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1. INTRODUCTION

The marine fire safety community has addressed problems in ship design, firefighting
technology, and crew training in forums such as the International Convention for the Safety of
Life at Sea (SOLAS), 1974. The impetus for such conventions has often been well publicized
disasters such as the ANGELINA LAURA, YARMOUTH CASTLE, USS STARK and USS
SAMUEL B. ROBERTS. The results of these conferences are prescriptive codes and consensus
standards usually enforced for new ships constructed subsequent to the conference. The
implication is that if the ship is designed according to the code, somehow it will be safe from the
ravages of fire. To be sure, as codes and standards have improved, so has the fire safety in ships.
Unfortunately, this approach to fire safety has serious drawbacks. The codes are not founded on
the basic principles of fire science nor do they allow quantification of the fire risk. Moreover,
they do not provide any insight into acceptable levels of fire risk. Codes cannot anticipate new
designs. In summary, even though a ship may be designed in accordance with all applicable
codes, there is no way to predict the relative fire safety of that vessel.

The Ship Fire Safety Engineering Methodology (SFSEM) takes a different approach to
fire safety. It starts with the basic assumption that fire, even though a relatively rare event, will
eventually occur. The methodology then proceeds to provide a comprehensive engineering
framework to predict the ship's performance in response to that fire. Finally, using the techniques
of risk analysis, operations research, and systems engineering, it serves to rationally identify
acceptable levels of risk.

The purpose of this report is to record in a single, comprehensive document the theoretical
basis of the SFSEM. The SAFE User Manual is a companion document to the Theoretical Basis
and provides detailed guidance for the associated computer programs which implement the
SFSEM.[1]

1.1. FRAMEWORK OF THE SFSEM

The complete SFSEM consists of six major modules that are categorized as shown in
Table 1-1. The following sections provide an overview of these six individual modules.




Table 1-1. Framework of the SFSEM

A. Performance Identification
1. Establish Fire Safety Objectives

a. People Protection
b. Property Protection
c. Mission Protection

B. Engineering Analysis

2. Prevent Established Burning
a. Prevent Ignition
b. Initial Fire Growth Hazard Potential
C. “First Aid”

3. Flame Movement
a. Fire Growth Hazard Potential
b. Fixed Fire Protection Systems

Extinguishment
c. Manual Fire Extinguishment
d. Barrier Effectiveness
4. Smoke Movement
a. Obscuration
b. Toxicity of Combustion Products
s. Structural Frame

a. Heat Energy Impact
b. Deflection
6. People Movement
a. Egress Paths
b. Defend in Place

1.1.1. Fire Safety Objectives

The SFSEM is a performance-based engineering methodology. In order to use this
methodology as a design tool, performance objectives must be developed. The SFSEM is
designed to analyze a ship as a complete fire safety system. Accordingly, it will include an
analysis of the flame movement, smoke movement, people movement, and the structural frame in
response to a fire. The fire safety objectives (FSOs) should be set for each compartment
considering life safety, property protection and mission protection goals.

The traditional approach of establishing fire safety objectives as discussed in Section 4.0
requires “cognizant authorities” to define an acceptable critical damage level and allowable
frequency of sustaining that damage for each compartment. Cognizant authorities, in the case of
the U. S. Coast Guard, are the program and support managers responsible for the operation of the
Coast Guard fleet of cutters. The traditional approach has been used in the fire safety analysis of
all ships to date including the preliminary design of the U.S. Coast Guard Polar Icebreaker
Replacement (PIR) and ten classes of Coast Guard Cutters in the Small Cutter Fire Protection




Project (SCFP). Two general problems have been identified with the traditional approach. First,
it is difficult for cognizant authorities, who have minimal experience in setting performance
objectives, to establish realistic FSOs for military ships. Second, setting objectives on a
compartment basis is difficult and does not account for or represent the interrelationships between
compartments. The first problem was addressed by assigning the responsibility for establishing
FSOs to the engineer/analysts who performed the fire safety analysis; acceptance of the final
report implies acceptance of the FSOs by the cognizant authorities. A different approach for
establishing FSOs is needed to adequately address the second problem.

Another approach for establishing fire safety objectives using mission oriented objectives
has been explored but not implemented.[2] This approach uses a fault tree technique to relate
compartment loss to mission failure. In order to identify all the combinations of component
failures which can lead to mission failure, minimal cut sets must be determined for the fault tree.
These minimal cut sets identify the smallest combinations of component failures which together
can cause mission failure. Then compartments which contain the components in the minimal cut
sets are identified. The mission failure rate is then calculated from the frequency of loss of the
compartments in the minimal cut sets and compared to the allowable mission failure rates. This
approach has been applied to the PIR and problems were identified.[3] The problems noted were
primarily in establishing the allowable mission failure rates which is a management function. The
exercise on the PIR showed that management, in general, established unrealistically high allowable
mission failure rates. When this problem is resolved the mission oriented objectives approach will
be implemented in the SFSEM to establish fire safety objectives.

1.1.2. Engineering Analyses

Engineering Analyses comprise five of the six parts in the SFSEM. Each of these, like fire
safety objectives above, are considered a module of the SFSEM. Prevent Established Burning is
designed to analyze the actions that are taken to prevent a fire from occurring in the first place
and the initial actions taken by a person discovering a fire in its incipient stage. Flame Movement,
Smoke Movement, People Movement and Structural Frame are modules that analyze the ship's
response to a fire assuming the fire has reached the point of established burning. Each of these
analyses is designed to provide information that will allow a comparison of the ship's performance
to the established fire safety objectives.

