;

tn
~N
)

Values of'ii and Eé are plotted in Figure 1 versus the total

wetted area A. This figure covers approximately the following

properties:
L = tank length from 100 ft. to 300 ft.
E = tank diameter from 10 ft. to 25 ft.
S =

frame spacing from S ft. to 9 ft.

For example, for a 300 foot long tank of 25 foot diameter,

A is about 23,500 sq. ft. If the frame spacing is 9 feet, then

25/L -~ 0.06. Then from Figure 1, one obtains

? '2

Therefore, the effective surface area exposed to fire obtained from
the formula of the Coast Guard regulations would be approximately
three times the effective area obtained if only frame spacing is
considered to limit fire exposure. A general statement of results

wculd show that the fractional tank area expcsed to fire under the
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frame spacing limitation is always less, for the same tank, than

the area predicted by Equation [7], if only practical values of

diameters are considered.

L i B il i

3 In the calculation of heat transfer from fire to a cargo tank,

special consideration should be given to the design features used to

T ST "

limit the portion of the tank surface directly exposed to the fire,

3 such as: bulkheads, weather shields, etc. This precaution would

3 serv2 to reduce substantially the effective safety device sizing

3 requirement.

The exposed surface area can be determined in terms of

T T

the fire exposure factor E which depends upon the geometrical con-

figuration of the cargo tank with respect to its surrounding boundaries.
Therefore E can be determined by considering the system geometry only. %
Additional effects of the special design features on the flame E

characteristics would probably cause further reduction in the safety

device sizing requirement.

S ot g

These effects can be incorporated into

either the environmentai factor F or the heat flux q in equation [2].

o f A R

Consideration should be given, as much as possible, to provide

drainage away from the tank so that pools of fuel cannot accumuiate.

Al

Suitable baffle walls which separate spills from the tank may be of

great value by delaying, in case of a fire, the direct contact between

the tank and the flame. The importance of carefully arranged design

features in improving fire sarety cannot be overemphasized.

b. Heat flux from fire to the cargo container

Une major problem ir calculation of the total heat absorbe.
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by a liquid cargo exposed to fire is the assignment of a correct

value to the heat flux q in Equation [2]. Predictions of q have

usually been made either by use of total heat transfer rates
measured during fire tests, or by the use of measured or calculated
average flame temperatures to calculate the heat transfer rates.
However, in the light of present knowledge, it is recognized that
the conventional methods used in the past in analysis of radiant
heat transfer from flames are not adequate for understanding the
significant details of the heat transfer process. Simultaneous

occurrence of heat release and heat transfer in a fire makes it

difficult to calculate the heat flux from flames by using an

average flame temperature. Improvement in the aeat transfer

calculations requires consideration of the local varients and of
the parameters which affect the heat transfer process, such as

temperaturz distribution in the {lame.

Experimental data on heat transfer from fire to liquid cargo

tanks have been summarized in Table I, page 37. It is noted that the
Q/A value in this tatle is the average heat flux based on the entire

wetted surface area although, in general, this area is only partially

exposed to the fire. Therefore, the Q/A value in Table I, is

not equal to the heat flux q since, from Equation 2] one obtains
Q. [10]
a qFE

assuming that F = 1 for bare tanks in open fire tests, then

q= [11}
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Since E, in general, is less than 1.0, the heat flux q for experiments
should be greater than Q/A values reported in Table I both being equal for
small tanks where E = 1. Consequently, smaller Q/A values in this table

do not necessarily mean small values of the heat flux q.

Table II, page 38 gives a more meaningful presentation of the
experimental data. It is rather significant to observe that the heat
flux q to the exposed wetted surface does not vary tco much for most
of the experiments listed in Table 1I, whereas the average flux based
on the total wetted surface area varies rather substantially. The reason
for this variation in the average heat flux Q/A can be understood by
referring to Eq. [1] where it is seen that the average heat flux is
dependent on the exposure and environmental factors. Evidently,
presentation of the experimental heat flux data on the basis of **
wetted surface area completely exposed to fire is much more informa: .
However, for the great majority of experimental data, this is not
possible since some relevant information required for this purpose was

not reported in these experiments and because the experiments were

designed to maximize the heat input and not test the probable flame

envelopment. Ore cannot help but emphasize the need for more completely

documented detailed experiments; the data presently available, although
they are extremely important, offer the design engineer only a modest
help.

Table I, shows that the experimental average heat flux values

varied, with the exception of one case, from approximately 13,000 to

47,000 But/(hr](ftz). For the latter value, E is found to be 2 unity.6

Therefore, the highest experimental value reportad for the heatr flux
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is about 47,000 Btu/(hr)(ftz). It should be aoted that local heat
flux rates from 83,000 to 90,000 Btw/(hr) (ft2) were reported in
references 4 and 29, for air-methane flames impinging on flat surfaces
and for free-burning liquid hydrocarbon fires, respectively.

Upon analysis, it may be found that (see Part VI-A) a heat flux
of q = 34,500 Btu/(hr)(£t®) is inherent in Eq. [1] which is used
presently in the U. S. Coast Guard regulations. In this formula, how-
ever, heat fiux is given per unit area of the total cargo tank surface,
adding a margin of safety if the local flux is no more than 34,500.

It is recognized that heat flux q varies with the fuel and
depends upon many vaiiables; such as, geometry and the radiation
characteristics of the flame, configuration of reradiating surfaces.
and gas-air ratios (combustion efficiency). It is difficult and »v.~n-
sive to carry out large-scale fire tests where the effects of ti: -
variables on the heat fiux can be investigated in a combined way. As
important is the fact that there exists a lack of basic information
which is required in applying the fire test results to cases where
conditions are not .dentical to those of the tests. Therefore, until
this information and further representative fire test results are made
availasle, the problem of predicting the heat flux can be approached
rationally only through the adjustment of the experimental data to fit,
as closely as possible, the design conditions and by applying the

analyt_.cal heat transfer calculation methods and engineering judgment

based upon actual experiences. Not one of the conventional radiation

calculation methods provides by itself more ti:-n a rough estimate of
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the radiant heat transfer rates from flames. The several techniques
for calculating the radiant heat transfer from fires consist of the
use cf an averége flame terperature and some modified form of the
Stefan-Boltzmann Law. This method, of course, over-simplifies the
problem by eliminating the need for tne knowi=dge o. the flame con-
figuration and the temperature distribution within the flame. With-
out this information, however, it is very difficult to predict the
average flame temperature and the form of the modified heat transfer
equation. Even small inaccuracies in the predicted average flame
temperature may result in large differences between the actual
radiant flux and the flux computed by using the Stefan-Boltzmann
equation. This does not imply, however, thati theoretical calcula-
tions are useless for the present problem. On the contrary, they
help the design engineer make the best use of the available fire tests

ar

1ta for his specific desigr pr-blem by providing him with the

[=9

goneval guidelines toward final solution.

Theoretical hert flux calculations in Appendix 5 are given
:n the spirit of the foregoing discussion, illustrating the steps
invelved in the performance of heat transfer calculations by conven-
tional procedures. In order to perform a heat transfer analysis

satisfactorily, it would be necessary to have detailed information

cr. the thermal radiation from flame, as well as rather :involved

ompulcr solutions.
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For a given set of conditions, it is convenient to predict the
heat flux q with reference to a properly defined standard heat flux
such as q,- By definition, q, wiil be the heat flux for a reference
fuel under well-defined reference conditions. These conditions should
include, as much as possible, all the parameters reievant to the heat
transfer from flames to the cargo tank. The reference conaitions and
the reference flux 9, should be chosen by critically reviewing all
the experimental fire tests data available. Once q, has been
determined, the actual heat flux q, under conditions different from the
reference, will be predicted by applying corrections to q,- In this
correction procedure the guidelines provided by the theoretical cal-
culations would be indispensable.

To summarize: It seems to be very convenient to determine the
heat flux q as follows:

(i) Define a reference heat flux a, by using the available
experimental fire tests data. As more accurate data
becomes available, q, can be redefined.

(ii) For the conditions of a given problem apply a number of
corrections to q, and obtain the heat flux q.
As a first and good approximaticn q, = 34,500 Btu/(hr)(ftz)
can be selected as the reference heat flux. Referring to Table II,
this value seems to represent approximately the heat flux q for the

majority of experiments performed with different fuels, under different

conditions. Therefore,
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it would be convenient to use either 34,500 Btu/(hr)(ftz) or a modified
value close to it as the reference heat flux q,- However, the reported
heat fluxes for some fire tests are substantially different from
34,500 Btu/(hr)(ftz). For this reason, this reference flux would not
serve its full purpose unless the overall fuel characteristics and the
test conditions associated with it have been clearly specified.
Prediction of the heat flux q, starting with the reference flux 9,9
requires a complete understanding of the energy transfer mechanism and
the effects of different parameters on the heat transfer rate from fire
to the tark surface. The following discussion is concerned with this

aspect of the problem:

c. Convection versus radiation

Appendix 5 discusses contributions of convection and radiant
heat transfer to the total heat flux from fires. The literature cited
does not contain much information on convection heat traasfer coef-
ficients inside buoyant diffusion flames. However, it is believed that
these coefficients shouid be higher than those predicted by corre-
lations based on moderate temperature differences and nonreacting
systems. The effective convection heat transfer coefficient for a
fire should exceed 2 Btu/(hr)(ftz) *F.61,

Welker and Sliepcevich8! have recently reported an experiemental

ccnvective heat transfer coefficient of about £ Btu/(hr)(ftz) (GF) for

JP-4 fires. These data are further discussed in Appendix S.
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Maximum heat fluxes between optically tkick flames from single
burners and cold (200-300°F) target surfaces are given, for different
fuels, in Table III, Appendix 5. It'is seen that contribution to the
total flux through convection is far from being negligible. For the
six fuels listed, the convective portion of the total heat flux varied
from 15% for benzene to 58% for a methanol flame. In determining the
heat flux, both the radiative and convective heat transfer modes should

be considered.

d. Effect of the fuel type on the heat flux from fire

Fuel type has effects on both modes of heat transfer, since it

influences the flame temperature distribution and the radiation

characteristics of the flame. The radiant contribution, in generai,

varies more with the type of fuel than does the convective portion as

seen in Table III. Major steps of the calculations t predict the

radiant heat flux from flames are given in Appendix 5.

Heat transfer rates in Table III, Appendix 3, are given for
specific experimental conditions. Therefore, values from this
table or from similar tables cannot directly be used for design
calculations. This information, however, may be used for predicting
approximately tiu l:eat from an arbitrary fuel av reference conditioms.
As an example, assume that the reference heat flux q, for hexane is
chosen, from Tablec ili, as 29,500 Btu/{ﬁr){ftz). Of ccurse, unless
the reference conditions are identical to those in this table 4,
would not exactly equal the value 29,500. Assume, however, that q,

for hexane is already known. In determining the total heat flux for

JP-4, for instance, it iy necessary to multiply q, for hexane by
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30,7807/29,590 in urder to obtain the standard heat flux for JP-4

»nder reference conditions. This correction approximately accounts
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for the effect of fuel type on the heat flux. If the existing

f conditions are different from reference conditions, additional corrections

.

would by required. Recognizing the limitation of this type of

8 b g b L Al

correction procedure, in the face of scarcity of experimental data, it

zevertheless, can be taken as a starting point. Corrections, modi-

L Lyt Ly o

fications, and reasoning should be performed with full recognition cf

the validity of the experimental data.

e. Effect of the burning rates of liquid fuels on the heat

fiux _from fixe.

pd it gt M

Heat flux from a fire to a cargo tank is related to the burning

rate cf the fuel i.e., the rate at which the fuel is added to the
Sire (as through evaporation). The general problem of burning rates of

tiquid fucls has been discussed in Appendix 6. Generally speaking,

G S [l

increase in the burning rate will cause an increase ir the heat

S
it LN ity P A B RN s b ol

fiux. Because of this direct relaticn, information concerning burning
rates may be useful in predicting the heat €luy.
For enginesring purposes, the maximum or steady state burning

rate {steady state evaporation from pocl of liquid fuel exposed

Ll Ll e o D ! Yl M

to fire} is usualiyv more meaningful because it defines an upper limit.

The problem of predicting the burning rates of large fires still

ramains te be sclved. For this reason until experimental measursments

or. larger steady state pool fires can be made, the predictions similar

A 9 Ml L0 Dt SO, 0 2
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to that given in Table III, Appendix 5, will have to suffice. The
results presented in this table are all based on experimental data,

but nore of the data can be considered ideal for making predictioms.

With reference to th. fuel type, Tables III, Appendix 5, and
1V, Appendix 6, suggest a somewhat consistent relationship between

the variations in the heat flux and the burning rates. This rela-

E
|
%

tionship, however, by itself will not aid the heat flux predictions

to any marked degree unless contributions of the other parameters

have also been considered.

2. Additional Considerations

a. Effect of the geometrical configuration on the heat flux

Position of the cargo tank with respect to surrounding surfaces
should have noticeable influence on the heat flux q by affecting the
{lame chasacteristics wad the heat transfes process.

Configuration with respect to the surroundings influences the
heat fiux q by affecting the following items:

(3) Accelssibility of air and the steichiowetric (olznce

(ii) Reradiation from surrounding surfaces

bt a8 g L a0 el
L e e 5 A A A ot LA ANt B it 0 JALICEP by i L

There exist no large scale fire test data which can be used for

Py

predicting variations in the heat flux caused by the chauges in the twe

L b

items above.

M

Change in the stoichiometric balance should significantly
aifect heat transfer characteristics of the flame. Temperature distri-

tuticn in the flame aud the relative roles of convection, and radiation
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would be influenced by the degree of accessibility of air. Surrounding
surfaces tend to increase the heat flux q by reradiating the radiant

energy coming from the flame back toward the cargo tank unless the

flame is opticaily thick.

It is evident that the overall effect of the geometrical con-

figuration on the heat flux 5 is to be determined by the combined

effects of items (i) and (ii). Yor instance, if a cargo tank is

coipletely surrounded by other surfaces, the reradiation contribution
to q would be maximum. However, because of the coumplete confinement,
a fuel-rich mixture with soot formation and incomplete combustion

may lead to lower flame temperature, thus reducing the direct heat

transfer to the cargo tank. The net change in the heat flux q,

therefore, can be either an increase or a decrease, depending on the

interplay of the two effects considered.

It needs no argument that further research work, theorctical
and experimental, is needed toc naderstand the effect of the geomctriccl
configuration on the heat transfer rates from tlames to a cargo tank.
However, since there is no standavd cargo configuratiom, a correct
answer :o this piotiem wil' depend largely on engineering judgment,

even when better information has become available.

Referring back to Eq. [Z], the environmental factor F in this

equation is concerned with the degree of limitation of the heat flow

to the tank surface. This limitation car be accompiished by various

methods, such as insvlation and radiation shields. For bars vessels

with no iimitation of the heat input from flames, the value assigned
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to F is 1.0. Use of any measure to limit the heat absorbed by the
liquid cargo makes the value of F less than 1.0. Various methods

of limiting heat input from fire may be considered:

b. 1iInsulation, its value during a fire

In case of a fire, insulation on a liquid cargo tank serves a

twofold purpose:

fi) It reduces greatly the heat flow to the liquid cargo,

thus reducing the amount of vapor generated inside

the tank; and,

(ii) It also reduces the temperature rise of the unwetted

metal surface of the cargo tank.

The present Coast Guard regulation527 are concerned with the
effect of insulation on the rate of vapor generation during fire

exposure. It is stated that the factor F may be taken as 0.5 for

pressure vessel type tanks insulated with approved fireproofing

material. This credit in the regulations recognizes the important
effect of insulation in fire bv allowing 2 reductica in the vapor
flow capacity of the safety relief system to half of that for an

uninsulated tank. On the other hand, the regulation docs not

require the use of insulation as a measure of fire safety. It is
not a simple matter to introduce a set of rules which would tell the
design engineer when and where the use of insulation is warranted
or is absclutely necessary. This problem has a number of special

features which should be considered rather carefully.

S bl




The insulation effectiveness in reducing the heat transfer
from fire to a liquid cargo tank has been studied in Appendix 7.
3 This study shows that the insulation, as expected, is very effective
in reducing the heat flow to a liquid cargo. The final decision

concerning the use of insulation should be made after considering

the following:

General evaluation of merit of insulation: Application of

insulation to a cargo system which is already in service woild improve
the safety considerably. However, if the vapor flow capacity of the
safety relief system has been computed by giving full credit to

the cffect of insulation, then it clearly is important from the

i effectiveness of the relief system that the insulation maintain

. quality during normal use and during fire exposures. As an extreme
case, for instance, if insulation deteriorates rapidly during a
fire, it would leave the cargo tanks with a safety relief system

of underdesigned capacity. Such a system, of course, would not be
as safe as a system with no insulation but equipped with a full
capacity vapor relief safety device.

Ssrple calculations in Appendix 7 show that the temperature ot
the exposed insulation surface approaches the flame temperature, and,
that the better the thermal insulation, the closer the approach
becomes. Unfortunately, maximum pe missible temperatures for most
of the insulation materials are lower than that which would be
attained due to fire exposure. Surface temperatures higher than

the safe maximum value could result in deterioration of the ins.ilation




material. It is evident that predictions of the surface temperatures

and stability characteristics of the insulation at these temperature
levels are of utmost importance. Otherwise, design of a pressure
relief system, with the assumption that the insulation remains effective
at all times during fire exposure, could be ﬂangeroué, since failure of
the insulation material could cause excessive vapor generation with

the result that the safety relief system would be too small to relieve

the vapor generated.

Need for insulation in vulnerable areas: Insulation, or an

equivalent protective measure, is especially desirable for fire-
safety in especially vulnerable parts of the systea.

Discussion presented in Appendix 7 indicates that exposure of
the unwetted surface of a liquid cargo tank to fire could cause a
metal temperature high enough to reduce the strength below the safe
limit, thus leading to the metal failure by bulging. The time
needed to heat the unwetted surface of a cargo tank to a certain temp-

erature, and also the time it takes for rupture ofter attaining that

temperature, are given in Figures 12 and 13 of Appendix 7. Predictions

from these figures show that, under fire conditions which are not rare,

the unwetted surface of a liquid cargo tank has a high probability of

failure within a few minutes unless it is protected by insulation,

water sprays and/or by other means. Therefore, protection of the

unwetted surface, by insulation, for instance, may be desirable as pro-

tection against a possible fire hazard.
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The overheating of the unwetted portion of the container wall
is particularly critical if it is subjected to an impinging flame; in
this event, wall failure can occur very rapidly. An intense impinging
flame may result in local heat flux values so high that the wall will
fail even below the liquid level of the cargo. If film boiling occurs,
the wall is no longer protected by the high heat transfer coefficients
of the nucleate boiling regime. For the metal to be protected
during nucleate boiling, the heat flux should be below the maximum
value for the nucleate boiling. This matter is considered in
Appendix 8. The probability of this type failure depends on many
factors, inr :ding cargo container configuration, predicted fire
thermal characteristics, insulation effectiveness and degree of
container filling.

If the chance of failure of the tank below the liquid level is

not negligible, then it may be necessary to insulate that poriion of

the tank as well as the unwetted surface. Although the problem con-

cerning protection by utilizing insulation has a large number of

parameters, technically speaking, it is not very difficult to decide

whether or not the insulation is required for a given cargo tank system.
It is recognized that insulation should be very effective buth

in reducing the heat flow to the liquid cargo and also in reducing the

probability of metal failure during a possible fire. This protection

exists however, only if an insulation maintains its structural integrity
for sufficient time to allow the fire fighting personnel to bring in

other equipment tc control the fire.
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Calculations in Appendix 7 show that the temperature of the ex-

posed insulation surface approaches that of the surrounding flame

temperature. This surface temperature increase occurs within seconds

or a few minutes following exposure to the fire. In addition to the

ability to withstand high temperatures, other factors should also be
considered in the selection of insulation, such as moisture resistance,
cost, resistance to attack by chemicals, ageing, flammability, and
settling (of powder).

In order to protect the insulation from deteriorating at high
temperatures, heat shields, sheet steel covers and fireproof surface
finisk or covering might be useful and, therefore, should be considered.
The design engineer needs information about the high temperature in-

sulation materials and their stability features under fire fighting

conditions. Without this information, he cammot predict how the

insulation would function under the actuai fire conditions.

It should be recognized that an ineffective insulation may impair
the fire safety both by not really improving it and also enccuraging,

Ly its presence, th2 relaxations in the requirements of other safety
measures.

A comparison between the heat transfer rate of completely insulated

tanks and the heat transfer rate of an uninsulated tank of equal area

has been performed in Appendix 7. The ratio of heat transfer rates is

denoted by r. For this case r is equal to the environmental factor F

due to presence of the insulation. It has been mentioned that the

present Coast Guard regulations allow a single vaiue, F = 0.5, for
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cargo tanks insulated with approved fireproofing material. In view
of the foregoing remarks concerning the insulation effectiveness, one
cannot fail to appreciate the caution exercised in the Coast Guard
regulations which has been emphasized by the use of the phrase
"approved fire-proofing material.