At the present time only flame movement can be analyzed in detail. Therefore fire safety
objectives can be established for loss due to the spread of fire through the ship. As other modules
are developed, fire safety objectives will be revised accordingly. The SFSEM provides useful
information on a compartment basis to facilitate comparing the ship's performance with the
objectives established. Deficient areas in fire safety can be identified, as well as over-protected
areas.




The following discussion is an overview of the five engineering analyses modules.

1.1.2.1. Prevent Established Burning

The portion of the ship's fire safety system from fire free status to established burning
involves the following three principal components:

1. Overheat
2. Ignition
3. Established Burning

Fire prevention programs on ships are designed to prevent unwanted ignitions. Therefore
a complete analysis of the fire safety of a ship includes an analysis of established burning.

Network diagrams are used to analyze the various events that comprise this portion of the
ship's fire safety system. A complete discussion of Prevent Established Burning is in Section 5.0.
All other engineering analyses in the SFSEM start with the presumption that established burning
has occurred and analyze the ship's performance in response to the fire.

1.1.2.2. Flame Movement

The analysis of flame movement is the central focus of the SFSEM because the ship
response to the products of combustion is time and fire size dependent. From the perspective of
flame movement, the ship can be described as a series of spaces and barriers to the spread of
flames. If the fire grows beyond EB the goal is to limit the flame spread first to the room of
origin and subsequently to adjacent rooms.

The probability of success in limiting the flame to the room of origin is evaluated first. If
the fire grows to the point where all combustibles in the space are surface burning (full room
involvement), then the effectiveness of the compartment boundaries as barriers to the fire are
evaluated. Two modes of barrier failure are evaluated. A thermal, or hot spot failure, and a
durability, or massive failure. If the boundary fails and EB is established in the adjacent room, the
probability of limiting the flame in that room is evaluated in a similar manner to the room of
origin. This process is repeated until the probability of limiting the flame for all possible fire paths
is 1.0 or until a user-specified time has elapsed, whichever comes first.

Network diagrams are employed to structure the analysis and facilitate the calculation of
the various probabilities. The concept of network diagrams is discussed in Section 3.4.3 and
calculational procedures are explained in Appendix A. Network diagrams used in the flame
movement module are discussed in Section 6.0.

After the flame movement has been analyzed the performance of the ship can be compared
to the fire safety objectives as described in Section 6.6. The results identify areas where fire
protection systems need to be improved and where they can be reduced and still achieve desired
levels of fire protection. The SFSEM is robust enough to evaluate the ability of barriers,




equipment, or procedures to improve fire performance and to evaluate these normally
incomparable entities against each other in terms of effectiveness.

The flame movement analysis is the most completely developed module in the SFSEM. A
detailed discussion of all aspects of this module is in Section 6.0 of this report.

1.1.2.3. Smoke Movement

All fires produce smoke and toxic gases as products of combustion. In addition certain
firefighting agents create toxic gases in a fire or significantly reduce available oxygen. The
resulting obscuration from the smoke and the untenable atmosphere from the toxic gases often
result in a more life threatening situation than the flames from the fire. An analysis of the
movement of smoke is therefore vitally important in determining the ship's performance relative to
life safety objectives. Unfortunately, the analysis of smoke movement in a shipboard environment
is extremely complex. Considerable research has been devoted to smoke movement by the fire
protection engineers in the academic as well as research and development communities. In
particular, a recent Master’s Degree thesis at Worcester Polytechnic Institute (WPI) deals with
the development of probabilistic smoke tenability curves for a target space using an approach
similar to that used to evaluate flame movement in the SFSEM.[4] The smoke movement module
will be the next module integrated into the SFSEM.

1.1.2.4. People Movement

In the event of a fire emergency on a ship, passengers and off-duty crewmen have to
proceed to areas of safe refuge. On-duty crewmen in certain spaces such as the Bridge and
Engineering Control Room cannot evacuate due to the necessity to operate the ship's propulsion
system and navigate the ship. In wartime, battle stations also remain occupied during a fire.
Consequently certain compartments require fire protection systems adequate to protect occupants
who cannot evacuate for one reason or another. The people movement module will be designed
to analyze egress routes to areas of refuge and the adequacy of fire protection systems for
maintaining tenability. This module is planned for development in the future and will be
documented coincident with integration into the SFSEM.

1.1.2.5. Structural Frame

Ships are designed with watertight decks and bulkheads which provide the necessary
segregation for adequate protection against flooding. These watertight compartments are further
subdivided with non-structural joiner bulkheads to accommodate the ship's missions and provide
for the needs of the passengers and crew. Most ships are constructed with steel boundaries to
provide the necessary hydrostatic strength against flooding. The structural collapse of steel decks
and bulkheads in the first hour or so of a fire is quite unlikely. However, some ships such as fast
patrol boats, hydrofoils, surface effect ships and other weight-critical vessels are constructed of
aluminum. This material loses structural strength at relatively low temperatures compared to
steel. The structural frame module is intended to analyze the effects of fire on the structural frame
and structural barriers. This module will be developed, documented and integrated into the
SFSEM in the future.




1.2. 'WHEN TO USE THE SFSEM

The Ship Fire Safety Engineering Methodology is a probabilistic-based fire risk analysis
methodology. This means that the results are based primarily on probabilities determined by the
user/analyst as opposed to deterministic calculations of conditions precisely known. Therefore,
the results are most useful when the analyst uses the methodology to compare outcomes on a
relative basis. Analyzing competing preliminary designs of a ship to identify the best design with
respect to fire safety is an example of such an analysis. It is also appropriate to use the SFSEM to
compare, on the same ship, the effectiveness of different fire protection alternatives. It is not
appropriate to use a probabilistic methodology such as the SFSEM to analyze a fire that has
occurred in a forensic type of analysis to determine the cause of the fire or the path of flame
spread. There are other deterministic computer models which are more appropriate for this type
of fire reconstruction analysis. A detailed discussion of these computer fire models is given
elsewhere.[5] In the following sections additional details and examples will be discussed
regarding useful and appropriate applications of this methodology.