Referring to Table VI of Appendix 7 for 100 percent insulated
tanks, the value of environmental factor F varies from 0.023 to 0.176
under specified conditions. Effects of the flame temperature and the
mean thermal conductivity of insulation on factor F are seen in
Tables V, VII and Figures 9, 10 and 11 of Appendix 7. Values of F
obtained for 90 to 100 percent insulated tanks are in general agree-
ment with API RP520 recommendations. In this regard F = 0.5 allowed
in Coast Guard regulations might be somewhat conservative. However,
it should be noted that the regulation does not mention 100 percent
insulation coverage. Therefore, as an average value, F = 0.5 is
adequate. This value corresponds to about 60 to 70 percent insulation
coverage, depending on the flame temperature and the thermal conduct-
ivity. If the insulation cover is more than, say 70 percent, factor F
can be determined by using the method used in Appendix 7. This F

valuc, of course, would be less than 0.5 under conditions comparable

to those used in thz Appendix.
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Fire test results reported in ref. 68 indicate that the

failure of the liquid filled bottom drain line on the test tank

‘within a matter of a few minutes is an item which should be given

serious consideration in the designing of piping arrangements and
in the protection of such piping from fire exposure.

Role of water spray protection: It is recognized that the

application of water to a container exposed to fire definitely
decreases the heat input to the contents of the container and also
prevents the excessive increase of metal temperature. In this
matter, however, marine liquid cargo transport systems are appar-
ently at a disadvantage compared to land storage systems. This

ts mainly due to the very compact and crowded nature of the marine
systems which also restricts the fire fighting effourts.

Although an automatic water spray system might be used, its
proper installation within the cargo system would be a problem and
its performance effectiveness and reliability would be questionable.
It is recommended that capacity of the safety relief system should
be determined on the basis of the assumption that in case of a fire,
the water spray and supply system of a marinc cargo transport would
¢ totally inoperative. The system should assume fire-fighting

water 1s not available,

The National Fire Protection Association Flammable and
Combustible Liauld code?] specifies that the required vapor flow
rate for a pressure relief valve may be multiplied by the factor

of 0.3 for an uninsulated tank which has an approved water spray

system, and where both an approved insulation and an approved




water spray are utilized, the factor is 0.15. In contrast,

the American Petroleum Institute, RPS520 65

recommends no reduction
in the environmental factor due to water application, considering
it unreliable. Nevertheless, RP520 does emphasize the importance
of providing water to the outside of a tank exposed to fire to
keep the metal temperature below a safe limit.

Coast Guard regulations allow no credit for water spray
systems. Considering the special characteristics of the marine
liquid cargo systems, and also the adverse effects of the water
spraying on the insulation, no credit is given for water spray
when calculating vapor flow rate. However, the protection of
especiaily vulnerable uninsulated surfaces with water spray should
be considered without any credit to the environmental factor F.
Consequently, the vapor relief valve sizing would not be affected
by the presence or absence of water spray protection. It must be
re-cmphasized that fire protection means, such as insulationl‘are
voud solely for providing ample time until the fire fighting
equipment can be operated in order to control and extinquish the
fire. Therefore, it is obvious that improvementes in the fire
prevention and protection measures should never lead to any relax-

ation in strict fire fighting regulations.

c. Multi-range carriage of products

A carrier of bulk liquid cargo may wish to use a certain cargo

transport system in a variety of services. This raises the question

56
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of the proper setting of relief valves. The allowable working

% stress may vary depending upon the actual service temperature of thc i
r For service temperatures below 0°F, Coast Guard regulations 2

require that cargo tanks be stress-relieved. Since thermal stress- :
3 relief is often not possible due to the large size of the tanks i
é under certain limitations, Class II-L (pressure 250 psia or less, %

temperature below O°F) pressure tanks may be mechanically stress-

relieved. Since mechanical stress relief has little or no bene-

ficial metallurgic effects, the maximum allowable working pressure

(MAWP) of mechanically stress-relieved pressure vessels has been

St

limited to 40 per cent of the pressure which would be allowed if the

tank were thermally stress-relieved. This limitation on pressure has

the effect of restricting the operating range of pressure and tempera- 3

: ture of the tank as shown in Fig. 2.

i

This limitation presents no problem when the tank is intended

to operate with the cargo temperature always helow O0°F; the safety

I WA B

vaives are set at 40 per cent of the design pressure or lower anc the

tank is Filled so that 2 per cent outage remains at a pressure cor-

responding to the relief valve setting.

(Operators tend to set their

valves as close as possible to the working pressure in order to minimi.«

Jutage reguire)

K o WL

However. problems arise when the opera‘or wants the option of

being able to carry cargo in either the ful.y-refrigerated or somi-
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refrigerated condition. This means that the tank will operate both
above 0°F where its MAWP may be its design pressure, or below 0°F where
its MAWP is limited to 40% of the design pressure.

To accomodate this duai rcle, consideration must be given to the
settings of the relief valve or valves.

Some thought has been given to requiring only one relief valve
set at the full design pressure of the tank. This reasoning is based
on the assumption that the tank will not see high pressure (above 40%
of design) while at low temperature due to the shape of the equilibrium
pressure-temperature curve for the cargc. This soiution has two draw-

backs:

(i) There is the possibility that the cargo pressure deviates
significantly from the equilibrium pressure-temperature
relation, especially during loading.

(ii) Whea the difference between operating pressure and reljeving
Fressure is large, the outage required at operating pressure
becomez econoij:ally unacceptable to the owner if a require-
ment is imposed for a fized outage at relieving conditions.

The other alternative at present is to have two relief valves per tank
with one valve set at high pressure and the other at low cnd arranged so
that one valve is connected to the tank at all times. This has the

drawback of relying on the operator to have the proper valve connected
at the proper time and having the tank filled to the picper outage.
Section 54.15-5 of CFR Title 46, Tequires that all pressure vessels,
irrespective of size or pressure, shal) be provided with protective
devices (pressure-relief devices) in accordance with the requirements of

G-125 through UG-134 of the ASME Code, Ref. 63, 2xcept as modified in

b
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46 CFR 54.15. Safety relief valves used in liquefied compressed

gas service shall meet requirements of 46 CFR 162.017 or 162.018
Subchapter Q (Specifications), as appropriate.

When a cargo transport system i; used for multi-range carriage
of products, it is compulsory that requirements imposed by Division I
of Section VIII of the ASME Code, as limited, modified, or replaced
by specific Coast Guard requirements are met fsr each cargo and for
the operation conditions to be utilized fcr this cargo. Considering
only the pressure relieving systems, the following items should be
checked in order to insure that requirements of the Coast Guard

regulations are satisfied.

Minimum relief capacity. When the storage pressure and

temperature conditions for a given cargo are to be changed or a
different cargo is to be transported, the existing pressurs relieving
system should be capable of providing the required minimum relief
capacity under the new service conditions. This capacity is given
by Eq. [1]. Therefcre, flow rate through the pressure relieving
system should be determined for the new conditions and compared with
the minimum relief capacity. If the flow rate is smaller than the
minimum capacity, either 2 large size valve or a supplementcl valve
would be neede for providing the additional flow capecity. If the
existing valve is too large for the new service conditions, adverse
effects of an over-sized valve on the operation, such as valve

chattexring, should be considered before a finazl decision is made.
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Materials. With the changed cargc conditions, materials
of the pressure relieving device should be suitable fer the chemical
characteristics of the new cargo and for the changed pressure and
temperature ranges and other pertinent service conditions.

Pressure setting. For liguefierd colpressed gas applications,

relief valves are of either the intemmal or external spring-loaded
type, suitable for the intended service. When changsd operating con-
ditions require a uew pressure setting, the Code specifies the re-sct

may not be more taan 10 per cent above or below the pressure for

which the valve is marked.

Change of valve spring. A new spring will be needed for

Fressures outside the re-set range given in the above parz raph.
Code specifications require the valve adjusted to the new service
conditions and re-marked by the manufacturer or his authorized

representative.

Rupture disks. Paragraph UG-127 of the ASME Ccde and

Sec. 34.15-13 of CFR Title 46 outline the specificaiions for use

of rupture disks. Relief area, the bursting pressure xt a specified
temperature, and material of the rupture disks should be checked
agaiast the changed condtions of operations. If the Ccde Tequirenents

are not met under the new conditions, new rupture disks should be

installed.

Presure-indicating gauges. If used, gauges shall de
graduated to not less than 1.2 times the pressure at which the relieving

device is set to function. Therefore, when service conditions are

changed, a replacement of the pressvre gauges may be necessary.
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Other A\justments. With the multi-range carriage of products,

other changes in the pressure velieving system may be required. The
requirements may be determined by referring to the currenc Coast Guard

regulations concerning pressurz relief devices.
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PART FIVE: ESTIMATION OF NEEDED RELIEF CAPACITY IN PRESSURE RELIEVING
SYSTEMS VENTING LIQUID OR LIQUID-VAPOR MIXTURES

A, Vapor Relief Versus Liquid Relief

Calculation of the effective discharge area of a pressure relief
valve for a liquid container exposed to fire is based on the rate of vapor
generation caused by the heat absorbed from fire. The rated capacity of
the relief device should be greater than the rate of vapor generation.
Otherwise, the pressure will build up, and it may reach a level which is
unsafe for the cargo container.

When assumption of adiabatic and reversible flow may be made, thc
capuacity of the rclief valves for gas and vapor relief can be calculated
by using the ASME Code formula, i.e., Eq. [3-1}, Appendix 3.

[t is cqually important for the marine tfansport cargo containers,
to predict the expected performance of the pressurc relief systems under
ilow conditions that differ from design conditions. An approach to this
prediction is to answer, to the extent possible, the following two
questions; |

i. Arc there pressure relieving conditions where it is possible

to relieve liquid to the surroundings rather than vapor? What
would be the performance of the pressure rclief valve under
these conditions?

ii. Is the possibility of two-phase flow and cntrained liquid

through a relief valve significant during a fire, and would such

two-phase flow affect adversely the capacity of the valve?
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Due to the lack of literature on the prediction of valve
performance with respect to the application of various fluids, answers
to the foregoing questions can be only qualitative. In the majority of
cases, however, this might be sufficient in order to reach a sound engi-
neering decision concerning this rm-*-.r. Now, these questions will be
discusse* briefly in a qualitative manner.

The simplest case where liquid might be relieved through the relief
valve is that of a cargo container overfilled during the pumping opera-
tion. Although the means of warning against overfilling and means of
shutting down the pump automatically are usually provided, the capacity
of the relief device, nevertheless, should be at least equal to the
maximum liquid pump-in rate.

Next, consider the case where the cargo container is disoriented,
as in_the case with a container which is tilted (Fig. 3) so that the line

to the safety relief valve is below the liquid line inside the contairer.

If the container is exposed to a fire the vapor generated accumulates

in the

space above the liquid line, the pressure increases and as @

result the liquid will be relieved through valve A. It is possible that

az relief vaive in contact with liquid will relieve enough liquid within

an acceptable time period to reintroduce the rolief valve to communication
with the vapor space before the vessel experiences overpressure difficul-
ties. If this does not occur, and the valve continues to relieve liquid,

the question of adequacy arises. (Here it is assumed that the container

has only one reiief valve, located as shown in Fig. 3) Now the question
is whether the relief of liquid during a fire would provide adequate pro-

tection and how such relief would compare with the normal relief of vapor.

PR
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As a rule, the pressure relief valves located in the liquid zone
on tanks that may be exposed to fire conditions should have the flow
capacity to pass a volume of liquid equivalent to the volume of vapor

generated at the relief pressure.

during fire exposure can be determined from the rate of heat absorbed

by the liquid cargo

M = SQ" 1b/hr. [12]
Mg TRy

where
Q = Heat absorbed by the cargo, Btu/hr.
h

fg = Latent heat of vapor formation, Btu/ib.

Assuming that the cargo is a saturated liquid and Vg‘2> Ve the volume

Tate of vapor formation is given by

g™ Y Y (13]

Since the liquid volume flow rate through the relief valve should be

equal tc the v lume rate of vapor formation

(-] 2
Ve = vg (14]
or
o -]
Mg - v, = Mg " vy {15]
Therefore,
° l"g_ °
M = s My {16]
= o 7_1?& = . = =

The rate of vapor formation of liquid
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In the derivation:

o

Vg = Volume rate of vapor formation, cu.ft/hr.
(-]
Vf = Volume rate c¢f liquid flow through the relief valve,
cu.fr/hr.
©
] 5g = Mass flow ra*e of vapor formatiorn, 1b/hr.
3 o
e Mf = Mass flow rate of liquid through the valve, 1lb/hr.
E Ve vg = Specific volumes of liquid and vapor at the relief

pressure, cu.ft/lb.

In ¥a. [16] &g is the vapor mass flow rate through the pressure relief

valve when the valve is located in the vapor zone. Ia other words, with

-]
vapor rclief, minimum capacity of the relief valve would te ¥ KWith

LR Y

TR

liqurd relief, the relief valve should be designed to pass a volume rate

: of liquid equivaient to the volume rate of vapor generated at the rolief

pressure. lnder this condition the liquid mass flow rate required is

given by Eq. [i€]. Therefore, with liquid relief, vg/vf times more mass

of liquid must be discharged than vapor, if pressure is to rerain con-

E stant. Now the guestjon is whether a relief valve designed to discharge

a given volume fiow rate of vapor can pass equal volume rate of liquid
under similar tank and discharge pressures. The answer involves the
consiveration cf flashing characteristics of saturated ligquids. With
saturated liguids, when the pressure is reduced through the rclief

vesy . 1 ht 3 3 3 17

valve, flashing is anticipated. Buxton  observed that when saturated
water passed through an orifice the pressure drop was so rapid that the

¥ 3¢

123

persed through the restriction and did not flash until some distance
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further downstream from the orifice. However, when the saturated water
passed through a nozzle, flashing occurred.
When no flashing is anticipated liquid and vapor velocities €or

isentropic fiows can be determined as

v

(1]

£ [ZRC (P, - P) vlll/z (1iquid) [17a]

N T11/2
28 . (. -P) v
vV = 8 o £ (vapor) [17b]

& 1.1 v /e)?
T &° J
where
8. = 32.2 (1bm - ft)/(1bf - secz), gravitational constant
P, = Inlet pressure, psfa
P = Exit pressure, n<fa
¢, = Sonic speed at inlet conditions, ft/sec. vy and vg are

at P and saturation temperature.
For a given pressure difference (Po - P), since vy {( vg, the 1l:quid
velocity Vf is considerably smaller than the vapor velocity V_. Assuming
that liquid anc vapoar discharge coefficients are about equal, it is evi-
dent from Eqs. {i7] that liquid volume flow rate through a relief valve
i3 lezs tnan the vapor flecw rate. Hence, the relief valve designed to
pass the required volume of vapor will not discharge the correct volume
with liquid relief. Liquid volume flow rate will be less at least by a
factor of (vg!vn)llz than required. Fer saturated propane a: 138°F, for
instance, vg/vQ = 8.9; i.e., liquid yolume flow rate is at least three
times less than requiced, although the liquid mass fiow rate is about

“ree titTas the vapor mass flow rate.

RTITIN,
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When the pressure reduction is gradual as the saturated liquid
proceeds through the relief valve, flashing occurs. The degree of
flashing through the valve can be determined by assuming adiabatic and
reversible (i.e. isentropiz) flow conditions. The flow rate is deter-

mined by using the steady flow, steady state energy equation

2 2 _ 1 '
v," - v," = 25g () - hy) = 2gcz§ vdp [18a]

in this equation

V2 = Velocity in the valve nozzle, ft/sec.

vl = Velocity upstream of the nozzle, ft/sec.

h1 = Enthalpy of the fluid upstream of the nozzle, Btu/lb.
hz = Enthalpy of the fluid in the nozzle, Btu/lb.

G
It

778 ft-1bf/Btu (foot pound force per Btu)
Velocity Vl is very small compared to VZ‘ hence it can be negiected. To

find v,, it is necessary to evaluatelj;dp graphically between pressures

il e R L

P, and 2 Specific volume v can be plotted in terms of pressure by

using ;
V=V, +X (vg - Vg [18b]

s, - S 2

X = —g:-:—gg— [18¢] 3

g °f :

where the subscripts f and g denote saturated liqu:d¢ and vapor at

pressure p which changes {rcm p; to p,.

x = Quality of the liquid - vapor mixtir-
s = Entropy, Btu/(1b)(°R)
s, = Entropy of the fluid upstream of the nozzle {constant

a:ong the noczle)
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By using Eqs. [18] maximum mass flow rate through the relief valve can
be determined.

Let us take again, as an example, saturated liquid propane at
138°F (pressure 301.4 psia) discharged to the atmosphere. For isentropic
flow with flashing the maximum mass velocity (mass flow rate per unit
flow area) is determined as 2270 1b/(sec) (ft%); see Ref. 73.  If the
flowing fluid is saturated propane vapor, the maximum mass velocity be-
comes 1210 lb/(sec)(ftz). Hence, with flashing liquid propane the

increase of mass flow rate over the flow rate of saturated propane vapor

is given by

° ° 2270
Mf/Mg = ng 1.86

The relief valve, gccording to Eq. [16], must pass
o o
Mf/Mg = vg/vf = 8.9

Therefore, under given conditions, liquid relief capacity of the valve
would be 8.9/1.86 = 4.76 times less than the required capacity.

In conclusion, a relief valve designed for the vapor flow rate g
would not be able, under usual conditions, to handle safely the liquid
flow rate gf given by Eq. [16]. Furthermore, Sec. 54.15-25 of CFR 46

requires that the relief valves should be placed so that a number of

valves sufficient to provide the required relieving capacity would always

be in communication with the cargo vapor phase. Thus, :f conditions

similar to that shown in Fig. 3 can happen, a design decision should be

made in regard to the number, capacity, and location of the relief valves

to be utilized. Use of a singie valve may be objectionzble, since the

valve would be oversized under conditions where only vapor is relieved

from the cargo container. Therefere, the simplest solution is to use
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two relief velves at locations A and B, each with a vapur relief capa-
city of ﬁg. This would insure the relief of gg through either of the
valves which is open to the vapor space. Since in this case both valves
would operate, it would be possible to assign tc each valve equal capa-
cities which would be smaller than ﬁg' This smailer capacity can be
determined by assuming that vapor flows through one of the two identical
valves, whereas the saturated liquid flows through the other valve.
Total volume flow rate of the two valves should be at least equal to the

volume rate of vapor generated at the relief pressure, i.e.,

o -] [-]

M =

igvg mgvg * MV [19]
wvhere

-]

mg = Vapor flow rate through one of the valves, 1b/sec.

me = Saturated liquid flow rate through the other valve,

1b/sec.

= The total rate of vapor fermation due to fire exposure,

1b/sec.




{f cach valve can handle a saturated liquid flow rate which is n timcs

greater than the rate of vapor £fiow it can lLzanile, one cian write

[o4
me = nom [20]

Buxton17 notes that there is no direct correlation to capacity =hen

any valve js subjected to a variety of fiuids, but correlation is depen-
dent on the particular valve design. For this reason theor:ztical pre-
dictions “ased on isentropic flow conditio:s have only qualitative value.
Consequently, Jue to the lack of literature on the prediction of vaive
periormince with respect to the application of various fiuids, the

value of n in Eq. [20] should be determined experimentally. When n is

haown, design capacity of each of the two valves is obtained frem the

last two ecuations

G M
mg = ] + n vf?Vg [21}

v
When n = -& | rapor ficv capacity of each valve becomes haif of the
V‘-‘
iotal raie of vajar {formation.
iz should be noted tnat the foregoing argume-t is very genex . The
final decision on this matter would be infliienced by other factors, suc!

as the tank geometry and size, the amount of liquid cargo, ullage. et*c.
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FIGURE 4

CARG CONTAINER DISORIENTED IN THE TRANSVERSE DIRECTION

Relief valve

Container
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Another possibility which should be considered is the disorientation
of the cargo container in the transverse direction. This condition also
may bring inlet of the relief valve below the liquid line as shown in
Fig. 4. This possibility seems to depend largely on the container geom-
etry. It is expected that the cylindrical cuntainers wil: be less liable
tce this problem compared to geometries similar tc that in Fig., 4. The i
same argument wili be applicable in this case.

If the pressures close to the critical values are expected, then

assumption vg » Ve is no longer true. In this case, Eq. [12] should

iz..lude the change in mass of vapor in the cargo container due to ti:e

change in volume of the vapor space.

B. Performance of Relief Valves if Handling Two-Phase Flow

in a liquid cargo container some entraincd liquid could enter

into tne reiief valves when the heat transfer rate from fire is high.
T{ the amount of entrzined liquid is not small, the relief valve not
oni;- must handle the vapor gererated but also must carry the entrained
iquid. Further, the entrained saturated liquid could flash vaporize as
i. Flows through the relief neczzle. Very little information is
available in the literature on this matter.