1.2.1. Preliminary Design Phase

As noted above, competing preliminary designs may be compared to each other and rank
ordered for their relative level of fire safety. Alternatively, each design could be compared to fire
safety objectives established by cognizant authorities, using a pass-fail type of criteria. The results
of this analysis could range from all designs exceeding the objectives where the "worst" design
would be acceptable, to none of the designs meeting the objectives and the "best" design is
unacceptable. More realistically, one or more preliminary designs would be acceptable, and the
SFSEM could be used to point out specific deficiencies in the design. The SFSEM could also be
used to suggest improvements to the best acceptable design before proceeding to the detailed
design stage, because engineering change proposals at this point are typically less expensive than
retrofitting a ship already built. The first application of the SFSEM was the analysis of the
preliminary design of the U.S. Coast Guard Polar Icebreaker Replacement (PIR) which was
completed in 1987.[6] Section 10.2.3 provides additional information concerning this
developmental application of the methodology. The most extensive application of the SFSEM to
date is the analysis of ten classes of Coast Guard Cutters in the Small Cutter Fire Protection
(SCEFP) project over a four year period from 1990 to 1994.[7, 8, 9, 10] Section 10.1.2 provides
additional information concerning this developmental application of the methodology.

1.2.2. Fire Doctrine Analysis

A published fire doctrine is unique to military ships. This doctrine delineates the tactics,
philosophy, and procedures associated with the use and operation of ship fire protection systems
in combating fires. In the Navy and Coast Guard there is a formal requirement for a published fire
doctrine for combating fires in the main machinery spaces. In conjunction with the SCFP, a
comprehensive fire protection doctrine was developed which provides class-specific guidance for
combating all classes of fires in all compartments for that class cutter. Such a doctrine has been
written for eleven classes of Coast Guard Cutters to date and there are plans to provide a doctrine
for other classes. The SFSEM provides a means to analyze the fire doctrine for a ship to identify
tactics, procedures or equipment which, if implemented in the doctrine, would result in improved
fire safety.




1.2.3. Damage Control Organization

The damage control organization in a ship is designed to ensure the survivability of the
ship by effectively controlling damage, stability, list, trim, fire, and flooding. There are numerous
aspects of this organization including training, supply, firefighting doctrine, casualty control,
communications, inspections, etc. The SFSEM is useful to analyze all aspects of the damage
control organization that directly affects firefighting efforts. For example, the SFSEM could be
used to point out deficiencies in firefighting equipment and training, suggest improvements in
firefighting tactics and procedures, and support changes in the ship's active and passive fire
protection systems. Section 10.4.2 provides additional information concerning this application of
the methodology. ’

1.3. 'WHO SHOULD USE THE SFSEM

It is extremely important that the users of a complex methodology such as the SFSEM be
well qualified. Misuse of the methodology is worse than no use at all. Ineffective, if not
dangerous, changes to existing fire protection systems may be recommended by users who do not
understand the applicability and limitations of the methodology. A common reaction to this
problem is the suggestion that only the developers of the methodology should "use" the SFSEM.
It is certainly true that the developers gain insight into the areas of the methodology that need
improvement when they "use" the methodology in a given application. On the other hand, the
developers can not know the customers needs as well as the customers do. Table 1-2 shows the
current state of development of the various modules that comprise the SFSEM.

Table 1-2. Ship Fire Safety Engineering Methodology Modules

Presently Developed Under Development Future Development
Prevent Established Burning | Fire Safety Objectives Structural Frame
Flame Movement Smoke Movement People Movement

1.3.1. Short Term

The short term is intended to span the period of time from the present until development
of modules currently underway at the Coast Guard Research and Development Center (R&D
Center) are completed. These modules include smoke movement and fire safety objectives.
Development will be accomplished by fire protection engineers and students pursuing degrees in
fire protection engineering. Even though four modules are yet to be integrated into the
methodology, useful results can still be obtained with the two modules that currently comprise the
methodology. These modules are Flame Movement and Prevent Established Burning. This
document and the SAFE User Manual provide detailed documentation of these modules.[1]

1.3.2. Mid Term

The mid term is the period of time it will take to incorporate the two modules planned for
future development into the SFSEM. These modules are the People Movement and Structural
Frame Analysis. During this period of time the methodology, consisting of the four modules
shown in Table 1-2, could be used by professional engineers who have an in-depth knowledge of
the methodology.




1.3.3. Long Term

In the long term the development of all modules in the methodology should be complete.
All of the algorithms should have been validated, and the documentation should be complete and
readily available to prospective users. The implementing computer programs should be complete,
debugged and well tested. In addition, due to publication in the literature, the theory and
applications of the methodology should have received peer review and acceptance by
professionals in the fire protection community. The intent is for users in the long term to be
professional engineers.

1.4, HISTORICAL DEVELOPMENT

In 1972, Harold E. Nelson wrote the "Goal Oriented Systems Approach for Building Fire
Safety" as Appendix D to a book titled "Building Fire Safety Criteria" published by the General
Services Administration.[11] The concept was ingenious in that it developed a basis for
comparing fire safety in buildings and a method for calculating the interaction of components. It
was groundbreaking in that it approached building fire safety as a design process rather than as a
code compliance procedure.