“he amount of entrained liquid cdupends on the size distribution

liquid droplets anc the vaper velocity. When this velocity exceeds

the limiting velocity for a given size of droplet, then the droplet

Bl S b o

will be carriad by the vepor flow. The limiting velocity of a liquid
dronietl can be obtainud appruximately by balancing the form dré and

the "»wvancy forces & Isng on thc .piet
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caf u 2
vy Y] - s_
gt 51 fv 3 [22]

where

[®]

dimensionless drag coefficient

. . 2
projected area of droplet in direction of motion, ft.
3

A

\4

volume of droplet, ft.

u

rzlative velocity between droplet and vapor,fps

\4
§\F§Z = vapor and liquid densities lb/ft.3

gravitational acceleration, £ps2

8

[

8, gravitational constant

For a spherical liquid drojlet Fq. [22] becomes

] 1/2 [23]
_nl
G=C fV(PE-fV)
where r- 1/2 !
C1= {-%%g] fPS [24]

G =‘Fv”v = mass vapor velocity, 1b/sec,ft.?

d = droplet diameter, ft.

Referring to Eqs. [23] and {24], for a given vapor velocity b,
tiquid droplets with diameters equal to d or smaller will be carried over by
the vapor flow. The parameter c! can be used as a measure of the droplet
size carvied by the vapor flow. Drag coefficient C is a function of the

droplet Revonolds number,
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Little is known regarding C} due to lack of information ¢n the

size distribution of liquid droplets in a given flow situation. 7here-

fore, the amount of liquid entrainment should be determined experi-
mentaily. For a given vapor velocity cl is determined from Ea. [23],

and then the experimentally determined entrainment values are usualiy

piotted with respect to Cl. The liquid entrainment is expressed as

nc inds vapor per pound of liquid which is called ''the decontamination

factor". An average vapor velocity can be determined by usi:3 the rate

of vapor gemeration and by considering the gecmetry of the vaper space

in the cargo container.

3
As an example, consider the case of saturated propane at 140 F.

Assume chat the average vapox velocity in the container vapor region

has been determined as 0.5 fps. Densities of the vapor and the liquid

are 3 13 ib/cu.ft d 27 1b/cu.ft., respectively. By using Eq. [23],

one obtains Cl = ¢.18 fps. For liguid cargo containers the experi-

mental datz on decontamination factor is not availabre. However, for

the purpose of estimating the oraer of magnitude of the liouid entrain-
sert the £3ta reported for evanoratcrs could be utilized. Referrin

P !
to Frg. 11-31 of The

. 2 . .
Chemical Engincer’'s Handbook,6 derontamination

factor is detc:mined approximately as 1C0 for cl - ¢.as.

Therefore, with an average vapor velocity equal to 0.5 fps each

100 pevnds of propang vepor wouid carry over ome pound of liquid propane.

This amount of liguid erntrzinment weuld not vequire any special consider-

a*ion in design caizuiation of the pressure _elief valve. However, in

*1is example tie average vapor veiocity has been purpesely chosen very
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lew in order to use the experimental data.54 Especially if the vapor

space in the cargo container is very small, the vapor velocity could

be unusually high, thus causing considerable liquid entrainment.53
Evidently experimental and analytical investigations are reeded

concerning the liquid entrainment in cargo containers. This informa-

tion is not available at the present time. When it is available the

amount of liquid entrainment can be estimated. Then the allowance in

the relief valve size can be made i'. »rder to handle the entrained

liquid. The analysis utilized for relief valves handling liquid flow

can be applied to the case with liquid entrainment. The possibility

of flashing of entrained liquid could be taken into account without

causing too much complication.
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PART SIX: PRESSURE RELIEF VALVE SIZING

A. Vapor Flow Calculations

Practical merit of a relief device formula is dependent largely

on the accuracy of the assumptions made. In vapor flow calculations

relief devices are commonly compared to nozzles or orifice restirc-

tions and this introduces some variations between theoretical and

actual flows. When assumptions of adiabatic and reversible fiow may

be made, the flow capacity of a nozile may be computed by two methods.

The first method assumes that the fluid follows the ideal gas law

which compressed gases do not. This assumption results in formulae

for determining the flow capacity similar to tne ASME Code formula.%3

The deviaticn from the ideal gas law becomes greater as the actual

gas or vaper approachen saturation conditisns. Consequently, the

second method does not 2ssume ideal gases but utilizes the thermodynamic
pruperitcs

-f the actual fluid. This method, iliustrated in Sylvander
and Katz ° reguires 2 graphical solutien fcr the relationship of nozzie

, valve ef{i.ciency, fluid pressure and flow raiz.

The ASM: Code formuia is occasionally ccrrected for deviations
gas lavs, thus eliminating the need for graphical
solutioen  V,ese corracilicns are appiied to the isentropic expansion

Lient wbich is equal to the ratio of sp2cilic heats for an

tor further information on the second methed consult the
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Starting with the ASME Code formula, discharge capacity of a
3 pressure relief valve in equivalent air flow rate at standard con-

ditions (60°F and 14.7 psia) has been determined, in Appendix 3,

Eq. [3-10], as

Q ZT-' 1/2 3
_ (cfm)a = 18.3%4 ic n:‘ [25] 5

In this cquation

Ly

(cfm)a = equivalent air flov rate, minimum required

rate of discharge in cfm of air at standard

conditions (60"F, 14.7 psia)

e d el

Q = rate of heat zbsorption by the liquid cargo,

given by Eq. 2], Btu/hr

ki Bt

L = latent heat of tne :iquid being vaporized, Btu/lb
C = constant (with dimenzion) for gas or vapor which i
is a functien of the spe-ific heats ratio, kccp/cv é
z = compressibility factor of th2 gas evaluated at
1 the relicving conditions, dimensionless
T = temperature of the gas at the relieving conditions, °R
M = molec:iar weight f the gas, itm/lbmola

aren Eq. ;2] is substituted, Eq. [23] becomes
el

o2 77
tcfm) . ir.3e S 1S {26]
@ <L M

The winimum air equiviiw:t discharge rate which the pressure relief valve

Se stie to pass is determined Jrom Eg. [26]. Values of € for

e 0 e AL S Ll 00 ot L0 € Ol e AL
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If instead of Eq. |2] Q = 34,500 FA®*8? is used, Eq. [26]

TR S o T

becomes

i TL'2
E&o.sz '27. (27]
LC M _J

. 27
This is the formula* of the Code of Fzderal Regulations; see also

(cfmy, = 633,000

formulae 16 to 21 in Appendix 2. Evidently Eq. [26] is more

comprehensive compared to Eq. [27]. Therefore, in sizing pressure

o

relief valves for liquid cargo containers this equation is recommended

as the starting point.

T

It should be emphasized that in Lqs. [25-27] critical flow

byt 1oy e

(maximum mass flow rate per unit area) is assumed to occur. Pressure

ratio under this condition is given by

_ ] .

s 2\ k1

: < (k_“) [28]
3 1 :

where

PI = upstream pressure, psia

3 PL_ = pressure in the nozzle or crifice throat at the
maximum €low, psia
iet p, = downstream nrassure

(possibly atmospheric pressurc), psia

3 o

if P.JP, p_./p,, the flow rate 1s alwavs at the maximum value.
. 1 *‘i.:' <1 ‘

ilowsver, when p,/p, is sreater than the criricul pressure ratio, flow

" N

rale 1s smaller than its maximue value. Under this cendition, (cfm)a

canr 1o ionger be computed bv using Eqs. [25-271.

Ti.is case may arise irn

caliculating the arer of reiief devices for lcw yressure equipment, where

=
=
3
E

for an uxtmospheric discharge, the upstream pressure js less than approxi-

» O ¢

s .

FR (Rer. 27)minisum required rate of dischcrec is represented by

Q. ~heieas in the present study Q = race of heat ahsorption.

Aoy

£ o) i, el

b ) L0
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aately 30 vsia or for systems where back-pressures are high. The
present study is not concerned with such systems. For furtke: I=for-
mation on this wmatter refer to references 2 and 73.

tq. {25] breaks dowr nezr the critical point of the mixture,
where L approaches zero. For tris reason where salues of L are less
than 50 Btu/lb this equation should not be used.?®

It is impertant to recognize that p, is the set pressure multipl:ed
by 1.1C er !.20 tdepending on the permiss.ble overpressure; plus the
ataospheric pressure.

Actual discharge area of the pressure rejizf valve can now be

determined from Eqs. [3-7) and {3-9] of Appendix 3 as

9.714 (':fm)a

P [29]
Kpl Yo
where, p, = upstream jressure, psia
A =

actusl discharge z2rec2, orifice 2r the noz:zle

. 9
throat are4. in.-<

>~
n

coefficient of discharge, dimensionless
Vo T 15.1 cu.fr./ib. specific volume of dry sir at
60°F and 13 7 psia
Discharge coefficient for a4 given riiier valve will be determined by
tests conducted in accordance with the ASME Codeb3 For specific
information <onverning the discharge cocffic:ents, manufacturers' liter-

ature should ce consu?ted.‘q
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As has been mentioned earlier, if the zctual gas can not be
treated as ideal gas, the foregoing formulae can still be utilized
provided tnst 2 prober average isentropic expansion coefficient s
used instead of the ratio of specific heats k. Tuis method,
however, should be employed after very caretul consideration of
expansion behavior of the fluid.

A comparison of the pressure relief valve discharge area
calculations by using different methods, has i:zen previously
presented.73

In conclusion, it is seen that with vapor flow the discharge
area of a pressure relief valve can be determined by using Eqs.[26
and 29] if the ratio of the exit pressure to the upstream pressure
is smaller than the critical value givea by Eq.[28].

In using these equations it is important to be sure that the
given design conditions do not invalidate any of the assumptions

utilized in the derivation of these equatioas.
B. Calculations for Syst:~s Ventine Liquid or Liquid-Vapor Mixtures

The following discussion is related to the problem which has
already been discussed in Part Five of this study.

Under the pressure relieving ccenditions where liquid discharge
as well as vapor discharge to the surroundings is expected, the
relief valve size can be calculated by using the method and formulae

of the preceding section. In this case, however, design vapor capacity
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is given by Eq. [21]. This equaticn assumes that two identical
valves are being used for pressure relieving purposes. When pressure
exceecs the permissible value, both valves will discharge simulta-

reously; vapor flowing through one of these valves and the saturated

liquid flowing through tne other valve.
It is evident that flow characteristics of a relief vaive will

be different for a vapor than for a saturated liquid. Therefore,

characteristic flow parameters present in the flow formulae depend
on the type of fluid handled by the relief valve. Considering a

relief valve which may discharge either vapor or saturated liquid

to the surrounds, the overall liquid flow characteristics of the
valve are expressed in terms of its vapor flow charvacteristics by
using the parameter n in Eq. [21]. In view of the lack of theoretical

work on this problem, for a particular valve, n should be determined

g ol LKL Wt A D Bl S

experimentally.

It should be vepeated here that the discussion presented in

M 0% e

Part Five treats the problem in a ve~y simplified form, neglecting
a number of parameters which influence performance o{ the relief

valve when it discharges a saturated liquid.

Considering the possibility of the liquid ertrainment
through the relief system, the ceatral problem is the prediction
of the amount of liquid carried by flowing vapor. Discussion
presented in Part Five has indicated the need for experimental

and analytical investigations concerning liquid entrainment in

Nt .0 3 .00 AN 0 BT e P 3 i LS
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cargo containers. When this information is available relief

T

i\

valve flow calculations can be performed by using the methods

published in literature, for instance, those in references

30 and 35.
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PART SEVEN: Relief Vent Location and Vent System Design

A. Injection Into Air

When substances are released under pressure, the nozzle or
discharge of the r-lief system should be so engineered that the
gases and vapors are dissipated to harmless concentrations as
rapidly as pussible. This is especially important in the case of
substances of high flammable and/or toxic nature. The possibility
of a "cloud" shouid be recognized, especiaily in atmospheric con-
ditions of iaversion with nominal winds. Bridges, lock areas, and
low-flying aircraft (such as helicopters) would be vulnerable to
such “clouds". If a *cloud" should form and then ignite, it may
produce a fire-ball with serious effects, or, in the case of toxic

materials, might drift into the pilot Louse, crew quarters, or

b
dockside habited areas.'®

Ancther consideration in the design of nczzles or discharge
piping systems is to aveid any possible flame impingement of the
discharging gas or vapors on other pipes, tanks, or related
cquipment. {lame impingement on an unwetted tank surface may
resuit in metal failure. (This was an important factor in the
Wwarren LPG Fire and Explosicn in Newark, N. J. in 1951)77

mmergency cxposure limits have not yet been developed for the

putlic (these are under study by the NRC Committec on Toxicology
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and others). The purpose of emergency relief is to prevent, or p
at least minimize, the probability of catastrophic container

failure, which would release large amounts of cargo in a'short_
time. Emergency venting is recognized as essential, even though

it introduces other risks.

Lt by ARSI by o B

B. Injection Into Water

sl ol 0 it

At first glance, the possibility of piping the discharged

material into water, to avoid or minimize release to the air, may

appear attractive. =w.ever, unless the circumstances are unusual,

and the product possess unique characteristics, water injection is

e i it

not recommended. With few exceptions, the water solubility of
common cargos is not sufficient for fast solubility. The additional 3
equirment needed to "bubble" or otherwise bring the discharge vapors
or zas into sufficiently intimate contact with the water to insure
solubility, would be major equipment. This equipment would require
continuous maintenance to prevent obstruction by ice, mud, debris
and other foreign bodias. Back-pressure would be exerted on the

pressure relief system, as well. In addition, some chemical cargos

woild hydrolyze to products which would corrode the hull and
land-related equipment. As an additionai natter, the contribution

to water pollution should be studied in the context of Public Law 91-224,
which prohibits the discharge of 0il and other hazardous materials

into navigable waterways, and with reference to otiher legal and

ecological restraints.
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C. Burning

Procedures for igniting waste gases by passing them through a
"fiare stack" could be incorporated.into the discharge system, but
such burning has limitations and restrictions iv marine use.

The pressures and flow-rates of a large relief valve system
discharging flammable vapors or gases under emecrgency conditions
would approvimate a "flame thrower" if ignited. WKhile this might
not be hazardous in free air on open seas, if the vessal were in
the vicinity of a bridge, aircraft, or a congested harbor with other
vessels near, seriocus complications could result. In addition, a
burning release would complicate the apiroach of vessels carrying
emergency personnel who were deployed to cope with the original
emergency, and would divert attention from the major problem of

overpressure. The possibility of flash-back into the venting

container, is remote, but should be ccasidered.

D. Special Consideration for Poisonous and Toxic Materials

when especially teoxic substances are carried, rclease of even
small amounts may lead tc serious consejuences. Hydrogen cyanide,
kydrogen suifide, and carbon monoxide are examples of substances

whose reiease rsquires special considerations. In the case of

HCY, tank car aud truck operations have been carried out for
several years with an excellent safety record. Standard operating
procedures for emergency personnel involved in spills of this liquefied

gas specify ignition, to conver the gas into combustion products
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which are less toxic than the [ICN itself. The sate consideration

could apply to hydrogen sulfide, whose toxicity by inhalation is of

Lt G

the same order. Carbon monoxide is not normally considered as having
the same potential hazard as HCN and H;S, but liquefied carbon monoxide

as a cargo demands great respect. Of the three, pure carbon monoxide

gl Sl bl

offers a unique hazard in that it presents no warning odor. The

warning odor of HCN and H,S are very unreliable deterrents to

excessive inhalation.

Phosgene, chlorine, hydrogen sulfide and several other “toxic"

gases have considerable volume in commerce. Small cylinders of
these gases are equipped with a temperature-activated fusible disc
to release the whole contents in case of excessive temperature.
European practice does not include provisions for release, but
attempts to have complete containment up fo the point of complete
rupture of the container.

This panel has not addressed itself to the relative merits of 3
the two philosophies. Relatively complete and comparable experience
data from either U. S. or Europe has not been avaiiable to us, and

we defer judgement on the matter of venting versus containment to

ultimate failure until such data can be studied in detail. It is
suggested that this problem of venting versus containment should be
considered if comparable experience and data can be developed At
present no such study is planned or underway, on either side of the

Atlantic, to the best of our knowledge.
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PART EiGHT: [INSPECTION, TESTING AND MAINTENANCE

General regulations concerning periodic tests and inspection
of liquefied flamwable gas cargo containers and the related
equipment are described in 46 CFR 38.25.24 This subpart specifies
procedures for both internal and external examination of unlagged
cargo containers and the visible parts of lagged containers. It
alsc describes iaspection requirements for the insulation along
with the hydrostatic or pneumatic tests which could be performed
any time the marine inspector considers such tests necessary to

determine the conditicn of the cargo container. Pneumatic testing

shall be in accordance with 46 CFR Subchapter F, Marine Engineering.
The cargo container pressure relief valves shall be designed,

constructed and flow tested for capacity in conformance with

16 CFR 162.018, Subchapter Q (Specifications).28 Relief valves

and relief valve discs shall be inspected in accordance with

Suvction 38.25.90 of the same code.

Uther codes such as ASME, API, NBFU, etc. may also contain

advisory provisions and recomaendationis which are not included in

(oast Guard Regulations. Reference tc these provisions and recom-

mendations should be encouraged.
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PART

NINE: SAFETY CHECK LIST FOR EVALUATION OF TERMINALS AND

RELATED FACILITIES

I. Terminal

A. Site

1.

[ WIRN

~

b

"

Is terminal well situated with regard to topography and

adequate drainage?

Wiil the climate materially affect operations? ({Earthquake,

floods, fog, hurricane, lightning, smog, snow, tornadces,
excessive heat, and very low temperatures)

Will toxic fumes from fire, explosion or other accidents

affect the surrounding community?

Are major highways, airports or congested areas located

near the site? Is therc unusua! risk from low-flying

aircraft during cargo venting? (an emergency equipment gct
g g £ ) §

through traffic at all times?

ire utilities dependapie? (Water, gas, electricity, com-

iressed air, etc.)
fices the community provide adequate fire fighting personnel
ard squipment? Is emergency personnel well trained in ship
the specific hazards of hazardous cargos?
Pees tre community prrovide adequate ambulance, hospital and
hoiize protection” Do plant or joczl nurses and physicians
understanc the specific medical treaiment for exposure to
Anzardous cargos and related substances likely to be

cncountered?

gt

2.l

b, Sk i b
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8.

Can air, river, landfili, and sewage systems be used for waste
disposal without violating local or federal ordinances or the
health and welfare of the surrounding community? (sec P.L. 91-224)
Do nezrby facilities present fire explosion or toxic hazards?

Are sources of toxic and/or flammable vapors in close proximity?

Is the terminal area enclosed by adequate fences and gates?

Is there a "safe" distance from the boundary to the nearest
Are process areas separated from utilities, storage, office, and
Do all bvildings conform to the National Building Code?

Are foundations and subsoil adequate for all loadings?

Are structurai (steel) members and supports insulated so as to

Have fire spread factors such as openings in floors, walls,

elevator shafts, air conditioning and ventilation ducts been

Arc hazardous process areas separated by fire walls?

Are buildings exposed to explosion hazards vented for relief

9.
10.
Layout
1.
2.
terminal unit?
3.
laboratory areas?
3.
To local Code?
5.
6.
be fire resistive?
7.
ninimized?
S.
9.
according to standards?
10.

Are all buildings properiy ventiiated to limit exposure of

personnel te toxic substances and to reduce hazard from

flammable substances?
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11.

PR

13.

14.

15,

16.

18.

19.

Are there suffizient and clearly marked exits, stairwells, or

escape chutes in :11 buildings?

Do eiectrical instailations conform to the National Electrical
Code? (Especially Article 5007)

Are drainage facilities in buildings adequate? Where do they
viltimately discharge?

Are chemical reacticns possible in the drains - for example,
acids pius cyarides or sulfides?

Are hazardous units separated from ail critical areas such as
control room or process computer installations?

Does spacing of equipment consider the nature of the product,
the quantity, the operating conditions, the sensitivity of
the equipment, the need to combat fires, and the concentration
of valuables?

Are lc-“ing areas on the periphery of the tcrminal and away
from sources of ignition?
Are adminjstrative buildings and warehouses on the periphery
of the plant?
Are storage tanks away from the periphery; not too :losely
spaced, and diked or buried? Arz they plainly marked as to

cecntents?

Are waste dispusal systems downwind from concentrations of

nersonnel?

Are there adeguate roadways for vehicles to enter and exit in

the event of an emergency?

93
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22.

23.

Does terminal have ship-shore communications? Is there a
language problem?
Is cargo handling equipment {such as boons, chicksan

connections, :ines, pipes, and hoses) in good condition

and re¢. iy for use?

I1. VESSELS

A. Anchorages - Mourings and Docks

}

a“

A~e moorings and docks firm, secure, uncluttered, and
weli-lighted for nignt operations?

I-. rarpaisication (telephone, intercom, radio,or other)

a °..able? Is emergency equipment (protective clothing,
self-contained breathing apparatus) at hand?

Will cargo vented from relief valves during anchorage

or while in dock create excentiona! harard for low-
flying aircraft or bridges? {sce Section 7, p. §6)

Are international fittings provided for fire-fighti-g

water conne-tians”

8. Layout

Are tanks both on vessels and sucresiae, properly designed,
operated, and vented for the cargo handled?

Are cargo transfer controls and emergency shut-offs, such

as valves, pump switches, and quick closing valves properiy
located aad piainly identified? Do thev actually work?

Are product alarms operable and capable of being checked?
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ITI. CARGO TRANSPORTED

g )

3 1. Have the quantities of cargo transported in all stages of

handling, transpcrt, and storage and in all physical states
] been onsidered in relation to the hazards of fire, explosion, ;
] toxicity, pollution and corrosicn? 3

Have the pertinent physical properties of each cargo been :

determined? Melting point, boiling point, vapor pressure,

il Y

particle size, etc? (See Appendix 4, Typical Physical and

i

Chemical Properties Suggested for Evaluation of Pressure

AT

Relieft Requirements)

Have the chemical properties of each cargo been classified?
(Especially chemical reactivity with other products)
Have the hazards of the cargo been classified? Have highly

hazardjous materials been identified and their location in E

or o el b ol T

the plant determined? :
5. 1Is the cargo toxic? Have Threshold Limit Values and Acute E
é Short-Term Limits been established?
1

Have the stability hazards of the cargo been determined?

(Reactivity, spontaneous combustion, decomposition of elevated

g
E
E-
E

temperztures, self-polymerization) :

~}

Is rhe material corrosive? (Skin, metal, plastics, and other

materials of coistruction?)

liave the cifects ¢f impurities becn taken into account as

relatad to fire and explosion, toxicity, corrosivity, and

sta2bility of the preduct?

3
3
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10.

11,

13.

14,

18.

96

LR

Are overpressure protection devices adequate as to sizes and
construction?

Have the overpressure protective devices been properly set and
sealed? By whom? When?

Have the petoncial hazards of all cargos and products involved
been evaluated?

Are precautionary measures taken to guard against accidental
releasc of flammable or toxic liquids, gases, or combustible
dusts?

Are unstable chemicals handled in a way to minimize exvwosure

to heat, pressure, shock, or friction?

Are the facilities properly designed, instrumented, and con-
trolled to minimize losses?

Have all heat transfer operations been properly evaluated for
hazards?

Have uil (rassport opuciv.ons been checked for cperator safety?
Are chemical caryos packaged, labeled and transported in
accordance with current regulations?

Are waste disposal and zi: po1lution problems handled in accord-

ance with current reguiacions?

(V. VESSEL AND TERMINAL PERSONNE!

1.

.

Has an adiquaiv 052 Caeracing Procedure” mantnal heen pre-
pared and understood in detail by all personnel? 1s it reviewed
periodically and reviewed when process changes are made? Is a

copy at hand?
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Are adequate personnel job training programs instituted?

Do they cover both supervisory and operating personnel?

3. Have adequate start-up and shut-down programs been initiated?

4. Do the vessels and terminal operations include a "permit"
system for hazardous jobs? Is it enforced?

S.

Are marine chemists or other qualified technical personnel
available to monitor or check-out work in confined spaces,
gas-freeing or inerting, and related entry procedures?

Are personnel trained to recognize potential equipment or

facilities malfunctions?

Are employees trained to handle emergency situations? Is
there an organized and trained emergency squad or brigade

on 24 hour coverage? Is cocperation with public and private

fire departments encouraged? (Mutual-aid, Coast Guard

response, and other local emergency coordinators)

Are operators trained ia the utilization as well as limitations

of nrotective equipment? (Face, head, eye, and respiratory

protection). 1Is full suit available if necded?

Are communications between vessel and terminal adequate?

Are they actually checked by opcration periodicaliy?

‘re emergency procecures understood and all situations

covered?

I'o personrel actually use emergency equipment without

hesitation?
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13.

Are facilities for control of spills adequate? On all shifrs?
Are spills promptly vreported to both on-site and off-site

authorities? Are procedures for reporting plainly displayed

and understood by all personnel?
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PART TEN: APFENDICES

1. Information Descriptive of Barge and Ship Transport

T

2. Formuiae for Calculation of Vapor Flow Capacity in
Pressure Relieving Systems
3. Formulae for Sizing Pressure Relief Valves

4. Typical Physical and Chemical Properties

5. Heat Transfer to Cargo Containers When Walls Are

Lo ok

Subjected to Firc

alitis)
[«)]
.

Rate of Burring of Fuel for a Free Liquid
7. Evaluation of Insulation Effectiveness

8. Boiling Conditions in Liquid Cargo Containers

sl T

Exposed to Fire

8. Behavior of a Monomer Cargo During Rapid Polymerization

and Pressure Relief
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APPENDIX I: INFORMATION DESCRIPTIVE OF BARGE AND SHIP TRANSPORTATION f

Tllustrations of Various Type Vessels on Which Relief :

Valves are Required

Section A - General Information on Types

Section B

Independent Tank Barge

TR

Section C

Integral Tank Barges

Section D - Tank Ships
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Section A - General Information on Types of Barges and Ships

la Definition of barge hull types

2a Illustration of stability differences between types 1 & 2

3a Illustration showing structural differences between types
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Section B - Independent Tank Barge

Aerial view of a refrigerated LPG & NH3 Type 1 barge
Cross-section of refrigerated LPG & NH, barge

Installing foam glass insulation on barge similar to 2b
Aerial view of compressed NH; & LPG barge

Cross-section § profile of compressed NH3 & LPG modified
type 2 barge (uninsulated)

Three views of an older NH3 - LPG barge built before hull
type requirements

Cross-section of an older NH3 ~ LPG ccapressed barge
Aerial view of one of the original refrigerated NH3 - LPG

carriers

Aerial view of chlorine tank barge

View of tank saddle on chlorine tank

Yiew of cargo piping on Cl2 barge

View of independent tank barge in acid service

View of cargo piping on acid barge

View showing insualtion and relief valves installed on
refrigerated LPG & NH3 barge

Independent tank barge certificated to carry carbon disulfide

Independent tank barge - carries molten sulfur
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3 Section C - Integral Tank Barges %
," lc View of an integral tank barge, adrift and afire )
3 2c Cross-section and profile of an old integral tank barge §
. g
3¢ Aerial view of a double skin integral tank barge 3
1 E: 4c Cross-section and profile of a double skin integral tank barge ii
S5c View of inside of integral tank barge é
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Section D - Tank Ships

1d

2d

3d

Cross-section of a ship - carries refrigerated LPG,
NHS’ butadiene, etc,

Cross-section of a ship - carries Ethylene oxide,
LPG, NHS’ vinyl chloride, butadiene, etc.

View of ship - carries molten sulfur
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APPENDIX 2: FORMULAE FOR CALCULATION OF VAPOR FLOW CAPACITY IN
PRESSURE RELIEVING SYSTEMS

The tabulations and analysis which follow were prepared by
Mr. Alan Schneider, working under the direction of the Technical
Advisor to the Hazardous Materials Division of the U. S. Coast
Guard, as an input to the more complete understanding of the
various formulae which have evolved over the years for calcu-
lations of pressure relief capacity.69

Since the first organized presentation in 1925, a number of
investigators and authors have used various approaches to calcu-
late the amount of vapor or gas which must be released to avoid
excessive pressure build-up and eventual rupture of a vessel
containing bulk liquid and gases. Adequate venting would insure
that time for emergency control would be extended, hopefully to
permit necessary action to prevent rupture.

It will be noted that most presentations use scme specified
heat flux, multiplied by an area factor. This area is frequently
discounted by using a fractional exponent. In the tabulation, the

various formulae or specifications have beer approached to reflect

these various requirements, and special note taken of the intended

purpose of the method, as well as any environmental factors used

to modify the calcuiations.
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A2-1a 3

Sections of Appendix 2 are as follows:

3 Organization of the Tabulation . . . . . . . . « . ¢« + ¢« + o ¢ « o . A2-2
Tabulations of Fomlae' 4 & 6 8 o 8 & 6 6 6 o 6 & & ° ° o & ¢ e+ o @ A2-4

Formula References . . . . . . . . . P A2-17 -

L SR R B

*Tabulations of Formulae:

lthru 5 . ... ...... s e e e e e e e e e e s e A2-6

6 thm 10 e & o e o e e o+ 8 s 8 & & O 6 &+ 8 & s & & & s e s 2+ o A2—7

ITthrulS . . . . . 0 i v vt 6t e 6 v e v e v e+« o . . A2-8
16thm20...........................AZ'Q

21 thru 25 . . . . . s e i e e e e e e e e e s e e e e e e e A2-10
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26 thm 30 e & o & o + e e o * & & & & e & & e ¢ e 9 &6 s 6 s * o Az‘ll
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36 thIU 40 & « ¢ v v e e ke e e e e e e e e e e . A2-13
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A2-2 ;
ORGANIZATION OF THE TABULATIONS
APPENDIX 2 4

Formula E

No.

1. Function of Area Convertible to Btu/hr

A. Area to th-e 2/3 ﬁ

Stroop-Maker - 1925 . . . . . . . . .. o e e e e e e e 1 :

B. Area to the .80

Bureau Veritas - 1962 . . . . . v « ¢ v . 4 o o o s 0 0. 2 1)

F Det Norske Veritas - 1962 . . . . . . . . .« ¢+ ¢+ .. 3 ;
Bureau Veritas ~ 1962 . . - < < + + 4 2 2 s oo .... 4 (2 ;
_ C. Area to the .82
Petroleum Administration for War - 1943 . . . . . . . .. 3
f Nippon Kaiji Kyokai - 1964. . . . . . . . . e e e e e 6 :
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TABULATIONS OF FORMULAE

Ll

Explanation of information presented in rows (A) through (J) of

the following tabulations:

(A) Original Equation

. ks
The original form of the equation is presented as in the pub- .
lication cited, using the original symbols and the original units. 3

; {B) Equivalent Equation 3

A This form results from converting the original equation into a

form which sets a rate of heat input (in Btu per hour) equal to a constant

times the area raised to a power. The area is that considered significant
in the original equation and does not necessarily include the total tank

area. (see Row D, Area Considered)

=3
E
-

(C) Originator; Date

The originator cited is the person, company, or group wh :.:

gl vl alip E 4 L s ilkk

proposed this formulae; the date is that of the publication in waich it

can be located.

b UL L
Dk AL, S

(D) Area Considered

At

Since various methods consider areas in different ways, this

T

column defines area cited by the original publication,in fr2.

(E) Environmental Factors

In some equations, consideration is given certain environmental

factors, such as insulation. These are defined where appropriate.

A0 b S Wt | L G

L 1 00 R WL sl % 18




Aot G % K G

TN

L

|

A2-5

(F) Flame Height
The portion of the tank walls exposed to fire is in some formulae
limited by indicating a flame height above which the tank surface will
not be included in the exposed area.

(G) External Temperature

Actual temperature close to the outer surface of the tank, where

given, in degrees F.

(H} Use by Various Groups

Indicates who required or endorsed the equation, including such

advisory groups as the Compressed Gas Association and the National Fire

Protection Association.

(I) Scope of the Method

Limitations nf the method such as type of tank and type of

cargo are indicated.

(J) Units Calculated

This row states tne unit in which the numerical results of the

calculation is stated.

Explanation of Information

*

Each vertical column contains an equation which has been developed
for estimation of heat input to a tank exposed to fire from which vapor

generation can be calculated, or an equation which in some other way relates

fire exposure to vapor relieving capacity.

The conversions of formulae to evolve equivalent equations have
been estimated, using the best available information. However, the
resulting equivalent equation are believed sufficiently accurate to

petmit comparisons among the various estimaticn procedures.
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FORMULA REFERENCES

Reference
No.

2.1 Stroop-Maker, 1925. This formula was suggested as a graphical

curve by Mr. D.V,Stroop, American Petroleum Institute.

Mr. F.L.Maker, Standard 0il Company of California, derived the

S

equation form as presented here.73(Attempts to secure a saluta-

)AL Lol b 4

tion of the original publication of this formula have been

unsuccessful.)

T,

3 3 2.2 Bureau Veritas, International Register for the Classification 2,4

of Shipping and Aircraft, Paris, Sept. 1962. General Technical

Conditions Covering the Sea Transport of Liquefied Natural Gas,
With Annex Concerning the Sea Transport of Liquefied Petroleum
Gas Under Atmespheric Pressure. %
2.3 Det Notrske Veritas Research Department, Oslc, Norway, April, 3
1962, p. 20 Recommendations for the Design and Construction of ;
ships for Transport of Liquefied Gas.

2.4 Office of the Petroleum Administration for War, Wwash.,D.C. 5

. N o, it

Jan.4-5, 1943. Wartime Rec.wmendations of the Safety Valve
Standardization Conference.73
2.5 Nippon Kaije Kyokai, Tokyo, Japan, 1964. Tentative Requirements 6
for the Construction and Survey of Ships Carrying Liquefied 3
Flammable Gases at Low Temperatures.
2.6 U.S.Coast Guard. Revised by API, Special Committee on the Trans- 7 :
portation of LNG by Water thru Aug. 22,1956, and edited by the Sub-

Comittee on October 30, 1966. Tentative Standards for Transportation

of Liquefied Inflammable Gases at Atmospheric Pressure.
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Reference
No.

2.7

2.8

2.9

2.10

2.11

2.12

2.13

American Petroleun Institute, Standard 2510, June, 1957. The 8
Design and Construction of Liquefied-Petroleum-Gas Installations

at Marins und Pipeline Terminals, Natural-Gasoline Plants,

Refineries and Tank Farms,

U. S. Coast Guard. Code of Federal Regulations, Title 46, 9
98.20-45. This foénula was in effect in 1968 but removed

in 1969 in favor of the more generalized formula No. 18.

American Standards Assoc. CGA Pamphlet G-2.1, pp. 22-23. 10
(k61.1, 1960, Sponsored by Compressed Gas Assoc.). American

Standard Safety Requirements for the Storage and Handling of

Anhydrous Ammonia.

U. S. Coast Guard. Code of Federal Regulations, Title 46, 11
40.05-60 and 40.10-60, 1968. This formula was in effect in 1968

but was removed in 1969 in favor cf the more generalized formula

No. 18. (Although the same formula was used for both EO and PO

they have different properties)

Rubker Reserve. Tests by Rubber Reserve at Baytown, Texas 12
(Nov. 19, 1943) caused by the Petroleum Administration for War
(P.A.N.). Test showed that a heat flux of 16,000 Btu/hr. =3. ft.,

was inadequate, resulting in the change to 32,000 Btu/hr. sq. ft.73
National Fire Protection Assoc., 58-98; 53-38; 1966. Code of 13
Federsl Regulations, Title 49, 173.315. 1966.
U. 5. Coast Guard. Code of Federal Regulations, Title 46, 98.25-60, 14
i968. This formula was in effect in 1968 but was removed in

1969 in favor of the more generalized formuls, No. 18.




Reference
No.

2,14

2.15

2.16

2.17

2.18

2.20

iyt bl

Cummings, L. W. T., American Petroleum Institute Bulletin,
RP520, 2nd el., Sept. 1960.

Cummings, L. W. T., Report to API Committee on Pressure
Relieving Systems, Nov. 8, 1956.

teller, Frank J., Phillips Petroleum Bujiletin E-2, Jan. 1954.

How to Size Safety Relief Devices.

Americar Bureau of Shipping, Feb. 9, 1965. Froposed Section 44.

Vessels Intended to Carry Liquefied Gases.

U. S. Coast Guard. Code of Federal Regulations, Title 46,
38.10-15 1968.

Compressed Gas Association. Pamphlet S-1, Parts 2 and 3, N. Y.
1963. Safety Relief Device Standards.

Association of American Railroads. 1962, Chicago, Illinois.
Specifications for Tank Cars. {Code of Federal Regulations,

Title 49, 179.100-15; 179.200-13; 179.300-15; 179.400-18.1968)

French Government. Submitted by France to INMCO, April 22, 1988.

National Regulations Concerning Transport of Liquid Gases
National Fire Protection Assoc. Fire Protection Handbook,
Boston, Mass. 1962, p. 7-19; 7-20. Tahle 7-20 gives the
total required venting capacity im cubic feet of free air
per hour as required in the Flammable Liquids Code. This
Table, whicl nas been in use for many years is based on a
6,000 Btu heat aborption per hr per sq ft of wetted surface

for large tanks.

15

i6

17

19

20

21

22

23,24,25
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Reference
No.

2.23

2.24

2.25

2.26

2.28

A2-20
Formula

No.

Association of American Railroads. {Ref. Same a3 2.20) 26

American Petroleum Institute Suggested (F. L. Maker) 27

Comments for the API Subcommittee on Liquefied Petroleum

Gases on the Proposed Revisions to the U. S. Coast Guard

Standards for Transpor :tion of Liquefied and Flammable

Gases. Wash. D. C. April 23, 1956, p. 22.

Handbook Butane Propane Gases. 3rd ed., edited by Arthur 28

Rohman and Justus M. Krappe, 1942

National Fire Prctection Assoc. Fire Protection Handbook, 29

11th ed., 1954. Chpt. 12, p. 258

Lauderback, W. H., Safety Director, Texas Eastman Co. 30

Longview, Texas, 1364, Test to Determine Relief Valve Sizing

Rubber Reserve, 1944, This method has been used by a large 31

refin.ng company for about twenty years. The Office Reserve

agvocated the use of this method during recent years-73

Lauderback, ¥. H. (Ref. Same as 2.27) 32 33

Dow Chemical, Edward Diss, Henry Karam and Cliff Jones, 34
Chemical Engineering, Sept. 18, 1961, p. 187. Practical
Way to Size Safety Disks.

American Petroleum Institute. RP2000, 2nd ed., May 1965. 35
Guide fcr Venting Atmospheric and Low-pressure Storage Tanks,

API Division of Sciernce § Technology, 1271 Ave. of the

Americans, N. Y., New York 10020.
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A2-21

Referer.ze Formula
No. No.
1 2.32 Nat:onal Fire Protection Assoc., Boston, Mass., 335-5 and 36

30-23, 1966-67. Truck Trailer Manufacturers Assoc., Wash., D. C.,

May 14, 1968. RF22-196, 2nd draft, Recommended Practice on the

General Design and Construction of Intermodal Bulk Liquid

I AP R, ¥

(i be il

Containers.

2.33 ICC. Agent T. C. George's Tariff No. 19, 1962. 78.32%.3, 37

78.32-9, 78.324-9, 78.326.9.
2.34 ICC. Agent T. C. George's Tariff No. 19, 78.325.3 (MC 304), 38

1962. (This specification is now obsolete)

2.35 ICC. Code of Fecderal Regulations, Title 49, 173.124. 1969 39,40
2.36 ICC. Code of Federal Regulations, Title 49, 179.100-15, 41
] 172.102-4, 179.102-11, 179.400-18, 179.200-18, 179,7m)-15.
é (This is a largely useless method in that it does not explain
how tc achieve the capacity in terms of actual dimensions) é
2.37 1CC. Cude of Federal Regulations, Title 49, 179.300-i2 42 3
g (Specification ICC-107a). (This method is virtually useles- E
because it expresses valve capacity in terms of a test rather E
thar a formuia. This cannot be easily related to fire conditions) i
2.38 Compressed Gas Assoc. CGA, 3rd ed., 1963. Su.fetv Relief 43 %
Standards, Part 1, Cyriinders for Compressed (ases. E
2.39 Duggan, Gilmour § Fisher. Chemicai Engincering, June 1943. 44 ;
Requirsments for Relief of Overpressure in Vessels Exposed to é
Fire. %

T,
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Reference

No.

2.40

2.41

te

.42

.43

.44

.45

.46

Formula
No.

State of California. Liquefied Petroleum Gases Safety Orders . 45
issued by Div. of Industrial Safety, Dept. of Industrial

Relations of the Stats of Cxlifornia. Eff. March 12, 1934;

revised, eff. Jan. 1, 1946.73

Fetterly, Johi. F. The Determination c¢f the Relief Dimensions 46

for Safety Valves on Containers in Which Liquefied Gas is

Charged and ¥hen the Exterior Surface of the Container is

Exposed to a Temperature of 12C0°F. Nov. 27, 1928.

Reprinted from Bureau of Explosives Annual Report No. 2273
Also ref. to CFR, Title 49, 173.315

Duggan, Gilmour § Fisher (Same as Ref. 2.39) 47
National Fire Protection Assoc., Fire Protection Handbook, 48
1962. p. 9-14

Lloyds of London. Lloyds Register of Shipping, Notice No.2, 49

April/May, 1864, p. 22. Rules and Regulations for the

Construction and Classification of Steel Ships,

Davidson-McArdle. €il and Gas Journa’®, 50

Aug. 29, 1929.73,27

U. S. Coast Guard. Code of Federal Regulations, Title 46, 51

162.013-7. 1968
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APPENDIX 3: FORMULAE FOR SIZING PRESSURE RELIEF VALVES

By assuming adiabatic and reversiole flos and that the fluid

follows the ideal gas law, the maximum mass flow rate of a safety or

. 63
relief valve may be determined by application of the ASME Code

M1 172 [3~1]
W= CXAp [T]

W = mass flow rate of gas or vapor, lb/hr

In this equation

C = constant (with dimension) for gas or vapor which is a function

of the specific heats ratio, k=cp/cv

K = coefficient of discharge, dimensionless

A = actual discharge area, orifice or the nozzle throat area, sq.in.