The basic concept developed by Nelson was a quantifiable descriptor of building fire
safety performance called the "L-curve”. The L-curve describes the cumulative probability of
success in limiting the flame movement within sequential rooms along a specific fire path.
Consequently, the L-curve can be used to identify a numerical level of risk for all parts of a
building, such as within a particular room, at a specific barrier, within a connecting room, etc.

In 1974 Mr. Rexford Wilson and Dr. Robert Fitzgerald taught a short course in building
fire safety at the University of Wisconsin using Nelson's approach. This course demonstrated that
a broad spectrum of professionals could understand building fire safety as a design process. The
method provided a common framework from which individuals of different backgrounds could
discuss on the same basis fire safety features of mutual interest.

After the success of the initial course, Wilson and Fitzgerald collaborated on a number of
similar courses over the next ten years. Each succeeding course advanced the technology over
the previous one. The unanswered questions of one course were eventually answered in later
courses. The intellectual challenge of practicing professionals provided a stimulus to advance the
technology rapidly and continuously.

Once the method had matured to the point where all questions could be addressed on the
basis of consistent logic, confidence in applications grew. A series of student projects at
Worcester Polytechnic Institute (WPI) explored the feasibility of a variety of applications. More
importantly, a major achievement realized at WPI in 1985 was the development of FIRE, a
computer program which implemented the method.[12]

The courses taught by Fitzgerald at WPI and abroad attracted the attention of fire
protection engineers in Canada and other countries such as Sweden. A Canadian company,




NAVWARE Inc., adapted WPI's FIRE model and integrated their version of the model into a
larger vulnerability model for ships called GVAM (General Vulnerability Assessment Model).

In 1987, the Coast Guard R&D Center adapted the Building Fire Safety Engineering
Method for evaluating the preliminary design of the Polar Icebreaker Replacement (PIR). This
effort resulted in the development of the Ship Fire Safety Engineering Methodology and its
implementing computer programs called SAFE (Ship Applied Fire Engineering). The results from
this analysis proved to senior Coast Guard management the merit of evaluating a ship's
performance in response to a fire and provided the impetus for future development of the SFSEM.

From 1990 to 1994 the SFSEM was used at the Coast Guard R&D Center in a second
major developmental application to analyze the fire safety of "small" cutter classes in the Coast
Guard. In addition to analyzing the existing fire safety on ten classes of Coast Guard Cutters,
comprehensive fire protection doctrines were developed for these Cutters. Section 10.1.2
discusses this project in more detail. In FY 96 the SFSEM will be used to analyze the fire safety
of several “large” Coast Guard cutter classes.

WPI and NAVWARE are continuing to develop the methodology in parallel efforts. WPI
and the Coast Guard R&D Center are collaborating in their developmental effort to ensure no
duplication of effort. NAVWARE’s program called NAVFIRE and SAFE were used by Maguire
in 1995 to evaluate a dinner cruise vessel. This permitted an evaluation of NAVFIRE and a
comparison to SAFE.[13] In his thesis Maguire discusses this and the lack of detailed
documentation available for NAVFIRE and it’s limitations.

1.5. DOCUMENTATION

It is vitally important for a complex methodology to be well documented. In fact until the
documentation is complete and available, use of the methodology by anyone other than the
developers is impossible. All of the modules in the SFSEM are constantly being scrutinized and
improved as deficiencies are identified and as research and technology provide better algorithms.
The modular construction facilitates inclusion of a new module. The following sections explain
the purpose of this theoretical documentation and related documentation in the Bibliography, as
well as the corresponding user manual for the related computer programs which implement the
methodology.

1.5.1. Purpose

The SFSEM is an adaptation of the Building Fire Safety Engineering Method which has
been under development at Worcester Polytechnic Institute since 1975. Documentation of the
Building Fire Safety Engineering Method has been developed but never officially published.[14,
15] The purpose of the documentation in this report is to explain in a comprehensive manner the
theoretical basis for the SFSEM. This includes more than a description of the fire science and
engineering that is incorporated in the algorithms. It is also intended to document the
philosophical basis underlying the development of the methodology. For example, this
methodology is a probabilistic-based engineering method which represents the degree of belief of
the user/analyst in the determination of quantifiable subjective values. It could have been a




deterministic-based method using long run statistics for the subjective values. The philosophy of
this and other key decisions are explained in this documentation.

1.5.2. Ship Applied Fire Engineering

WPI produced a related computer program called FIRE with subsequent versions called
FIRE1, FIRE2 and so on. The current version is FIRE3. In a parallel effort, the R&D Center
developed the computer programs called SAFE (Ship Applied Fire Engineering) which implement
the SFSEM. Eventually, it was decided to merge the kernels of SAFE and FIRE as shown in
Figure 1-1. The kernel refers to the computer code for the algorithms that comprise the
methodology less the inputs and outputs. As shown in Figure 1-1, the input and output of the
two models is remarkably different.

The Defence Research Establishment Valcartier (DREV) in Canada developed the
Simulation Model for the assessment of Onboard Fire (SMOF) as a module in the General Ship
Vulnerability Assessment Model (GVAM). This module was adapted from WPI's version of
FIRE. SMOF was then superseded by NAVFIRE which is developed and distributed in all NATO
countries by NAVWARE Canada Inc.[16] Figure 1-1 is a graphic description of the evolution of
SAFE, FIRE and NAVFIRE.

1.5.3. Bibliography .
The Bibliography lists various documents that explain certain aspects of the SFSEM and
SAFE, as well as related methodologies such as the Building Fire Safety Engineering Method.
The Bibliography contains technical reports published in the National Technical Information
Service, Technical Notes stored in the Marine Fire and Safety section of the library at the U.S.
Coast Guard Research and Development Center, articles published in professional journals, and
other stand alone documents such as Master’s Theses submitted to the faculty at WPI.