L}

p = upstream pressure. This is the set pressure multiplied by 1.10
or 1.20 (depending on the permissible pressure), plus the atmo-=
spheric pressure, psia

M = molecular weight of gas or vapor, 1bm/1b mole

T = temperature of the gas at the relieving conditions, °R
Equation [3-1] assumes tnat the absolute upstrean and downstream pressures
permit critical flow which is the necessary condition for the maximum
flow rate. For real gases an empirical correction can be made to Eq.

[3-1] by using the equation state in the form

pr = IRT [3-2]

where

)

gas specific volume, cu. ft./1b

= gas constant

compressibility factor, dimensionless

4
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Consequently, Eq. [3-1] becomes

M /2
W= CKAP 'z'f;l

Values of C for different k are given in Fig. S.

Fer a liquid cargo the vapor flow rate through the pressure

relief valve is given by

W=

[/l

[3-4]
where Q is the amount of heat absorbed by liquid carge, given by
Eq. [2], page 29.
Q = qFEA, Btu/hr

and

L = latent heat of vaporization at relieving

conditions, Btn/lb

ssume thal a given relief valve i tested with dry air at 60°F

(522°2}; the pressure differential is suffi
P

For this case Xq. {3-3] can be written as

o 172 {3-5]
s v a
¥y = C KAD ZT
A a;
solvina for ¥aAp -,
© ! W fz 1| V2 [3-6}
Kap = == ._Trii-
= “a
»

where
C. = 3% (fer airk = 1.4)
M= 28.97, Za = 1.0

T, = 520 °r

cient for eritical flow.




T T ey FaE = TR T

Substituting these values in [3-6] one obtains

KAp = 0.0119 "a [3-7]
When this relief valve is designed for use on a liquid cargo container,
then the air rated capacity of the valve can be determined, by substituting

[3-4] and [3-7] in Eq. [3-3], as

1/2
- Q v -
¥. = sons ic L] [3-8]

air rated equivalent capacity, converted to

where,

t 3
I

pounds of air per hour at 60°F inlet temperature
This equation assumes that either K in Eq. [3-7] is independent
of pressure p, or that the air rated capacity is determined under the
pressure conditions of the equivalent vapor flow.
Air equivalent rate of discharge in cu.fc. per minute of air at

standard ccrditions (60°F and 14.7 psia) is given by
K Vv
(cfm)a =2 0
60 [3-9]
v, = 13.1 ft3,/lb, specific volume of air

at S0°F, 14.7 psia

Substituting [3-8] in [3-9])

e 1172 .10}
= - Q T
{(cfm) i8.34 c N

When the amount of heat to be absorbed by the liquid cargo, Q, is known,

S

air equivalent capacity of the pressure relief valve can be calculated

from Eq. [3-10].

b il s




A3-4

If the specific heats ratio k or the isentiopic expansion

coefficient is not known, it is suggested to let C = 315, the smallest

7 value in Fig. S. " This may result in somewhat larger relief valve
size which is not objectionable. In addition if Z = 1 is used, Eq. [3-3] 3
becomes
1/2
. M
= 315 Mp :17
1 [3-11] :
é where §
E
3 W is in 1b/hr
A = discharge area, sq. in.
P = upstream pressure, psia. :
Conside* ng the saturated steam at atmospheric pressure
T = 672°R, M = 18.016
Substituting these values in [3-11] :
W, = 51.5 KAp 13-12]

This equation is the ASME Code formu1a®3  for official capacity rating
of steam pressure relief valves. The rated capacity Ws is given in pounds
of steam per hour. At atmospheric conditions compressibility facter of
saturated steam is slightly less than unity. The coefficient C, on the
other side, is 350 ( k= 1.329 for low pressure steam) rather than 315 used

in Eq.[3-11]. This is not objectionable, since it allows about 10%

additional discharge area.

When steam is superheated 2 correction factor is used in Eq.[3-12].

For further information concerning this matter see reference 2.




APPENDIX 4: TYPICAL PHYSICAL AND CHEMICAL PROPERTIES SUGGESTED FOR

3 EVALUATION CF PRESSURE RELIEF REQUIREMENTS

The following list is not intended to be all inclusive, but jt is ]
suggested to illustrate the ty~. -f information on a cargo which the 3
desi ‘er of a pressure relief system should have for full consideration 3

of pressure relief requirements.

1. Name (Chemical name of major constituent; trade name). (If mixture

give composition, or normal range.
2. Chemical formulae of principle constituents.

3. Inhibitors, antioxidants, and other additives (with amounts).

4. Thermodynamic Properties:
Mclecular weight
Vapor Pressure 2 68°F (20°C)
Boiling Point at 1 atm.
Freezing point

Critical temperature

MK bk

Critical pressure

hadr ol ki Al

Critical density

Specific volume of liquid at significant temperatures

Specific volume of vapo. at significant temperatures
Specific heat of liquid and vapor at significant temperatures

Latent heat of evaporation at normal boiling point

Ao bdid d i s o sl S

Latent heat of fusion at freezing point

E Temperature at flowing pressure and start-to-discharge pressure.

Compressibility factor

i Lol + w9 st e M e

L,

1
)
i
|
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4.

7.

e ]

Thermodynamic Properties, continued:

Coefficient of expansion for temperature range involved in shipment

Flammable limits in air

Heat of combustion

Decomposition and pyrolysis products in air
Autoignition (or AIT) temperature

Shock sensitivity

Chemical Reactions

a. Reactivity with air

b. Reactivity with water/moiscture

¢. Reactivity with normal material of construction
d. Reaction with heat and/or catalyst (such as polymerization)
Physiological Effects

a. Toxicity by inhalation and/or skin contact

(i} maximum allowable concentrations and threshold limit values

{2) short-term limits (acute effects)(emplcyees) (general public)
(3) lethal exposure
(4) odor threshold

Ecological Effects

2. Water
b, Air
c. Soil

ignition from external source
a. Flash point (closed-cup)
b. Fire point

c. Elevated Temperature

|
b
i
A0, e it e it

S st gl

i

el w2, Bl




APPENDIX 5: HEAT TRANSFER TO CARGO CONTAINERS WHEN WALLS ARE

SUBJECTED TO FIRE

e ettt bl

Calculation of the radiant heat transfer rates from fires to
the surrounding surfaces often involves considerable mathematical
complexity. Therefore, in order to avoid the unnecessary rigor, the

method of analysis should be chosen on the basis of the problem to

T TUR AR o

be solved and the degrce of accuracy required. For this reason, the

present appendix is concerned mainly with a rather simplified analysis

of the heat transfer from flames to a liquid cargo container. However,

Al el

for a better understanding, the problem will be introduced first in a

reasonahly general form; then, after considering various assumptions,

it will be simplified.

The presentation foilows very closely the methods of Hottel and 3

Sarofimf8 Although these methods allow consideration of temperature

gradients wir.in the flame and along the enclosing surfaces, division
of the system into isothermai zones results in large number of equations.

Simultaneous solution of these equations provides the temperature

distributions. Unless the problem is very simple, solution will require

the use of a computer.

The sequence of procedures in the heat transfer calculations would

3
é
3
3
3
3
3
E

be evident even with a much simpler model. Therefore, in the analysis

it is assumed that:




ity

e

1. An isothermal non-gray gas, temperature lg’ is
surrounded completely by a gray and diffuse sink A1 and
a radiative equilibrium surface Ar’ each at a uniform
temperature, T1 and Tr’
2. Surface of the cargo iank is represented by Al’
whereas Ar stands for the other suiisaces enclosing the fire.
Matters concerning choice of the gas temperature Tg will be
considered later. Although most engineering surfaces deviate to
various degrees from the idealizations of being gray and diffuse,
the assumption in item 1 above is adequate for purpose of the
present discussion. A radiative equilibrium surface is one
that absorbs radiant energy at the same rate at which it emits it.
Any convection to the surface should be balanced by the heat
loss through the wall. Use of this idealization for surfacecs
other than the surface of the cargo container simplifies the
analysis and seems to be a reascnable approximation.

Following Hottel and Sarofim4® the net heat flow from fiames to

the container surface Al can be written as

,-'-; f A o
(6S;)gE, - (GS))gE) + hyA) (T, - T)) = Qg [5-1}

—
(GSE)R and (Gsi)R in this ¢quation are "'the directed-flux areas™

betweer gas and the container surfac. Ai. derviation of the directed

flux has been given at the end of the present appen:dix along with the
nomenclature.

b Bkl b e g

M dihd

AL 00 A it

L2




T T

TR AT

A5-3

The major contribution to the total heat transfer from flames
and gases of conventional fuels is the thermal radiation from water
vapor, carbon dioxide, soot and carbon monoxide. Calculation methods
of the radiant heat flux from flames usually treat the luminous and
the non-luminous contributions separately. Luminosity in flames
originates either from pure chemical reaction or from glowing
carbon particles at high temperatures. The presence of particles,
at unknown quantities, in a luminous flame make the estimate of the
flame emissivity rather difficult. When calculations are based on
a mean flame temperature,total radiative transfer from gases to wall
can be approximately estimated by adjusting the non-luminous gas
emissivity to allow for the particle luminosity.

Experimental data indicate that the radiation from luminous
flame is often much greater than that from non-luminous gases.Sn
Therefore, the luminosity effects should be given proper consideration.

The tctal non-luminous radiation is obtained by adding the
contributions from the individual gases. ¥when the emission bands of
two gases in a mixture do not interfere with each other, the emissive
powers of two gases may be superimposed in order to get the total
emissive power. If the emission spectra of these gases overlap,
torrection factors must be applied. For detailed information cn

the radiation properties of gases, sce Ref. 59.
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For engineering calculations the emissivity of any real gas
can bevisualized as due to the weighted sum of a sufficient number

of gray gases

-K L
T K 5-
ga " ag,nU -8 M) [5-2]

similarly absorption coefficient of the real gas is given by

K L

a5 53, (0 -e”) [5-3]

K=kpp, where the absorption coefficient kp is based cn partial

pressure p of the radiating gas component. In Equation [5-2],a and kp

may be considered simply as the numbers which make the series in
this equation fit the emissivity function of the real gas.
Similar to the to“al emissivity and the absorptivity expressions,

the directed flux areas in Equaticn [5-1] can be written as

©5))g =Ela, ,(T)] [65 (K 1)] [5 -4]
lnm ——
(65))p = &lag ,(T)] (65,5 (K L)] [5-5]

In these equations symbsls "a' and "GS" are functions of T and KnL,
respectively. Referring tov Equation 8-20 of Hottel and Sarcfim48

for each gray gas coamponent

S S U 5 TN W 1
= ol € = 5-6)
65, (KL A4 (G /65, (X 1)) B
where
_ G307
. —
168, MnL g brack = A1 - (515)) - - B

B
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If A, cannot see any part of itself, then 15 ° 0.

In Eq. [5-7],

the "directed-interchange areas, sisj" can be expressed in terms of

"'view factors, Fij" as

5081 = AF T = (A) --AF T

= AF .T

sl T rrl

U]

S Sy = Ar(I - Fr1)17

[5-8]

[5-9]

[5-10]

Using the same mean value of the transmittance T= 1-6g, the last

four equations can be combined to give

= - A
168, (KaL)]g prack = €,a] A1 * i
L+ 4 —E25
- eg,n) Fr
where - —
€g,n = €, n Kl Ty

(5-11]

References 49 and 71 contain tables of over 150 view factors

that are availavie in the literature. For cargo containers Fy; = o,

thus Frl = Al/Ar is obtained from Equation {5-8j.
For this case Equation [3-11] becomes

€ + M
A g.n n
1 1 +Mn

M = Eg,n (1 - N )
n  1-€ N
g,n /

[GS

1]R,b1ack =

where

{5-12}

[5-13}

]
0
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N 2 o denotes the ccld surface fraction.

— 1
GS (K. L) =
1 1RY"n 1 + 1- € n
g M_.__.E.;__ 13 -14]
1 + ¢
n g,n

This equation is substituted in Equations [5-4 and 5-5]. Since

each gas component is treated as a gray gas =€ is used in
gs,n g,n

writing Equation [5-5].

As a special case if the real gas is completely surrounded by
a black sink, '1 =1 and N = 1, then Mn = 0 for each component, and
Equation [5-14] reduces to

GSIR(GL) = AL S n = AL gson (5-15]

T

Y AL bt gt gl

and from Equations [5-4 and 5-5]

1 (GSI) = Z [ag,n(Tg)]Altg,n = Alcg [5-16] ?
A o . ’
(GSI‘ = ﬁ [as,n(Tl)] Al "g5,Nn =N -gs {3—1.’J

Therefore, the net radiative hecat transfer to the surface, in
Equation [5-1] becomes:

3 - — R

E (GSI)Eg - (G5))E, = Al(-gEg ~gs E,) [5-18])

This equation is true only when the sink surfaces are black and they

enclose the gas completely.

As an approximation toward allowance for nongrayness, Equations
{5-4, 5-5 and 5-14] may be based on the total gas emissivity and

absorptivity, then

it G st btk 2N NN Ll st it b,




A 1
- 1
SpPp = 112 [5-19]
. + g E
El M€+ e 2
with, ¢ ;
M. = "8 1N [5-20)
< 1 - e N N J
g
¢ and . Al
(G5))p = 1 : [5-21]
—— - N E]
- + 1 3
whzre

Q -
M, =T.—"%1‘——(I§N ) [5-22]
gl

In this case Eg# ”-gl’ since the gas, as a whole, is not gray.

With this approximation Equation [5-1) can be written as

-]
3 Qn E E
E et, 1 1 T -7 o e
: —_— e 8 £ “{je——w— +h, g 1 15-23}
3 Al i/ 1 ? MI 1/“'1 + MZ 1 -
where ;
= = —-——L—_ 3 3
“rre oMy st [5-24]
4 2 gl
and
E =gt ? , tozeT.? [5-25]
g g 1 i
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Equation [5-23] may be used for discussing, in a simplified
manner, main characteristics of the heat flow from flames to the surface
of a cargo container. Assuming that the overall heat transfer coefficient
is large enough, the total heat flow 5ner, 1 given by Eq. [3-23] will
be absorbed by the liquid cargo inside the container. Eq.[5-23] shows
that: (a) increasing the flame emissivity increases the heat flux,
but not proportionately; (b) decreasingel, when the flame emissivity
is close to unity (i.e. very small Ml) produces a proportionral decrease
in heat flux; (c) increasing N (increased coverage of the walls by
the sink surface Al) decreases the heat flux a/ﬁ.in consequence of
decreases in both M and the gas temperature.

The foregoing conclusions indicate that t.e radiant heat flux
to a cargo tank can be reduced by; keeping the ratio of the fire
exposed cargo container surface area Al as large as possible with
respect *to the adjacent cnclosing surface areas; assum:ag that the
insulation is used for reducing the heat f{low; further reduction may
be obtained by covering the insulation with a material of low emissivity.
Large Al irplies decreased space 1 the fire, thus enhancing occurence
of t*e incomplete oxidation. This, in turn, may cause a decrease in
the flame temperature, causing additional drop in the heat flux. The
incomplete combustion, however, also tends to improve the flame
em.ssivity by making the flame ...re luminous. Therefore, quantitative
estimation of the effects -~ incompleve cxidavion on the radiant heat

flux is rather difficult wiiuout knowledge of tie flame characteristics.
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Discussion which follows is concerned with the estimation of
3 the quantities involved in Eq. [5-23].

Flame Temperature tg' Although the use of an average flame
temperature may cause substantial errors in the heat flow calculations,
the temperature distributions in flames cannot be predicted theo-
reticaliy. When the heat flux distribution at the anclosing walls
and the combustion patterns are known, it is possible to determine <he
flame temperature distribution by using the iterative zoning method
as given by Hottel aad “arofim, page 375.48 However, if the overali
heat transfer coefficients at the enclosing walls are not known, as
in the problem of the present study, this is not possible.

Under these conditions a heut transfer model which is more
elaborate than that represented by Eq. [5-23] would not improve the 3
predictions, although it would increase the computation time
considerably.

Consequently, the average flame temperature should be chosen 3
from the experimental data available. Even then the heat flux
values obtained from Eq. [5-23] should be treated with some reservation. E
The main value of the equations obtained by using rather simplified i

medels is to provide the design engineer with an orderiy approach

il ol

toward a reasonably sound engineering decision. In this effort

carefully obtained experimental data is indispensable.

Gas emmissivities and absorptivitizs. Experimentally determined

e il Sl

total emissivities of different gases are compiled in a rumber of

references.48’59

The total emissivity of a gas is usual v presented

ot bkl Bl L
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as eg = f(pL,Tg), and a correction factor C is introduced for
pressure broadening effects dependent on the partial pressure and
the total pressure. The overlapping of the emission bands of emitting
species is accounted by a correction factordém.

As an example, the emiss_vity of a carbon dioxide and water vapor
mixture is given by

€, =ltc Gg)cgz + (C eg)HZO -fe ] [5-26]

Charts for the emissivities and the correction factors C and
AEm are ziven in the mentioned references along with values of
"the mean beam length L" for various gas-surface exchangc.

For blackbody radiation from a surface at 'l‘1 the absorptivity

of a gas at T_may be shown to be equal to
8 m

(g} M ]

T .T,,pL} : - { T,, pLi=—

"1( g1 pL) \ ) / Eg 1* P {ng [5-27)

/

.o

withm = 0.5
In this equation €g is evaluated at 'I‘1 and at a partial pressure-
beam length product equal to pL (TI/Tg)n. The absorptivities of
(302 and water vapor are correlated by using Equatic. [5-27] with *he
following values of m and n

m=0.65 n

1 for ('.‘O2
B =0.45, n=1 for HZO vapor
n .etermining the total absorptivity of the mixture, Eg in
Equation [5-27] should be nultiplied with the correction factor C,
ond in the absorptivity equation for the mixturedﬁm should be

aczounted for.

In the study of real gas emission the mathematical formulation
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which is based on a gray-gas system can be retained through the use of

Equations [5-2 and 5-3] for representing the emissivity and the
absorptivity of a real gas.

Since no method is available for predicting the particle con-
centration of a luminous flame analytically it is not possible to
estimate the i:minous flame emissivity by analytical means; one must

: 44
rely on the experimental data. As an example, Godridge and Hammond

reported that the equation

€21-0-¢de 5 -28)

can be used to predict total emissivity of residual fue' oil flames
across sections where the carbon particle concentrations at N.T.P. exceed é
1 mgm/. . In tuss equation, :g’ is the non-luminous emissivity, Km an

absorption factor averaged with respect to the thermal spectrum, c the ;
mean concentration of carbon particles, and L the rlame thickness.

In the case of uncontrolled fires the main interest is in the
prediction of total heat flow from flames to the cargo coniainer.
Therefore, an experimentally determined addition to the non-luminous
gas emissivity to allow for particle luminosity is often sufficient
when calculations are based on a mean flame temperature. However, it
should be notcd that when a cargu container is exposed to an uncontrolled
fire, it is very possible that the comb M would very often be

incompicte. Therefore, the flame luminosity would affect the radiant :

heat flow considerably.




el

TR

ATRTTRITWIT FETPP

Container surface temperature Ti.

This temperature is closely
related with the type and thickness of insulation used on the container
surface therefore, it has been considered in Appendix 7.

Convective heat transfer from flames. Equation [5-23] includes the

convective contribution to thc total heat flux.

in t¥2 nrzsent case the

convective heat transfer coefficient hy is affected vy both the chemical

reaction and the interaction between . diation and convection. Generally

speaking, information on the free convection hLezat transfer coefficients

for non-reacting and non-radiating gases may not be applied directly to

flames. As it has been reported in Reference ol the rate of heat transfer

in reacting gas systems is frequently substantially larger than the

maximum rate predicted by using the convective heat transfer coefficierts

for non-reacting systems. In reacting gas systems a significant increase

in the heat flux may arise from the motion of activated species across

the boundary layer.

Until recently, little work of engineering nature has hbeen done

on heat transfer problems where convection and radiation occur simul-

taneously. As an example, it has been found in Reference 71 that for

an optically thin laminar boundary luver flow over a flat plate, the
maximum effect of radiaticn intcraction was to increase the Nusselt
number by almost a factor of two at a given R2ynolds number and the
Prandtl number of unity.

Ry assuming the physical properties of air for the flames at
2200°F, Neill®l calculated the free convection coefficients from

different correlations availabie in the literature. Computed
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nvective heat transfer coefficients were varied from 0.76 to 1.72

Btu/(hr)(ftzF) for cool surface temperatures between 300°F aad 1800°F.

TABLE III

MAXIMUM HEAT TRANSFER RATES FOR
OPTICALLY THICK FLAMES FROM
SINGLE BURNERS6!