10




FIRE

W.P.1
One path ot a time
Time Driven

y

FIRE 1
W.P.I
Event Driven
l":’:'S’,mgle Path 2

y
DFIRF-"E % ‘IJ?O(?MI ROOM
on Fariey |g on Hill R
All paths ot once Room Connectivity D;gz‘g’&o?::gg‘;"’t';
orc20 3 | oec20 4 pec2o
, : I |
SMOF SAFE g Il;g l2e FIREEIM
U.S.C.G R sul : Jon Hill
DREV Kernel Changes Pots/Chsters Data Base
? s w 7 0€c20 s e 9
) 4 v
Navfire SAFE
Novwore Conado, Iic. L%'s'ct'c' Mission Obj. FS.S.P
SN R (S S T e
Integroted Progrom
L 13
SAFE -
U.S.CG. FRI Time
Calculated FRI Time Craig Beyler,,
w for Ships 14
SAFE
U.S.C.G. v
AutoCad Input FIRE 3
= * w.P.l
AutoCod 4—— INPUT —b  Screen
Ship ¢ FRI —p Building
Multiple ¢~—  SIM —b  Single
Torget & Poth@—— OUTPUT — Detailed Path
17]

v

Barriers

__. .

Smoke Mvmt.

M Evaluation

-

People Mvmt.

5
»

> FIRE 4

Figure 1-1. SAFE Program Development

11




2. SHIP FIRE SAFETY

Fire, flooding, and collision are three of the major threats to ship survivability. The design
criteria for military ships provides capability to withstand damage including environmental effects,
accidental damage, and damage from wartime actions. Fire and flooding represent the greatest
threats to ship survivability. Unlike other ships, fire is more likely on military ships because, by
their very nature, they deliberately go in harm's way. In addition, they carry great quantities of
ordnance, munitions and other highly-explosive, flammable and dangerous cargoes. Moreover,
they are equipped with a vast array of electronic equipment and engineering systems which result
in very high fuel loads in many compartments.

The Ship Fire Safety Engineering Methodology (SFSEM) focuses on fire and its effects.
The primary goal of ship survivability is the maintenance of operational readiness and the
preservation of offensive and defensive capabilities in all climatic conditions, and in both hostile
and peaceful environments. Ship fire safety objectives are thus established with high priority
given to protect compartments such as ammunition handling rooms, combat information center,
the sonar equipment room, etc.

2.1. SHIPBOARD FIRE PROTECTION

2.1.1. Strategy

The guiding design philosophy of shipboard fire protection embraces a sequence of steps
beginning with prevention and continuing through detection, confinement, control, and
extinguishment. The four basic principles of fire prevention are proper stowage, frequent
inspections, reduction of fire hazards, and enforcement of fire prevention policies and practices.
While prevention is designed to minimize accidental fires, it is also effective in reducing the
severity of fires caused by enemy action.

Most fires grow exponentially with time and forced ventilation. In ships, fires can achieve
full room involvement where all combustibles are burning and conditions for supporting life do
not exist in 5 minutes or less in some cases. Very short fire growth times may exceed the ability
of the crew to respond; therefore, ships are designed with incombustible barriers to confine the
fire to the room of origin even if full room involvement conditions are reached. These barriers
serve a dual purpose of containing both fire and flooding below the waterline. Thus they are
designed with a means to secure all ventilation, access and other penetrations. It is feasible in
some compartments, therefore, to isolate and starve the fire of oxygen as a method of controlling
a fire. Ships are also equipped with an inventory of portable, semi-portable and fixed fire
protection systems to automatically and/or manually extinguish fires.

2.1.2. Material Condition of Readiness

Ships are designed and constructed to provide for increasing degrees of effective
compartmentation and systems segregation through systematic closing of increasing numbers of
closures and fittings. All closures such as doors and windows as well as other fittings in
bulkheads and decks, piping systems and ventilation systems that have damage control value are
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classified and labeled with one of three basic material conditions of readiness. In a fire or flooding
situation it is necessary to secure or close open doors and fittings quickly. Since keeping them
closed at all times would be a great inconvenience to the crew, they are classified with one of
three ratings that determine which fittings can be left open. Since open doors and windows can
contribute to fire spread it is important that the designated condition be conscientiously
maintained to ensure the highest degree of fire safety. These three conditions are described in the
following paragraphs.

Condition XRAY provides the least tightness and the greatest ease of access throughout
the ship. All closures and fittings marked with a black X are closed when this condition is
prescribed by the Commanding Officer. These include access closures not required for routine
access such as watertight hatches and watertight doors to fan rooms, chain lockers, paint locker,
storerooms, and bolted manholes to tanks. Examples of XRAY fittings include air test fittings,
valves in sewage system, and drainage system valves. Condition XRAY is set during working
hours when the ship is in port and there is no threat from weather or enemy attack. The minimum
degree of tightness typically permitted on a military ship is condition XRAY.

Condition YOKE provides a greater degree of tightness than condition XRAY, but 2
lesser degree than the maximum condition, ZEBRA. All closures and fittings marked with a black
X and a black Y are closed when this condition is set. Typical access closures labeled YOKE
include watertight doors on alternate accesses to machinery spaces and watertight hatches to shaft
alleys, pump rooms and emergency generator room. Examples of YOKE fittings include valves
for segregating loop firemain systems and ventilation closures to the Windlass Room. Condition
YOKE is normally set at sea and in port during wartime. A modified condition YOKE is
sometimes allowed at sea when cruising independently in good weather and calm seas or in port in
peacetime. In the modified condition, some YOKE fittings above the waterline are left open to
improve ventilation and habitability, all other X and Y fittings are closed.