Optically Thick Maximum Heat Transfer Rates

Fuel Flame Dept to a Cold (200-302°F) Target
(inches) Radiant (Btuééggléf}vé Total
Methanol 35 50Co0 7000 12000
Acetone 35 10000 7000 17000
Hexane 70 22500 7000 29500
Cvclohexane 100 21000 7000 358000
JP-4 80 237060 7000 30790
Benzene 80 35000 7000 46060

(Benzol)

Considering the effects of reactions and the interaction between
convection and radiation, thereforc, it is expected that the =2f "ective
convective heat transfer coefficient for a buoyant diffusion fire
should exceed 2 Btu/(hr) (ft)°F. Table III summarizes data by Neill®!
for the naximum heat transfer rates expected from optically thick
flames of varicus fuels. The radiant heat transfer rates in this table
arc based on the non-specular data from the channel burners. It is

<en that contribution to the total heat flux through convection is
not negligible.

The laboratory data recently obtained by Welker and Sliepcevich81

showed that, the maximum radiant heat flux from a JP-3 fire can be taken
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as 31,000 Btu/(hr)(ftz). A flame thickness of about 15 feet was
required to obtain the maximum rate. The convective heat transfer
coefficient was about 5 Btu/(hr)(ftz)(°F) for the laboratory-scale
heat transfer probe, and the average flame temperature was about
2450°F. It has been noted in the reference that the convective
coefficient obtained could be extended to other situtations by

standard techniques.

— e
A. Direcied total-exchange area (Qsll or (GSI).

oy — g ———p—

The net rate of heat flow by radiation between any two black

surfaces may be written as

Oy = Figh 1 <Ep ) = By, -6y ) [5-29]
Fi, = view factor, fraction of isotropic radiation from
surface Al intercepted directly by AZ, dimensionless.

The following equality from [5-29] is known as the reciprocity theorem

AFlo = AT, = 5.5, [5-z0]

—

515, direct - interchange area; ftz.

1]

Thus

[5-29]can be rewritten as
o

Qo255 & -§) : [5-31)

Both FIZ and §;§é are determined by geometrical configuration of

radiating surfaces.

Equation [5-31] does not depend on the geometrical disposition or

radiation characteristics of other surfaces completing the enciosure.
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It represents the direct radiative interchage between Al and AZ. If
the radiating surfaces are not black and the radiations from all of
the surfaces completing the enclosure are considered, the total net

radiative interchange between A and A, is given by

©
=SS E -SSE -
Q2 = 5 25152 [5-32]

where the intervening medium is non-absorbing, and

== 2
§,5, = total exchange area for the flux from A to Ay, fio.

In the ecarlier treatments the nomenclature Affq, wis used for SISZ

as the '"total view factor from Al to.AZJ'

In general, SIS, and S,S. will cach be a function of ’l‘1 and T2
because of the temperature dependence of the surface emissivities and
absorptivities. For gray surfaces, with grayness independent of

temperature, Equation [5.32] becomes

-]
Qaz = 55, - By) =55 (E) - E))

2 2°1 Y1 2 [5-33)
For a gray system §;§é characterizes the radiative heat flow independent
of other heat transfer mechanisms.
The net radiative heat flux to a surface which is in radiative

equilibrium, or radiatively  adiahatic is zero. This condition
is approximately satisfied by the refractory walis cf a furnace. If
some of the zones of the enclosure are in radiative equilibrium,
then Equation [3-33] can be written as

(4

Qg = 550k, - Ey) [5-34)

For a discussion of the radiative exchange among non-gray surfaces

the reader is referred to Hottel and Sarofim.+8
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The foregoing nomenclature allows for the presence of the absorbing

. . . . lew ..
3 medium. Considering a gray isotermal enclosure A, containing a gray

i
isothermal gas (g), the net radiative heat loss by the gas .s

Q = GS1 (Eg - El)

g2l

If the enclosure containes no-flux zones then in [5-35], (§§1)R should

L\ il

. 15-35]

be used.

With real gases the absorptivity is dependent on both the gas and

LT

the surface temperature; the reciprocity relation for exchange areas is
not longer valid. This depcndence on temperature is shown by using
. Y - ]
“the directed total exchange areas" GS1 and GSl; source and sink at foot and
head of arrow, respectively. Consequently the net radiative heat
exchange from an isothermal non-gray gas to an isothermal surface Al

will be given by
° —_—> ;L ’
Qg“'_ll = GSI Eg - Gslul [D-Jc}

When radiative equilibrium surfaces are present, [5-36] becomes

Q .0 = (G E 5 E
(Qyylg = (65))g Bg - (65:28F [5-37]

This relation is used in Zquation [5-1]. For detailed discussion the

realer is referred again to Hottel and Sarofim.38
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Nomenclature used in this appendix

a (ag n*3s n) - Weighting factors or energy - fraction in black

body spectral region.

A - area, ftz

"
E - hemispherical emiscsive power of a black bady, Btu/(hr)(ft”)

Fij - view factor, dimensionless

— 2
GS1 - total exchange area between gas and surface Aly Tt
-3 . 2
GS1 - directed total exchange area between gas and Ai’ ft
K - extinction coefficient

kp - absorption coefficient (pressure basis)

L - path length, ft.

p - partial pressure of radiating gas component

— .. . . . 2
(s:sj) ~ direct interchange area between surface zones i and j, ft
1

§;§3 - total interchange area between surfaces i and j, ft2
o - absorptivity

€ - emissivity

g - Stefan-Boltzmann constant

Subscripts

g,s - ga;, surface

R, r -

Allowing for radiative cquilibrium or re-radiation surfaces
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APPENDIX 6:

e

RATE OF BURNING OF FUEL FROM A FREE LIQUID

TR

] A review of several papers on the burning rates of liquid

e 0

provides a basis for reasonably seund predictions of burning rates.

Blinov and Khudiakcv writing in Russia in 1957 9  considered

burning rates. Hottel has prepared an excellent English review of

3 the results of the Russian paper as applied tc burning rates, ¥’

8 b b

3 The tests were extensive, covering fires fro.. 3.7 mm tc 22.9

3 meters in diameter. Data indicated that three burning regimes

1 were present, as shown in Figure 6. For burners less than 3 cm :

in diameter the flames were laminar and the burnirg rate decreased

'k

as the diameter increased. Turbulence in the flames increased as

the diameter increased until the diameter reached about 130 cm.

The burning rates leveled off between 3 cm and 10 cm; the minimur

hurning rate was reached at about 10 cm and then increased with j
the diameter until the burners were about 130 cm in diameter.
Bevyond this size, the burni.g rate was constant.

Hottel suggested tha ine burning rates could be explained

] nqualitatively by consinering the mechanism of heat feedback from

the f.re to the liquid fuei. The burning rate is the fuel vaporization

X TETTTTT L L T

rate. the energy for vaporizing the fuel comes mainly from the

0 Lo Lo

fire except for the early burning period vwith fuels with low

boiling points (such as LNG,. Hottcl expressed the heat feedback

rate as
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§ A6-3
3
4k(T, - T ;
, ) 4 4 -1Dy  [6-1 ’
= + U(T, - +oF(T, - T,) (1-e ) [6-1] ]
3 1 b (f Tb) (f b 4
1 where %
] q = heat feedback rate per unit area E
3 D = pan diameter 3
] k = conduction coefficient :
: U = convection coefficient E
3 F = Stephan-Boltzmann constant :
3 F = view factor the fuel has of the flame 3
3 X = Beer's law extinction coefficient tu account
3 for increasing flame ocpacity with diameter }
3 T.= absolute flame temperature :
3 Tb= absolute temperature of the fuel, usually E
3 the boiling poirt.
E
] The first term in the righ: side of %Zq. {6-1] is related to E
conduction, the second to convection, and the third to radiation. 3
The coaduction term is dominant for small fires but decreases with f
larger fires. Convection plays an important p:rt in intermediate 7
] fires and non-luminous large fires. Large fires ‘th luminous 3
; f.ames are dominated by radian: heat feedback. Eq. [6-1] predicts ;
3 coastant burning rates for large fires. mmons>® later showr - :
3 that the conduction term was made up of four succeeding mecha isms.
Burgess and cowork:rs at the Bureau of Mines made burning -ate E
measurements for several fuels. Refs. 3,4.5,13,14. They showed that the
E liquid regression rate during burning co»” ' be expressed as :
vav (1 - e-kD) f6-2] ;
o0 3
where i
i
v = liquid regression rate “or burner ]
.diameter D . ¢
v.. = liquid regression rate for large fires :
k = :

a constant, dzpeinding on fuel type.




Figure 8 shows a typical result of some of their measurements.

The liguid regression rate is related to the mass burning rate by

m=vp [6-3]
where m is the mass burning rate per unit area and .fi is the
liquid fuel density. The burning rate is also related to the

heat feedback rate by

m= —3 [6-4]

af,

where lle is the heat of vaporization of the liquid fuel.

Equation [6-2] can te obtained from Eq. [6-1] by negiecting conduction
and convection in Eq. [6-1]. Therefore, it apnlies to fuels and
fire sizes for which the heat feedback is primarily by radiation

and it is more representative of fuels which burn with more luminous

flames.

If the mass evaporation rate for a large fire is written as

oo oe / L (e-5]

the liquid fuel regression rate for a large fire can be given as

q
- oo
Yoo © P, BH_ [6-6]

where g is the heat feedback rate for a iarge fire. If it is
[ o J

further assumed that q.. is always a constant fraction, f, of the

&y

heat of combustion AIHC for any fuel,

=
3
=

bl LT

L




BURNING RATE,.CM/MIN

0.3 T I T I -

LARGE FIRE LIMIT o> e cue sue anf

06

-

0.4

HEXANE DATA OF

0.2 BURGESS AND ZABETAKIS

0 1 2 3 4
POOL WIDTH, FT

Y e

FIGURE 7

BURNING RATE OF “EXANE

\
i
l
"
M}M ol B B e

3
3
=

i
A L ot A A et

A A, A L 0t sl Bt 00 S

L




= c [6-7]

Burgess and coworkers presente:’ a correlation of burning rate data
based on Equation[6-7] The result is shown in Figure 9, and can be

summarized by

AH
v = 0.0076 [o-8]
o0 AHV

where v, is expressed in cm/min. The data in Figure 3 follcws

the relationship quite well, even though the assumption of constancy
of f/‘}i'is tenuous. Measurements of the fraction of the heat of
combustion released as radiation range from less than 20 percent to
more than 40 percent for various fuels.

Welker 80 mpeasured the burning rates of liquid fuels in con-
junction with his studies on flame bending and used the resulting
data tc estimate the burning rates of large fires. He concluded
that the burning rates for large fires could be estimated from

4AH

= -t
v, © 0.62 ya Hv [6-9]

where v.° is in cm/min. A "large" fire was estimated to be about
15 ft in diameter. Welker's result showed burning rates more than
twice as large as those of Burgess, and he suggested that a more
thorough study of burning rates be undertaken. Unfortunately, such
a study has not been made to date, and dependable burning rate data
are still not available for large fires, except for a few isolated

cases. The data rthat are available arec somectimes questionable due
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to inadequate instrumentation.

Welker observed that the burning rate of liquid fueled fires
up to a few feet in diameter decreased at higher wind velocities
if the wind was steady. In later work 5! it was shown that the
decrease in burning rate was due largely to a decrease in the
geometric view factor from the fuel to the flame as the flame was
bent by the wind. This decrease in burning rate is probably limited
to small or intermediate fires. Once the flame becomes large enough
to be opaque,i. e., the Beer's law term becomes unity, the view
factor also becomes unity because the fuel can no longer "see"
anything but optically thick flame.

Blackshear and coworkers (Ref.8) have started a detailed
study on the burning rates of liquid fuels from fuel-soaked wicks.
For diameters above about 30 ft, convection may be the dominant
heat transfer mechanism. However, to date their results are not
useful for predicting the burning rates of large fires. Methano!
and acetone have been the principle fuels in their studies. These
fuels release a smaller fraction of their combustion energy by
radiation than do liquid hydrocarbons.

Measurements of burning rates of liquid fuels other than
methanol, acetone, and liquid hydrocarbons hLave not been reported,
even for small fires. It is known that highly oxygenated conpounds,lz
such as organic peroxides or partially nitrated hydrocarbons, burn

faster than would be suggested by any of the analyses presented

above.
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Another technique inyolves estinating the rate of heat transfer
to the pool and calculating the evaporation rate. Since heat transfer

rates are not well established for most fuels, this approach i: also

less than perfect.
The tollowing table presents the results of calculations of

burning rates by three methods, the Bureau of Mines!4 correlation

given by Eq. [6-8]» Welker's80 extrapolated results given by

Eq. [6-9], and heat transfer calculations based on the total heat

LA

transfer rates measure by Neiil®l.  Five liquid fuels are listed

which are representative of fuels for which burning rates have

T Ty

been measured.

Table IV
FUEL BURNING RATE per UNIT AREA —o—
(HR) (FT™)
3
Calculated from Heat
Transfer Data Of
Burgess 14 Welker8? Neil161
Methanol 12 32 23
Acetone 35 92 64
Hexane €0 157 147
Cyclohexane 62 163 173
Benzene 65 171 208

(Benzol)

The results presented in the table are all based on experimental

data, but none of the data can be considered ideal for making pre-
dictions. The Bureau ¢f Mines data were obtained from unsteady state
burning tests on shallcw pools. The early portion of the unsteady
state measurements has burning rates considerably lower than those at

steady state, so the Bureau of Mines results are lower than those
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for steady state measurements. Welker's data are based on steady

state measureaenrs, but they were obtained for fires less than 2 ft
in diameter ander windy conditions. A double extrapolation of the

data was thereiure required, and the results may suffer from some

] inaccuracy.- Neill's heat transfer rates weve measured for low-
temperature objects located above the fuel surface, directly in

contact with the flames that surrounded them. They include both

convective and radiative heat transfer. Although the radiative
portion of heat transfer to the fuel surface can be related to
that in the flame, the convective portion msv differ because of

the layer of evaporating fuei on the liquid surface. Another

difference is that the fuel surface is horizontal rather than

vertical as in Neill's tests.

While the analysis leading up to Eq. [6-8 and 6-9] assume

g dbu Al A A LUl

radiation heat transfer to be dominant, the data used to obtain
the constants in the equations were obtained under cenditions which
included both cenvective and radiative heating.

Prediction of the burning rates of iarge fires presently depends
upon extrapolation of data from smaller scale. For engineering purposcs

the steady state burning rate is usually the value to use, but the

specific fuel should be consideced to sce if transient rates could

pe greatcr than steady state, as with liquefied natural gas spi}ls.ls

Predictions based on Welker or Neill must suffice until experimental

neasurcments cn larger steady state pool fires can be made.
Experimental measurements of stcady state burning rates for

large pool fires are difficult and expensive. There is a possibility
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that the same inforamation can be obtained from measurements on
smaller, interacting fires. Huffman, Welker, and Sliepc:ewiclé1
have shown that the interaction effects of multiple pool fires
increase the burning rate. It should be possible to use such data
on interacting fires, which can be taken using smaller pool
diameters, to predict burning rates for large single fires. Thus,
the number of large single fires necessary in a research prograw
could be reduced, with subsequent economies in the program.

A heat flux meter has been used to study radiation and convection

transfers to the fuel surface in large pool fire585 of n-hexane and

gasoline.
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APPENDIX 7:  EVALUATION OF INSULATION EFFECTIVENESS

Inculation may provide very substantial protection to liquid
cargos during fire exposure by reducing the heqt flux from fire to
the liquid cargo. This protection is provided only if the insulation
sheath maintains its integrity during the fire. Evaluation of insulation
effectiveness requires predictions of the heat fluxes and the outside
surface temperatures of insulation at several flame temperatures.
Surface temperatures higher than the safe maximum value could result
in deterioration of the insulation material. Materials adequate
for low temperature service may not be able to w}thstand high tempera-
tures, and therefore fail under fire exposure.

The net heat flow from flames to the cargo container surface is
given by Eq. [5-1] in Appendix 5. In order to use relatively simple
expressions in the present discussion, the heat flux to the container

surface can be written as
% = h (-t e b G-t (7-1]
where,
h.., hc = average unit thermal conductance for radiation and
convection, respectively, Btu/(hr)(ftz)F
tg'= average flame temperature, °F
t. = any convenient reference temperature, °F

A = wetted area completely exposed to fire, 1353

It should be noted that Q/A in Eq.[7-1] is the heat flux q per unit

wetted area completely exposed to fire, given by Eq. [2] in the main text.

A7-1




Comparing [ 1] with [ -1] of Appendix §, it is seen that

(cs’) E (GS,), E

1’R - 1’8

.= o 1 {7-2}
g b o

h, =h1 and t.= {7-3]

Eq [7-1] can be rewritten as

.o:. = hit -t 7-4
A o g 1‘) I }
Where

h:hr+hc

For additional information on this method, the reader is referred
to F. Kreith, "Principles of Heat Transfer”.52 For a comparison between
the heat transfer rates for insulated and uninsulated cargo containers
for several insulations it is assumed that the flame will develop a

reference heat flux of (Q/A) = 34,500 Btu/(hr) (ftz) for uninsulated

containers with a reference temperacure, t. = 125°F. Then

(Q/A) =h ('r’g - 125) = 34,500 [7 -5]
Heat flux to the insulated container can be written as

L N T T 7 -6)

A i g ins.

ns of

where, the reference temperature is the outside temperature t.
i
insulation. At a given flame temperature h, and h in the last two

equations are not equal. For comparison purpose, however, the prob.m

can be further simplified by assuming that h, =y,  Otherwise, h_

should be determined from [7-2], for tabulated values refer to

)
F. Kreith.> By combining [7-5] and [7-6] one obtains

t - t.
qQ . g ins
A = 34,500 T, - 15 [7-7)
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The heat flux through the insulation Q/A is also given by

il

k
Q. _m - 7-
A £ (tins = %) [7-8]
where
km = mean thermal conductivity of insulation in Btu per hpur
per square foot per °F per inch
{ = thickness of insulation in inches
t = temperature of material of lading at pressure of

flowing conditions in °F

The insulation temperature now can be obtained from [7-7] and [7-8],

X
n 34,500
Tt oan Yy
= . = [?"9}
ins Km  + 34,500
iy t ~-12%

E The insulation temperature and hea. Fluxes were calculajed for
; flame temperatures of 1500, 1850 and 200C°F for one-inch thi
E insulations with mean thermal conductivities of 0.6, 1.8 and 4.0 Btu

per hour per square foot per °F per inch. A flame temperafjure of

Lol e o s

% 1850°F was selected on the basis of experimental work usi é JP-4 as

6 /]
= the fuel. Propane was assumed to be the material of lading. The

results of these calculations are summarized in Table V. It should

be noted that a different material of lading will alter these results.
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Table V

7
OUTSIDE INSULATION TEMPERATURES AND HEAT FLUXESS

Material of Lading: Propane (t = 140°F)
Insulated Thickness: One inch

Flame Mean Thermal Outside Temp. Heat Flux
Temp. Conductivity of 2
°F Btu/hr-ft</ Insulation Btu/hr-ft

{°F/in) °F
1500 0.6 1468 797
1500 1.8 1408 2280
1500 4.0 1312 4688
1850 0.6 1800 1000
1850 1.8 1710 2830
1850 4.0 1560 5680
2000 0.6 x 1940 1080
2000 1.8 1834 3050
2000 4,0 1666 6096

Comparison of Heat Transfer Rates

A comparison betwezn the heat transfer rate of completely
insulated containers and the hcat transfer rate of an uninsulated
container of equal area can bz nade by taking the ratio of the heat

transfer rates. The ratio of Leat transfer rates can be expressed as

F Area).
(Heat Flux x Ar a)msulated

7 7-10
(Heat Flux x 3rea) [7-10]
uninsulated

Since the containers have equal surface areas for heat transfer, the

ratio of the heat transfer rates is simply the ratio of the heat

fluxes. Thus,

H )}
r= (Heat Flux'insuiated

(Heat Flux)

[7-11]

uninsulated
or
n.‘.‘ifii_:qi : .
—_ " _19
(QiA}u a, [7-12)

R N - =

o Ot



i R R

where 9; -s the heat flux in Btu per hour per square foot of wetted
area completely expcsed to fire for insulated containers and a, is

the heat flux for uninsulated containers.

If the container is only partially insulatcd, the ratio of the

heat transfer rates can be expressed as

. (Heat Flux x Area)exposed + (Heat Flux x Area) . ored

[ -13)
(Heat Flux x Area) . = - ted

where, area is the wetted area completely exposed to fire.

Equation (7-13) states that the ratio of the hzat transfer rate for
a partially insulated container to the heat transfer rate for an
uninsulated container of the same size is the sum of the products
of a heat flux term and an area term for the exposed and covered
portions of the container divided by the product of the heat flux
term and the total exposed area term for an uninsulated container.