Condition ZEBRA provides the greatest degree of subdivision and tightness to the ship. It
is the maximum state of readiness for the ship's damage control systems. When condition ZEBRA
is set all fittings and closures with black X's and Y's and red Z's are closed. Condition ZEBRA is
set under any of the following conditions:

1. Immediately and automatically upon the sounding of the general quarters alarm.

2. When leaving or entering port in wartime.

3. To control fire and flooding when the crew is not at general quarters and the Commanding
Officer so directs.

When condition ZEBRA is set virtually all doors, hatches, and closures on the ship are
required to be secured.

2.1.3. Ship Operating Status

A military ship is designed to operate under different threat scenarios that include heavy
weather and likely or uniikely hostile enemy action. The Commanding Officer ensures the ship
maintains an appropriate degree of readiness in accordance with five watch conditions as shown in
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Table 2-1. The Commanding Officer will designate an appropriate material condition of readiness
for each watch condition in the ship's battle organization. For example, material condition Zebra
is usually specified for Condition I, and material condition YOKE is normally specified for
Condition IV, etc.

Table 2-1. Degrees of Readiness and Condition Watches

General Degree of Readiness Condition Watch
Complete readiness for immediate action 1
Some armament ready for immediate II
action, remainder on short notice
Some armament ready for immediate III
action, remainder on prolonged notice
Peacetime cruising, no armament manned I\Y
In Port, peacetime, no armament manned \"

2.2. COMPARTMENT FIRE SAFETY

2.2.1. Fire Hazard Factors

Modern military ships are capable of inflicting and withstanding more damage today than
comparable ships in World War II. This ability is a result of better and more efficient firefighting
agents, techniques and equipment. Rapidly advancing technology allowed the introduction of
automated operating and engineering systems thus permitting fewer crew members to operate
increasingly sophisticated ships. In the past, ships were designed with the philosophy that the
crew would detect and extinguish most fires well before full room involvement occurred. -
Unfortunately, as the numbers of crew members were reduced, their ability to detect fires was not
always supplanted with the installation of automatic fire detectors.

The usual firefighting philosophy in buildings is to evacuate the occupants and undertake
manual firefighting efforts by professional firefighters. Furthermore, many buildings are equipped
with an installed automatic fire sprinkling system to combat the class A fires normally
encountered. Ships have to combat class A fires in the berthing areas and cargo holds, class B
fires in engineering spaces and class C fires in electrical/electronic spaces. The ship's crew is
trained in firefighting but they are not professional firefighters. Underway, the ship's crew must
combat the fire without evacuating the ship and while simultaneously operating the ship. This
prevents abandoning certain spaces such as the Pilot House and the Engineering Control Center,
therefore the discharge of a total flooding agent such as CO, cannot be allowed in certain spaces.
A ship has numerous electrical systems and electronic equipment which would be severely
damaged by a sprinkler system. Consequently, ships are not usually equipped with automatic
sprinkler systems. Instead they are generally equipped with fixed fire protection systems which
require manual activation such as aqueous film forming foam (AFFF) bilge sprinkler systems,
Halon 1301 and CO; total flooding systems, as well as sea water and fresh water sprinkler
systems. CO, in concentrations sufficient to extinguish fire are lethal to humans, therefore CO,
total flooding systems are not used in buildings and are only installed in certain shipboard
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compartments which are not normally occupied. Of course ships are also equipped with a variety
of portable and semi-portable fire extinguishers and hoselines to facilitate manual fire
extinguishing efforts.

2.2.2. Fire Protection Factors

Portable fire extinguishers are strategically located throughout the ship to facilitate "first
aid" (firefighting efforts on fires in the beginning stages of fire growth). In the vast majority of
cases, incipient fires are extinguished by an alert crew member who has been trained in the use of
portable fire extinguishers. However some fires can grow beyond the capability of a portable
extinguisher. When this occurs, the ship relies on its passive and active fire protection features to
confine, control and eventually extinguish the fire. The various active and passive features are
described in the following sections.

2.2.2.1. Active Fire Protection

Active fire protection implies the application of an extinguishing agent. In ships this
includes handheld hoselines, fixed fire protection systems which are manually energized such as
magazine sprinkling systems and Halon or CO; total flooding systems. It also includes semi-
portable fire extinguishers such as twin agent hose or CO; hose reel systems. A list of active fire
protection systems used on Coast Guard Cutters is shown in Table 2-2.

Table 2-2. Active Fire Protection Features

Fixed Fire Protection Systems
Magazine Sprinkling System (Seawater)
CO, Total Flooding System
Halon 1301 Total Flooding System
AFFF Sprinkling System
APC Range Hood System

Manual Fire Extinguishing Systems
Firemain with Seawater Hand Lines
AFFF Hand Lines
CO, Hose Reel System
Twin Agent System
Portable Pumps (P-250)
Portable Fire Extinguishers (all types)
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2.2.2.2. Passive Fire Protection

Passive fire protection features are designed into the ship by the installation of
incombustible bulkheads and decks and outfitting the ship with materials that are not highly
flammable. Other measures include intumescent and other fire retardant coatings applied to the
ship's structure and its equipment. For example, exhaust systems and other potential sources of
ignition may be insulated. The distribution/stowage of materials which can fuel fires in the vessel
also affect fire safety and should be carefully considered. Thus, there is a significant improvement
in fire safety if flammables are stowed in metal containers instead of loose on open shelves. The
majority of fires are extinguished before the fire grows to full room involvement, but some fires
do progress to this stage of fire growth. Of these, most are prevented from spreading beyond the
room of origin by the passive fire protection features designed into the ship. Moreover, passive
measures slow the fires which do breach the room of origin thus allowing more time for the ship's
crew to respond with manual fire extinguishing equipment. A list of passive fire protection
features is shown in Table 2-3.