Assuming that the fire expocsure factor E in Eq [2] of the

main text is chosen as E = Ao'ls the area ecnveloped by flame will

to the total wetted surface area of the container raised to the 0.82
power. letting g represent the fraction of the tank which is in-

sulated and using the atove factor, (7-13) can be writter

) 2
o [(I-g).-’tr] 0.82 a‘c(g%_)o.sa
R 782 F-14]
9 A
u’'T
or
% (1-g)%-82 , qcso.s‘
T = n {7 -15]
u

where the subscripts ¢, ¢, and u refer to covered, -xposed and totally

uninsulated portions.
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The ratio of heat transfer rates for insulated containers
(both partially and completely) to the heat transfer rate for an
uninsulated container of the same size has been calculated for
50, 80, 90, 95 and 100 per cent insulated ccntainers with one-inch
insulation having mean thermal conductivities of 0.6, 1.8 and 4.0
Btu per hour per square foot per °F per inch for flame temperatures
of 1500, 1850 and 2000°F. In these calculations it was assumed that
the heat flux to .n uninsulated container (or any fraction of a tank
uninsulated) is 34,500 Btu per hour per square foot regardless of the

flame temperature. The results of these calculations are presented in

Table VI and Figures 9, 10 and 11.
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TABLE VI

COMPARISCN OF HEAT TRANSFER RATES BETWEEN
INSULATED AND UNINSULATED CONTAINERSS7

% Material of Lading: Propane
3 Insulation Thickness: One Inch
a, = 34,500 Btu/hr-ft2

Flame Mean Thermal Outside Temp. Heat Flux Ratio
Temp. Conductivity of q
°F Btu/hr-£t*/ Insulation ¢ 2 T
(°F/in) °F Btu/hr-ft

g: 100 Percent Insulated Containers

1500 0.6 1168 797 0.023
1500 1.8 1408 2280 0.066
1500 4.0 1312 1688 0.136
185¢ 0.6 1800 1000 0.029
1850 1.8 1710 2830 0.082
1850 3.0 1560 : 5680 0.164
2060 0.6 1940 1080 9.031
2006 1.8 1834 3050 0.088
2000 4.0 1666 6096 0.i76

g: 95 Percent Insulated Containers

1500 0.6 1468 797
1500 1.8 1408 2280
1500 4.0 1312 1588
1830 c.6 1809 1600
1859 1.8 1710 2830
1859 4.0 1560 5680
2000 0.6 194¢ 1080
2000 1.8 1834 3050

2000 4.0 1666 6086




TABLE VI CONTINUED

Mean Thermal
Conductivity
Btu/hr-ft2/

Outside Temp.

Heat Flux

qC

Btu/hr-ft?2

g: 90 Percent Insulated Containers

797
2280
4688
1000
2830
5680
1080
3050
6096

g: 80 Percent Insulated Cortainers
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TABLE VI CONTINUED

Flame Mean Thermal Outside Temp. Heat Flux Ratio
Temp. Conductivity of q
°F Btu/hr-ft2/ Insulation < r
(°F/in) °F Btu/hr-ft?
g: 50 Percent Insulated Containers
1500 0.6 1468 797 0.579
1500 1.8 1408 2280 0.603
1560 4.0 1312 4688 0.644
1850 0.6 1800 1000 0.523
185¢ 1.8 1710 2830 0.612
1850 4.0 1560 5680 G.66
2000 0.6 1940 1080 0.58~
2000 1.8 1834 3050 0.617
2000 4.0 1666 6056 0.6¢63
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Ratio of Heat Transfer Rates, r

T | T I
090 -
Notes
0.80 1. Material of Ladin3: Propane
2. Insulation Thickness: One inch
3. Mean Thermal Conductivity of Insulation:
0.6 Btu/hr-ft2/(°F/in.)
0.70 |-
0.60 - 50% Insulated
0.50 —
040+
030+ 80% Insulated
0201 90% Insulated
95% Insulated
0.10-
100% Insulated
| ! I H i
1400 1500 1600 1760 1800 1900 2000
Flame Temperature, °F
FIGURE 9

EFFECT OF INSULATION ON THE HEAT ABSORBED FROM FIRE

Plotted from Table VI
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Notes
0.80 — 1. Material of Lading: Propane
2. Insutation Thickness: One inch
3. Mean Thermal Conductivity of Insulation:
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FIGURE 10
EFFECT OF INSUULATION ON THE HEAT ABSORBED FROM FIRE
Plotted from Table V7
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The results obtained indicate that insulation is very effective
in redu:ing the heat flux from fire to the liquid cargo. Referring
to the discussion in Part Four of this report, credit factor F for

a given insulation system can be selected on the basis of the r values

tabulated in Table VI or by a calculation similar to that presented
in this appendix.

It is expected that for a given situation, the selected ¥ Value
for insulation coverage would be larger than the r value given in
Table VI due to other factors which might affect the insulation
effectiveness adversely.

If the integrity of insulation under fire conditions cannot be
puaranteed, it is unwise to make large allowances for the insulation

by using small F values.

The present calculations have indicated that temperature of the
exposed insulation surface approaches closely that of the flame
temperature. Therefore, it is important that the insulation be chosen
to withstand the expected high temperatures without any degradation

in its effectiveness. Selection depends also on the following factors:

mechanical strength properties, moisture resistance, resistance to

chemicals, and cost.

Some insulating materials are tabulated in the following table:




TABLE VII

3 .19 Thermal Conductivity cmperature

Insulating Material at 70°F Range °F
Btu/ (hr) (ft) (F) Min. Max.

Foam glass 0.0325 -400 800
Foam polystyrene 0.022 -400 175
Fiber glass 0.021 -300 600
Diatomaceous
earth (with asbestos) 0.055 22 1,900

Mineral Wool
(with binders) 0.0325 70 1,700

Calcium silicate
{hydrous) 0.031 100 1,200

The first three materials in this table are used to insulate the
refrigerated liquid cargo containers; their selections are made on account
of taeir suitability as low temperature insulators. It is evident thar
the maximum temperatures for these three materials are much lower than
that would be attained due tc fire exposure. Exposure to fire could
result in their decomposition, melting, or deformation.

Considering the other insulation materials in Table V! although
these nzterials car stand hig' temperatures, their low temperature
insulation characteristics are not adequate. For refrigerated cargos

this problem can be resolved by using two different layers of insulating

i
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materials, the inner layer being a low temperature insulation, whereas

Al

the outer layer is a high temperature insulation for protection against

fire hazard. For non-refrigerated cargos one layer of high temperaturc

g

insulation alone would o2 satisfactory.
Since mcst insulations are adversely affected by moisture, it is
necessary, especially in marine transpert systems, to cover the insula-

tion with a waterproof material. For lasting protection mechanicai

A e B

strength anc chemical resistance of the insulation material should be

l

taken into account.
Additional information on commercially availsble high temperature

insulation materials may be obtained from P. E. GIaSer.43

Another problem which needs special consideration is the effect

of fire exposure on the unwetted surface of a container when this surfacc
is not protected by insulation. Containers which have internal insulatiou.
or interior deposits of low conductivity material are subject to the

same problem even if the surface is wetted. With the fire exposure such
surfaces of a pressure container mdy assume a temperature high enough

to cause failure of the metal within a few minutes. Figures 32 and i3

taken from API RP 520, Third Edition, November 1967, show, for a given

MG

heat input, the rate of temperature increase for various piate thickness.
and the time to rupture of a given steel in terms of the temperaturc un
straess.  From Figure 13, it appears that at a stress of 15,000psi, the
stcel plate might rupture in about 3 minutes after it :zaches a temperauus.

of 1,300 °F.
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APPENDIX 8: BOILING CONDITIONS IN LIQUID CARGO CONTAINERS
EXPOSED TO FIRE

When a liquid cargo container is first exposed to an un-
controlled fire, convective heating of the liquid takes place.

If the heat flux is sufficiently large, liquid aear the container

surface starts to boil.

At the initial stage of fire exposure, it is reasonable to
assume that the main body of the liquid in the container is

below saturation temperature. Boiling at the container wetted

wall under this condition is called '"subcooled boiling", where
the vapor bubbles either collaipse without leaving the surface by
transfer of leat to the adjacent subcooled iiquid, or else they

collapse immediately after leaving the surface. In either case,

the heat transfer is improved over convectisn without phase

change, due to agitation caused by the growing and collapsing

vapor bubbles.

It has been sho\‘mS6 in many experiments that, over most of

the nucleate boiling rarge, the surface temperature excess above
sz uration is a function of heat flux only, regardless of the sub-
cocling. Therefore, with a sufficiently high heat flux the nucleate

boiling may start even though the bulk of the liquid is at below

saturation temperature. However, subcooling influences the start of

the nucleate beiling and has a significant effect on the maximum

\ il IR A
wmmmmmwmmmmm.mmmmmmwmmwmmmwww.xwwmmmmummw

B sl

£
=
=
E
E




A8-2

heat flux for nucleate boiling.

When a subcooled liquid cargo is exposed to fire, nucieate

boiling may start as soon as the surface temperature excess above

saturationA T reaches a specific valve. The kinds of boiling pro-
cesses found for subcooled boiling are similar to those existing

for saturated liquids. At small AT values, the heating surface

T R R T e e

is in contact with both liquid and vapor, and the nucleate boiling

exists. Beyond a maximum heat flux, a vapor film blankets the

Clii il

Tt

surface, thus resulting in the film boiling.

With subcooled boiling, the heat flux values usually are higher
than those which would be found for a nucleate boiling process of

the saturated liquid under similar conditions.?2

Therefore, it would be conservative to treat the liquid cargo

it

as saturated although at earlier stages of fire exposure the cargo

might be subcooled.

e

Up to the maximum heat flux(i.e. critical heat flux) nucleate
boiling exists at the container surface, provided that vapor gener-

ated can be removed freely from the surface. A considerable amoun: of

data has been collected coricerning the values of the maximum heat flux,

Ay’ in pool Loiling. For different correiztions, the reader is

(it
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referred to Rohsenow and Tong.6 7,74

Some observed maximum heat flux
values for various liquids, reported by Gebhart'? are shown in Table VIII.

It is scen that AT for various liquids vary from about 5°F to 100°F.

In this table the highest surface temperature can be easily determined; it
is 442.2°F for ethyl alcohol at 657 psia.

Referring to Fig. 14 within the nucleate boiling region AT assumes

its maximum value ATc at point a where the heat flux is a maximum. As

T

a result, for a given fluid and for specified conditions, the maximum
temperature of the container surface which contacts the liquid is obtained
by using ."\.Tc. Values of Yax and ATC can be correlated in terms of
reduced pressure as in Fig. 15. This correlation was obtained?® for
a number of organic substances, including ethanol, propane, benzene,
n-pentanz. However, it is also approximately valid for many other pure
substances and mixtures.

The 4 T. in Fig. 15 decreased from a high value at small reduced
pressures toward zero at the critical pressure Pc.

Considering the usual pressure levels in liquid cargo containers,
1t can be assumed that ATC is usually less than 50°F. In coasequence,

with the nucleate boiling the surface temperature excess above saturation

E
%
%
%
E
3
%:
%

temperature will be less than 50°F. This determines, for a given fluid,
the highest surface temperature on the liquid side when nucleate boiling
cxists. As an example, saturation temperaturc of propane at 295 psia

is 139°F (PC = 42.0 atm). Therefore, with the nucleate hoiling the
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Qmax/Pe: Btu/hr f12/psia

100

0 0.2 04 0.6 08 1.0
Reduced pressure, p/p¢
FIGURE 15
MAXIMUM HEAT FLUX AND TEMPERATURE DIFFERENCE AS A FUNCTIGN %

OF REDUCED PRESSURE

SOURCE: REF. 42
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3 Liquid

Water

Propane,
Comm. grade

Ethyl Alcohol

n-Pentane,
90+% pure

neleptane,
70 +%pure

Benzene,
¢.p.grade

Source:

Pres-
sure,
psia

14.7
64.7
114.7

14.7

555
14.7

375

657

170
457

14.7
50
215

14.7
355
667

B. Gebhart??2

on submerged heaters

Liquid Max. Heat
tempera- Flux
o

ture F qmax

212 993,000
297 906,000
337 1,599,000
212 210,000
196.8 36,200
172.6 192,500
379.3 350,000
432.2 261,000
272.2 191,100
375.5 42,000
..... 109,000
..... 157,000
..... 205,000
..... 139,000
..... 269,000
..... 7,000

TABLE VIII -Observed max:mum heat fluxes for various liquids, pool-boiling

Critical

temp.
diff.,

C’

99.9

39.5
12.8

42

[
o
Oty

v
(7Y ]

.....

-----

.....

.....

F
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Heater Surface
and condition

0.040-in.dia-
meter Horizontal
Chromel C wire

0.004-in-dianeter
clean platinum wire

Clean surface;
horizontal plate
electroplated with
0.002-in. chro-
mium,polished

Dirty surfacc;
horizontal plate,
electroplated with
0.002-ip. chrom-
mium, poiished
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liquid side surface temperature will be less than 129 °F.

The variation of q . in Figure 15 indicates that at very small
and very large-reduced pressures q,, values are small. Again for
propane at 555 psia qp,, is given in Table VIII as 36,200 Btu/(hr)(ftz).
The reduced pressure for this case is about 0.9. Assuming that the

average heat flux from fire is 74,500 Btu/(hr)(ftz), then at reduced

pressures greater than 0.9 the flux would be less than the heat 3
fiux from fire.

Under this condition, the liquid propane will not be able to
absorb the heat flux from fire, a vapor film will start to blanket

the surface and the film boiling will result. The system eventually

starts to move, in Figure 14 from state "a" toward state "b" in the
film boiling region, this causing a considerable increase in the
heating surface termperature. The final surface temperature, of-
course, depends on the fire temperature. Before state "b" is
reached most likely the heated surface is subject to failure.

The qpa and T, values in Figure 14 are given for the pool
boiling of water at atmospheric pressure. The characteristic boiling
regimes shown in this figure, however, are similar for other boiling
liquids.

Considering the usual heat flux values from fire to liquid
cargo containers, one can say that the problems associated with the

film boiling may arise at pressures very close to the critical pressure.
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Therefore, such cases require careful consideration. If press:.res
close to the critical value are expected, the use of proper insula-
tion to reduce the heat flux from fire to a level below the predicted
Unax is most desirable.

For moderate pressures it is expected that either the convection
or the nucleate boiling will prevail. In this case, the liquid side
surface temperature would be slightly above the liquid saturation
temperature. In consequence, the container wall temperature is con-
trolled by the heat flow characteristics on the fire side.

It is a possibility, with impinging flames, that the heat flux
from fire is greater than 34,500 Btu/(hr)(ftz). Average local (1/8
in. radius area around flame axis) heat flux values as high as 83,000
Btu/(hr)(ftz) were reported in reference 4, for air-methane flames
impinging on flat surfaces. Such heat flux levels may bring out the
film boiling problem at reduced pressures much lower than the value
of 0.9. However, in this case analysis of the problem is consider-
ably complicated since the film boiling and the surface temperature
increase are localized. A proper analysis should include the heat
flow within the wall and the vapor film in the transverse direction
from hot spots toward the cooler regions. This would help to reduce
the wall temperature.

Another very important problem needs special consideration. It
has been mentioned earlier that the nucleate boiling prevails as

long as the vapor generated is readily removed from the heating surface.
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For large liquid volumes, this removal occurs freely due to the
buoyancy forces acting on the vapor bubbles. In the case of small
liquid volumes and restricted container configurations, which makes
the vapor removal difficult, a vapor blanket may form on the heating
surface even at heat flux values much lower than the maximum flux.
Referring to Figure 14 then, a system at state ''c" moves toward the
state "d" in the film boiling region without going through the state
"a". A very informative example concerning this case was reported
as a result of fire tests conducted at Baytown, Texas, in 1943,

by the Rubber Reserve Co.%8 The paragraph below is quoted from

that reference:

"Preparatory to the conduct of the test, there had been in-
stalled a 23 feet 8 inch length of 4 inch pipe connected to the
bottom of the tank which extended outside of the diked area for
the purpose of draining the water contents of the tank, either
during the fire in case of emergency, or at the expiration of the
test. After three minutes and thirty seconds, this drain pipe
became sufficiently hot that it sagged 12 inches from Jevel at a
point 8 feet 6 inches from the center of the tank, which was about
two teet inside the diked area, causing a leak to occur at the joint
between the outlet nipple on the tank and the flanged elbow. This
failure occurred even though this pipe was normally filled with
water under approximately a 5 foot head."

This reference reported heat fluxes ranging from 49,000 to

45,000 Btu/(hr) (ft2) as the maximum heat input to pipes exposed to
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flame. These values are very small compared to the maximum
nucleate boiling flux values for water given in Table VIII.
Therefore, under normal conditions, the film boiling and the
material failure should not occur. It is evident that with the
piping arrangement used in these experiments free removal of the
generated vapor was not possible, thus causing the film boiling.
This matter requires serious consideration in designing

and in the protection of piping arrangements from fire exposures.
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APPENDIX G:  BEHAVIOR OF A MONOMER CARGO DURING RAPID POLYMERIZATION

it v b R L Y

AND PRESSURE RELIEF

Cargo containers carrying organic materials which have the potential

T Y T

for chemical reactions, such as polymerization, are subject to a unique i

3 hazard. A pressure rise may occur due to an internal reaction not

necessarily associated with exposure to fire.

Polymerization reactions are exothermic in nature. The heat liberated

causes the temperature to rise, resulting in an increasing rate of polymeri-

32
zation. Styrene, if heated to 239°F. will start to polymerize-

liberating about 300 Btu/1lb of polymer formed.

Since the latent heat of

i vaporization is abcut 115 Btu/lb, the heat liberated from polymerization
; of one pound of material can result in the evaporation of two pounds of
é monomer.

E The problem of designing a safety relief device for such a svsicm
1s complex due to the unsteady state nature of the evaporation process.

To illustrate, consider the special situation of styrene polymerization

and follow the behavior of the tank contents as the polymerization gets
underway. If the styrene monomer is at ambient temperature (77°F) and
begins to polymerize due to the presence of traces of catalyst, and

without external heat addition, then the amount of material which must

polymerize in order to raise the temperature to the boiling point of

styrene (298.4°F) can be obtained by heat balance
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f
mQ= Wec AT
P
where
m = amount of polymer formed 1bs
13 = heat of reaction Btu/1b
W = total mass of material in the
‘ Vessel °F
¢o" specific heat Btu/ (1b) (°F)
AT temperature rise, °F
Since Q = 300 Btu/lb and cp = 0.5 Btu/(1b) (°F)

AT = 298,4-77=221.4°F
0.5 x 221.4
m = 300 W= 0.37W

More than one-third of the material should polymerize before styrcne
monomer starts to boil. This is overly simplified as in the initial stage
of reaction perhaps only dimers or trimers would be formed and would have «
much higher boiling point than the monomer. Vapor generatien may be rclatively
low in volume but could entrain liquid and form foams as a result of high
viscosity.

W. J. Boyle, Jr.,11 discussing actual emergency rupture relief
situations with polymerization reactors noted that in one instance a
large quantity of liquid (monomer, polymer, and water) was observed to
splash to the ground in the area surrounding the relief vent. This
material was ejected as liquid slugs and not as vapor. It was also observed

that the internal pressure of the container continued to rise after the

safety disc had ruptured.
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Since he <ould locate no references on two phase flow which
could be applied to predict the behavior during venting of highly viscous
syrups encountered in mass polymerizations (100,000-300,000 centipoises),
Boyle conducted experiments on the one-quart size to check venting of
such syrups. These confirmed calculations for liquid venting. If the
required relief area is calculated on the assumption the batch will vent
as a2 liquid (with the batch pressure at the designed failure pressure
of the rupture disc), a factor of safety is believed to exist. For
reactor designs, Boyle suggested that the relief area should be two
to three times the area indicated by design calculations.

In un earlier study on the stability of butadiene, Robey et al 66
presented data on the two routes of polymerization, namely, dimerization
(which is thermally activated) and polymerization to high-molecular-weight
polymer (primarily in the presence of peroxides). For the dimerization

. 11 ) - -
in the vapor phase, the rate was found to De: rate in (moles cc 1 sec 1._

9.20 x 10%xp. (-23,690/RT) [C,H,].

Commenting on the prevention of this reaction, the authors stated
that no way was found for minimizing the dimerization reaction in con-
centrated butadiene other than the use of the lowest practical temperatures
during storage and handling. Butadiene was shown to peroxidize in contact
with oxygen, air or other substances. Noting that compounds such as hydro-
qu.:.:ne, pyrogallol, and catechol are effective inhibitors of the peroxi-

dation of the diene, it was determined that 300 cc of butadiene containing

0.1 weight per cent of hydroquinone completely resists the peroxidizing
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action of a stream of air, at room temperature and 5) psi pressure,
for more than 120 hours.