Table 2-3. Passive Fire Protection Features

Structural Fire Protection Features

Incombustible Construction Materials for Hull,
Superstructure, Decks, and Bulkheads

Fire Doors and Dampers

Venting of Cargo Spaces, Fuel Tanks, and Pump
Rooms

Means of Personnel Egress

Insulation of Exhaust Systems

Fuel Load and Distribution Control
Restrictions on Stowage of Combustible Materials
Guidelines for Fuel Load Limitations in Certain
Spaces
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3. BASIC PRINCIPLES OF SHIPBOARD FIRE SAFETY

Oxidation is a chemical process in which a substance combines with oxygen. Fire or
combustion is rapid oxidation in which a fuel pyrolyzes or turns into a vapor and mixes with
oxygen at an extremely high rate of speed. By-products of this reaction are intense heat and light
and can be visibly seen as flames. The heat given off is in the form of radiant energy similar to
that released by the sun. It travels in all directions including back toward the fire itself, this
radiational feedback pyrolyzes more fuel. The chain reaction is responsible for the fire growing
rapidly and continues as long as there is fuel, oxygen and heat to sustain the pyrolysis process.
The following sections describe the elements of this chain reaction pyrolysis process in more detail
in the context of a shipboard environment.

3.1. FUNDAMENTAL CONCEPTS OF FIRE

In a ship, fuels are present in solid, liquid and gaseous forms. The most obvious solid
fuels are cellulosics such as wood, paper, and cloth products and plastics such as nylon,
polystyrene, vinyl, acrylics, cellulose acetates, and polyethylene. These are found aboard ship as
mooring lines, and canvas in the Boatswain's Hold, furniture in the Wardroom, Mess Deck and
Lounge spaces; mattresses and clothes in the Berthing areas and Ships Laundry; and books,
papers and office equipment in the Ships Office and Shops. Cellulosic fuels can produce
smoldering fires or fires with visible flames.

The flammable liquids most commonly found aboard ship are lubricating oil, hydraulic oil,
diesel fuel, JP-5 fuel, paints and solvents. Pound for pound, flammable liquids produce 2.5 times
more heat than wood, and they release this heat 3 to 10 times faster. When flammable liquids spill
on, or worse, spray under pressure onto a hot surface, the resulting fire burns with tremendous
intensity. Flammable liquid spray fires have led to major conflagrations on ships.[17]

There are both natural and manufactured flammable gases. Those commonly found on
board ship include acetylene, propane and butane. Gases, like flammable liquids, always produce
visible flames and will not smolder. Radiation feedback is not necessary to vaporize a gaseous
fuel but it is still necessary to maintain the chain reaction combustion process.

3.1.1. Fire Tetrahedron

The classic fire triangle of fuel, heat, and oxygen is a simple means of illustrating the
requirements for the existence of fire. It does not, however, explain the nature of fire which
includes the chain reaction process described above. The fire tetrahedron, Figure 3-1, is a better
representation of the combustion process. A tetrahedron is useful for representing this process
because it consists of four triangular faces each of which touches the other three. The tetrahedron
illustrates how flaming combustion is supported and sustained through the chain reaction.
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Figure 3-1. The Fire Tetrahedron

A fire can be extinguished by eliminating one or more of the four faces of the tetrahedron.
At least one face must be eliminated, otherwise the fire will continue to burn. The following
sections explain how these elements are typically eliminated on board a ship.

3.1.1.1. Removing the Fuel

The easiest way to remove the fuel is to shut off the supply of the leaking gas or
flammable liquid. Remote shut-offs should be installed outside machinery spaces to facilitate
securing the fuel supply to internal combustion engines such as diesel engines and gas turbines. In
the case of class A fuels, physically removing the materials that are burning and jettisoning them
overboard will certainly extinguish the flames. Good housekeeping aboard ship means cleanliness.
However, from the fire prevention standpoint, it means the proper stowage and distribution of
sources of fuel for fires.

3.1.1.2. Removing the Oxygen

Air contains 21% oxygen by volume. A fire can smolder with as little as 3% oxygen and
flaming combustion requires a minimum of 16% oxygen by volume. Therefore a smothering
agent would have to reduce the oxygen content below 16% to extinguish the flames and below
3% to extinguish a smoldering fire. Smothering is a practical technique in a ship because it has
compartments which can be tightly sealed. On the other hand, there are numerous penetrations of
the compartments for piping, ductwork, wiring, accesses etc. Each of these penetrations is a
possible source of air leakage and therefore should be tightly sealed.
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3.1.1.3. Removing the Heat

The most commonly used method of extinguishment is to remove the heat by cooling.
Water absorbs radiational feedback and heat from the fuel. Therefore water is a very efficient fire
extinguishing agent for class A fires and there is a limitless supply of seawater available to ships.
Ship stability however, can be adversely affected due to the added weight of firefighting water.
Firefighting doctrine emphasizes the need to dewater a ship even as firefighting operations are in
progress.

3.1.1.4. Breaking the Chain Reaction

Firefighting agents designed to break the chain reaction, directly attack the molecular
compounds formed in the chemical process of combustion. The attack is extremely rapid; in some
automatic systems the fire is extinguished in 50-60 milliseconds. Because of their ultra fast
action, these agents are used in explosion suppression systems. These agents however, are not
effective cooling agents and the concentration of agent must be maintained until the fuel has
cooled naturally.