In a recent work, Harmon énd Martin?S studied pclymerization of
vinyl monomers, including ethyl acrylate (EA), methyl acrylate (MA)
and methyl methacrylate (MMA), using a five-gallon apparatus. The
MMA was uninhibited, while the EA and MA contained 15 ppm. of mono-
methyl ether of hydroquinone (MEHQ). Polyxerization rates were
measured as inhibitors were added. EA was found to polymerize more
rapidly than MMA under similar concentrations and conditions. As
the rate of polymerization increases, the pressure also increases and
the rate of vapor formation increases, thus requiring a larger disc
(orifice). Since the polymerization of EA, MA, and MMA is autoac-
celerating, as the relief pressure is increased the rate of polvmeriza-
tion and the rate of temperature r.se increase; the rate of pressure
build-up is more rapid, requiring a larger relief area. Vessels con-
taining materials capable of autoaccelerating or runaway reactions
{e.g., vinyl monomers) should be protected with rupture discs having
the lowest pressure rating feasible.

High heating rates may overpower the iafluence of the inhibitor.
At present, therc seems to be no general agreement on procedures or
control methods to monitor inhibitors. Specified concentrations, cven
1f added properly at time of manufacture, may not necessarily still be
iresent days or weeks later, or during the prolonged shipment. In
addition, the role of heat must be considered. Insulation will be

important as it reduces the heat flux, especially in a fire cmergency
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unresolved is the question of what level of inhibitor is needed at
the boiling point of the monomer to prevent the monomer from begin-
ning to polymerize.

In view of the sparce literature on this problem, it is necessary
to examine each- situation for potential difficulty, considering:

Reactivity of the monomer;

Presence of inhibitor and its concentration;

Possibility of loss of irhibitor;

Possibility of fire exposure to initiate pclymerization;

Possibility of contamination as a result of an accident,
with attendant onset of polymerization.

Rupture discs may be more satisfactory than spring-loaded relief
devices since accumulation of polymer in relief valves could prevent
them from fu ctioning. It must be borne in mind in selecting the
relief device that a small ancunt of vapor may emerge from the emer-
gency vent as a viscous liquid-vapor mixture. The necessity for
frequent inspection and cleaning of the rupture disc is clearly vital,
since polymer which may coat the disc will, in effecr, raise the
relief pressure, without the change being apparent.

Styrene and vinyl chloride have been recently reviewed from the
standpoint of loss prevention including detials of storage facilities.’0

Butadiene has been known to explode its cylinder {container} when

overheated by an electric heating tape. Temperature and pressure

details are cited in the report.3l

Al ot bty bl

Koot sl d il i A

it 1t




100

PART ELEVEN: LITERATURE REFERENCES

(¥}
.

Aluminum Co. of America, Report on Impact, Hydrostatic, aad
Fire Test-Aluminum Alloy Compartments for Tank Trucks, New
Xensington, Pa. (1930) Fire exposure tests repcrted on two

150 gallon alluminum tank trucks, using gasoline as fuel.
Transactions of the American Society Mechanical Engineers,
Duggan, Gilmour and Fisher (Jan. 1944) pp. 1-53.

American Petroleum Institute, Recommended Practice for the De-
sign and Installation of Pressure-Relieving Systems in Refin-
eries; RP520, Part I-Design (1967); Part II-Installation (1963).
American Petroleum Institute Project Test No. 1 and 2, Reperted
to AP! Subcommittee on Pressure-Relieving Systems at U. of
Mich., June 1947, unpublished. Flame was subjected to wind.
API RP520, 2nd ed. {Sept. 1960) Tsble A-1, p. 28.

Anderson, J. E. and Stresino, E. F., Heat Transfer from Flames
Impinging on Flat and Cvlindrical Surfaces, Journal of Heat
Transfer, Vol. 85 (Feb. 1963), pp. 49-54. 3
Arents, C. A. and Cather, H. M., Report on Theoretical Study

of Hazards Involving Tanks Exposed to Fire, Sponsored by Union
Carbide Chemicals Co., (Dec. 1961). West Virginia University.
Bader, B. E., eat Transfer in Liquid Hydrocarbon Fuel Fires,
Sandia Corp., Chemical Engineering Progress Symposium Series,

No. 56, Vol. 61, Publ. by AIChE, (1965), pp. 78-90.

redid

Sl e

b btk Ll

] et ALY 0 L LM U Ll e 20 B L

]




10.

11.

13.

14.

Bell, LCDR, and Bosnak, R.J., Capt, (USCG), Insulation on LPG/
Ammonia Tanks. A discussion (Aug. 20, 1965)}.

Blackshear, P. L., Jr. and Murty, K. A., Some Effects of Size,
Orientation and Fuel Molecular Weight on the Burning of Fuel-
Soaked Wicks, 11th Symposium (Internat.) on Combustion, The
Combustion Institute 545 (196§).

Blinov, V. I. and Kudiakov, G. N., Certain Laws Governing
Diffusive Burning of Liquids, Academy Nauk, USSR Doklady 113,
1094 (1957). '

Bosnak, R. J., Capt., (USCG), Tasks on (1) Frame Spacing for
Fire Limitation and (2) Effect of Titim. Material presented at
meeting of Cargo Containment for consideration by Panel (Dec.
8, 1966).

Boyle, W. J., Jr., Sizing Relief Area for Polymerization
Reactors, Presentation 61st AIChE Nat. Meeting, llouston, Texas
(Feb. 21, 1967), Paper 32b.

Burgess, D. et al., Inerting and Extinguishing of perozine-50
with Water and/or CFSBr. For exampie: Journal of Spacecraft
& Rocket, Vol. 6, 1259-1268 (1969).

Burges;, D. S., Grumer, J., and Wolfhard, H. G., Burning Rates
of Liquid Fuels in Large and Small Open Trays. The Use of
Models in Fire Research, National Academy of Sciences, Publi-
cation No. 786 (1961), p. 68. Washington, D. C.

Burgess, D. S., Strasser, A., and Grumer, J., Diffusive Burning

of Liquid Fuels in Open Trays, Fire Research Abstracts and Re-

-~

views 3, (1961), p. 177. National Academy of Sciences, Washington, D.C.

e
E:
3
3

g

s bt el e

el

s

¢ it o 1A 0 Y SR N e e i S dbnf L




15.

16.

17.

18.

19.

22.

102

Burgess, D. S. and Zabetakis, M. G., Fire and Explosion Hazards
Associated with Liquefied Natural Gas, Bureau of Mines R. I.
6099 (1962).

Butsch, R. J. and Bauer, R. H., Dispersion of Gas From Vents

on Large Crude Tankers, Report No. EE7LD.68 (July 1968), Esso
Research and Development.

Buxton, O. E., Jr., Initial Study of Two-Phase Flow Through
Safety Relief Valves. Presented at the 36th General Meeting of
the National Board of Boiler and Pressure Vessel Inspectors,

(May 1967).

Certification of Flow Capacities, Kansas City Testing Labora-
tory, Kansas City, Mo. Tests were designed to determine the
flow capacity of various venting devices manufactured by the
Williom A. Knapp Co. for compliance with N.F.P.A. regulations.
All tests were conducted at ASME approved test facilities

(May 1966).

Chapman, F. S. and Hollarnd, F. A., Keeping Piping Hot by
Insulations, Ch. Eng., Vol. 72 (Dec. 20, 1963), pp. 79-89.
Cichelli, M. T. and Bonilla, C. F., Heat Transfer to Liquids

Boiling Under Pressure, Trans., AIChE, Vol. 41 (1945), pp. 755-787

Code of Federal Regulations, Title 16, Section 38.05-3, Design ;
and constructions of pressure vessel type cargo tanks- TB/ALL
(Jan. 1, 197}1).

Code of Federal Regulations, Title 46, Section 38.05-20, Insu-

lation-TB/ALL (Jan. 1, 1971).




TR T

T

T

T T

23.

26.

29.

(1]
tu
.

103

Code of Federal Regulations, Title 46, Section 38.15-1, Filling
of tanks-TB/ALL (Jan. 1, 1971).

Code of Federal Regulations, Title 46, Subpart 38.25, Periodic
Tests and Inspections.

Code of Federal Regulaticns, Title 46, Section 38.25-1, Tests
and Inspections-TB/ALL

Code of Federal Regulations, Title 46, Section 38.25-10, Safety
relief valves-TB/ALL.

Code of Federal Regulations, Title 46, Section 54.15-25, Mini-
mum relief capacities for cargo tanks containing compressed or
liquefied gas (Jan 1, 1971).

Code of Federal Regulations, Title 46, Subpart 162.018, Safety
relief valves. liquefied compressed gas, Subchapter Q, Specifi-
cations (Jan. 1, 1971).

Cornell Aercnautical Laboratory, Inc., A Study tc Reduce The
Hazards Of Tank Car Transportation, Prepared for: Federal Rail-
road Administration, Washington, D.{., Nov. 1970.

Crabtree, D. L., Schneiter, G. R., and Murthy, 5. N. B.., An
Investigation of Iwo-Phase Gas-liquid Mixtures Flowing in
Varfable Arca Ducts, ASME Multi-phase Flow Symposium, (1963},
pp. 7-25.

Dangerous Gas, Vapour, Fume or Dust-Butadienc {Explosion of
Butadiene Cylinder), Quarterly Safety Summary British Chemical
Industry Safety Council, London, Vol. 41, No. 164 (1970}, p. 42.
Diss, k., Daram, ., Jones, C., Practical Way to Size Suafety

Pisks, Chem. Eng., Vci. 68, (Sept. 18, 1901), pp. 187, 188, 190.

bt kol

Sk g Al

I i okl b

ittt b L s W b

b el A b B 1




s it v T e L

33.

34.

35.

36.

40.

Driskell, L. R., Piping of Pressure-Relieving Devices, Petroleum
Refiner, Vol. 39, No. 7 (1960), pp. 127-132.

Duggan, J. J., Gilmour, C. H., and Fisher, P. F., Requirements
for Relief of Overpressure in Vessels Exposed to Fire, Transac-
tions of the ASME: Part I, Observed Rate of Heat Absorption,
Part [I, Requirements for Relief of Pressure Vessels, Part III,
Requirements for Relief of Atmospheric Vessels (Jan. 1944),

pp. 1-53.

Elliott, D. G. and Weinberg, D., Acceleration of Liquids in Two-
Phase Nozzles, Jet Propulsion Laboratory, Tech. Report 32-987,
Calif. Inst. of Technology (1968).

Elonka, S., Nozzle-Reaction Safety Valves, Plant Operation and
Maintenance Sec. Operators' Notebook 80, (Nov. 1954), pp. 112-
113.

Emergency Kelief Venting for Fire Expcsure for Aboveground Tanks.
Appendix A, N.F.P.A., No. 30 (1968).

Emmcns, H. W., Some Observations on Pool 3urning, the Use of
Models in Fire Research, National Academy cf Sciences Publication,
No. 786, 50 (1961}.

Ethylene Oxide Polymerization, Accident Case Histories, No. 1666,
Manufacturing Chemists Association (June 1970).

Fetterly Test involved uninsulated centainer 9.33 ft. by 2.5 ft.
filled with 1000 pounds (309 gallons) of liquefied propane.

Wood soaked in kerosene was placed around the tank to a height

of 7 ft. and a depth of 4 ft. C(ited in Transactions of the

American Society Mechanical Engireers, Duggan, Gilmour, and

Ll Lt UL

Ly

Sl Lt e

g s el

ol ot 0 A G it

E
H
3

El
E)
3




44,

46.

48.

39,

41.

42.

Fisher, (Jan. 1944), pp. 1-53.

Flammable and Combustible Liqu’ Code, No. 30, pp. 24-30,
N.F.P.A., 60 Batterymarch St., Boston, Mass. 02110.

Gebhart, B., lleat Transfer, 2nd ed., N.Y.: McGraw-Hill, 1971.
Glaser, P. E. et al., Thermal Insulations Systems, A Survey,
NASA AP-5027 (1967).

Godridge, A. M. and Hammond, E. G., Emissivity of a Very Large
Residual Fuel 0il Flame, Combustion Institute, 12th Symposium,
Poitiers, France, July 13-20, 1968, pp. 1219-1228.

Harmon, G. W. and Martin, H. A., Sizing Rupture Discs for Vessels
Containing Moromers. Paper 58a, Symposium, AIChE National Meeting,
Atlanta, Georgia, February 15-18, 1970.

Heller, F. J., How to Size Safety Relief Devices, Bull. E-2.
Reprint of paper presented at C.G.A. Annual Meeting (Jan. 24, 1954).
Hottel, H. C., Review--Certain Laws Governing Diffusive Burning
of Liguids, by V. I. Blinov and G. N. Khudiakov, Fire Research
Abstracts and Reviews 1, 41 {1959).

tiottel, H. C. and Sarofim, A. F., Radiative Transfer, N. Y.:
McGraw-Hill, 1967.

Howell, J. R. and Siegel, R., Thermal Radiation Heat Transfer,
Vol. I1, NASA SP 164 (i969).

-

Hsu, S. T., Engineering Heat Transfer, N. Y.: Van Nostrand Co.,
1963.

Huffman, K. G., Welker, .J. R., and Sliepcevich, . M., Wind and

Interaction Effects on Free-Burning Fires, Technical Report No.

1441-3, NBS Contract N. CST-1142, U. of Okla. Rescarch Inst.,

Norman, Oklahoma, (Dec. 1967]).

sk i




52.

53.

54.

55.

56.

e — T EmeT e TUTAYE T B M e = s g MR L s S

Kreith, F., Principles of Heat Transfer, 2nd ed., Scranton, Pa.
Internat. Textbook Co., 1965.

Lapin, Dr. A. and Singleton. A, H., The Flow of Vaporizing

Fluids Through Square Edged Orifices, paper presented to the

XIII Congress of Internat. Inst. of Refrigerations, Wash., D.C.,
(Aug. 27 - Sept. 3, 1971).

Large-Scale Fire Exposure Tests to Evaluate 'Unox" Foam for Fire
Exposure Protection (Dec. 8, 1954), Process Safety Dept., Carbide
and Carbon Chemicals Co., A Div. of Union Carbide and Carbon Lorp.
Fire Research Laboratory Report No. FRL-62.

Lauderback, W. H., Relief Valve Tests Conducted by Texas East-
man Co., Longview, Texas, presented at 25th Annual Safety Conf.,

Texas Safety Asso. (1964).
Lippert, G. and Pitts, C. C., Boiling: Advances in Heat Transfer,

Vol. 1, N.Y.: Academic Press, 1964, pp. 185-266.

Lott, J. L. and Slipcevich, C. M., An Investigation of the
Emergency Venting Requirements for Cargo and Portable Tanks,
Norman, Okla. (Revised March 5, 1966}, 44 pages, plus App. A-4
pages, Alternative Comparison of Formulae; App. B, 7 pages, Resume
of Development ot Venting Formulae; App. C, 9 pages (Additional
Calculations on Calculaticn of the Qutside Insulation Tempera-
ture and Heat Flux, Table of Outside Insulation Temperature and
Heat Fluxes, and Comparison of lieat Transfer Rates for Various
Temperatures and Percentages of Insulation{1500-2000°F)).
Manufacturing Chemists Assc. Case History No. 1759, Accident

Case Histories (July 1971).

0l S




b o i A R

59.

60.

61.

62

63.

64.

66.

67.

68.

69.

107

McAdams, W. H., Heat Transmission, 3rd ed., N. Y.: McGraw-Hill,
1954.

National Transportation Safety Board, SS-R-2 Railroad Accident
Report. Penn. RR Train Tr-ilA, Extra 2210, west and Train SW-6,
Extra 2217, east. Derailmeat and Collision, Dunreith, Indiana,
(Jan. 1, 1968).

Neill, D. T., Heat Transfer from Uncontrolled Buoyant Diffusion
Flames, Doctorate Dissertation, U. of Okla., (1968).

Perry, J. H., Chemical Engineer's Handbook, 4th ed., N.Y.:
McGraw-Hill, 1963, Sec. 11, p. 35.

Pressure Vessels, Sec. VIII, Div. 1, ASME Boiler and Pressure
Vessel Code, The American Society of Mechanical Engineers (1968 ed.)
Pressure-Time Calculations for Relief Valves Discharging Liquid,
Phillips Petroleum Co., Bartlesville, Okla. (Dec. 14, 1966).
Recommended Practice for the Design and Installation of Pressure-
Relieving Systems in Refineries, Part I, Design, API RP520 (1967).
Robey, R. I., Wiese, H. K., and Morrell, H. E., Stabilitv of
Butadiene, Industrial and Engineering Chemistry, Voi. 36, No. 1,
(1934), pp. 4-7.

Rohsenow, W. M., Heat Transfer with Boiling, Chap. 8, Develop-
ments in Heat Transfer, Cambridge: The M.I.T. Press, 1964.
Rubber Reserve Co., Heat Input to Vessels, Tests Conducted at
Baytown, Texas, (Nov. 19, 1943), Safety Mcmorandum No. 89,

(May 22, 1949).

Schneider, A. L., Formulae for Calculations of Vapor Flow Capa-

city in Pressure-Relieving Systems, (Revised Feb. 7, 1969).

E:

TR T g PRT




108

7G. Shelley, ?. G., Sills, E. J., Loss Prevention....Monomer Storage
i and Protection, AIChE Vol. 3 (1969) pp 83-91.

71. Sparrow, E. M. and Cess, R. D., Radiation Heat Transfer, §

Brooks/Cole Pub. Co. (1966) . Belmont, California.

T
~I
N
.

Standard 0il of California Tests (April and June of 1925)

Test 4 had complete flame envelopment, test 3 did not.

(Results were not published) API RP520, 2nd ed. (Sept. 1960)

3
E|
E
3

Table A-1, p.28-

73. Sylvander, N. E. and Katz, D. L., The Design and Construction

of Pressure Relieving Systems, Eng. Research Bull. No. 31,
Univ. of Mich., Ann Arbor, (April 1948) 147 pages.
74. Tong, L.S., Boiling Heat Transfer and Two-Phase Flow,

John Wiley § Sons, N.Y. (1965).

Al Sl i 2 ALl

5. Underwriters' Laboratories, Bull, of Research No. 3 (Jan. 1938)
Opacity of Water to Radiant Heat Energy. Burning gasoline in

3 ft. sguare pan enabled complcte envelopment of flat palate

8 ft. x 3 ft. x 1/8 inch, with film of water running over plate.
Maximum point flame temperature was measured at 3,000°F. API

RP520, 2nd ed. (Sept. 1960) Table A-1, p.28  Chicago, Illinois.

6. Unpublished repurt by anonymous refiner to the American
Petroleum Institute Subcommittee on Pressure Relieving Systems,
June 1941. This was not a test hut an emergency. American

Petroleum Institute RP520, 2nd ed. (Sept. i960) Tahle A-1, p.28.




77.

78.

79.

80.

81.

§2.

o
o2

Valve Fittings for Compressed Gas Cylinders for Ground Use,
Prepared by the Engineering Standards Co-ordinating Committee,

on the Authority of the Defense Administration Committee.

Ministry of Defense, DEF-77 (Dec. 196G) (A two page pamphlet, London:
Her Majesty's Stationery Office).

Valves. Hydrocarbon Processing § Petroleum Refiner, Vol. 40,

No. 10 (1961, pp. 121-136).

Warren Petvoleum Corp. Propane Fire and Explosion, Port Newarhk,

N. J., (July 7, 1951) Report by The National Board of Fire
Underwriters of New York and The Fire Insurance Rating Organization of
of New Jersey, 31 Clinton Street, Newark 2. New Je-sey.

Welker, J. R., The Effect of Wind on Bupyant Piffusion Flames

From Buining Liquids. Ph D. Thesis, University of Okla. (1965).
Welker, J. R. and Sliepcevicn, C. M., Heat Transfer by Direct
Flame Contact Fire Tests - Phase 1, prepared for National

Academy of Sciences by Urni.crsity Engineers, Inc.,

Norman, Oklahoma (1971).

Wicks, Moye, 1II, Use Computer to Size Relief Valves, Programming
Ccsts on a Digital Computer Can be Paid Qut After Only 60
Calculations), Petroleum Refiner, Vol. 40, No. 3 (1961) pp. 193-200.
kood, B. D., and Blachshear, P. L., Jr., An Fxperimental! Study

of the Heat Transfer to the Surface of a Burning Array of Fuel
Elements Paper No. WSCI-69-38, Western States Section, The

Combustion Institute, La Jolla, Calif. (1969).

b,

E

E
>
E

iy

E
3
E

£ e e B

B b bt

m’m A A s 20 ok 5 ALl




TR W T Wy

Ty APTIITAIN Ko

Lk s

vl O R LU LR L U

ik

T e o

84.

85.

86.

Wood, B. D. and Blackshear, P. L., Jr., Some Observations on
the Mode of Burning of a One and One-half Meter Diameter Pan
of Fuel. Central States Section, The Combustica Institute
(Mar. 1969).

Yumoto, T. Heat Transfer from Flame to Fuel Surface in Large
Pool Fires. Combustion and Flame 18.109-110 (1971) The
Combustion Insitute, Pub. by American Elsevier Publishing
Co., Inc.

Zabetakis, M. G., and Burgess, D. S., Research on the Hazards

Associated with the Production and Handling of Liquid Hydrogen

Bureau of Mines R. I. 5707 (1961).

Wl

RTTREEELIR N T2 )

g L e "
ot 1 AL T o2 L L i €1 s 4 it 1 U

IETEN

IR TR I