3.1.2. Classification of Fires

Fires are grouped into four classes: A, B, C, and D by the National Fire Protection
Association (NFPA) according to type of fuel. However, some fuels are found in combinations,
and electrical fires usually involve some solid or liquid fuel. Thus for firefighting purposes there
are actually seven possible combinations of fire classes.

3.1.2.1. Class A Fires

Fires involving common (ash producing) combustibles, which can be extinguished with
water. Materials in this category include cellulosics and plastics found in the ship's berthing areas,
shops, offices, labs, galley, mess deck, wardroom, lounges, passageways, gear lockers, storage
spaces and cargo holds.

3.1.2.2. Class B Fires

Fires involving flammable liquid or gaseous fuels, greases, oils, paints, solvents and other
substances that give off large amounts of flammable vapors which smothering agents are effective
in extinguishing. Class B combustibles are usually found in the engineering spaces, paint lockers,
galley, flammable liquids storeroom and other hazardous liquids storage spaces.

3.1.2.3. Class C Fires

Fires involving energized electrical or electronic equipment. A non-conducting fire
extinguishing agent such as CO,, Halon or dry chemical must be used, however they are not
effective until the source of electrical power to the affected equipment has been secured. Class C
fires sometimes occur in the casings of propulsion motors and generators; therefore these
equipments are frequently protected by installed CO, flooding systems. A class C fire frequently
starts a class A or class B fire in fuel packages which are in close proximity to the burning
electrical equipment. The following sections discuss these combination class fires.
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3.1.2.4. Combined Class A and C Fires

Fires involving solid fuel combined with electrical equipment. Because energized
electrical equipment is involved, a non-conducting fire extinguishing agent such as CO,, Halon or
dry chemical must be used. Radio rooms, pilot house, engineering control center, electronics
shops and electrical repair shops are typical spaces where this combination class fire might occur.

3.1.2.5. Combined Class B and C Fires

Here again a non-conducting agent must be chosen. Halon, dry chemical, and in enclosed
spaces, CO, are effective against this combination of classes. Main machinery and auxiliary
machinery spaces are the most common spaces where this combination class fire occurs.

3.1.2.6. Combined Class A and B Fires

Fires involving both solid fuels and flammable liquids or gases. Water spray, CO, and
aqueous film forming foam (AFFF) has been found to be effective against this combination of
classes. Engineering spaces, pump rooms, air conditioning equipment room, and auxiliary
machinery spaces are examples of compartments where this combination class fire may occur.

3.1.2.7. Class D Fires

Fires involving combustible metals are relatively rare on non-aviation capable ships.
Combustible metals include potassium, sodium, magnesium, zinc, and powdered aluminum.
These fires are normally smothered by specialized agents called dry powders (not to be confused
or interchanged with dry chemicals). Class D fires may also occur in the wheel assemblies of
helicopters.

3.1.3. Extinguishing Agents

An extinguishing agent is a substance that will put out a fire by removing one or more of
the faces of the fire tetrahedron. There are four basic extinguishing methods as follows:

1. Cooling: This is a direct attack on the heat face of the tetrahedron. The goal is to reduce
the temperature of the fuel below its ignition temperature.

2. Smothering: This is an attack on the edge of the tetrahedron where the fuel and oxygen
meet (i.e. attack on both fuel and oxygen faces of the tetrahedron). The action is to
separate the fuel from the oxygen.

3. Oxygen Dilution: This is an attack on the oxygen face and the goal is to reduce the
oxygen content below that necessary for sustaining combustion.

4. Chain Breaking: This is an attack on the chain reaction face. The goal here is to interrupt
the chain reaction long enough for the fuel to cool below its ignition point.

There are eight fire extinguishing agents normally encountered in shipboard firefighting.
These agents are in the form of liquids, solids or gases as shown in Table 3-1. The choice of
extinguishing agents depends on the class of fire and the agents available. Table 3-2 shows
appropriate choices categorized by the extinguishing method discussed above.
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Table 3-1. Fire Extinguishing Agents

Water

Liquids

AFFF

Gases

Halons

1301

1211

CO,

Solids

Dry Chemicals

Monammonium Phosphate

Bicarbonate

Potassium Bicarbonate

Potassium Chloride

Table 3-2. Extinguishing Agents of Choice

Extinguishing Method Class of Fire Appropriate
Extinguishing Agents
A Water, AFFF
A/C
B AFFF, Water Mist
B/C
Smothering A AFFF
A/C Dry Chemical
B AFFF, Dry Chemical
B/C Dry Chemical
Oxygen Dilution A
A/C CO;
B
B/C CO,
Chain Breaking A Dry Chemical
A/IC Halon
B Halon
B/C Dry Chemical
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3.2.  PRINCIPLES OF COMBUSTION

3.2.1. Combustion Stoichiometry

During pyrolysis or combustion the carbon atoms in the burning material are converted to
carbon monoxide (CO), carbon dioxide (CO,), smoke, and other carbon-containing compounds.
Smoke consists of soot and other unburned gaseous and liquid chemical compounds. Ventilation
of the compartment provides the oxygen in this chemical conversion. The production of CO,
increases with increased ventilation and the production of CO increases with decreased
ventilation. Complete or stoichiometric combustion would result in production of CO, as
opposed to CO according to the following stoichiometric equation for burning a hydrocarbon:

C.H, + (x)0; —> (m)CO; + (n/2)H;0

In stoichiometric combustion x = m + n/4 atoms of oxygen,; if less than x atoms of oxygen
are supplied CO is produced as well as CO, and H,O. Thus CO, and H,0 are produced with
increased efficiency with increased ventilation and maximum compartment temperatures are
generated by stoichiometric combustion.

Two general philosophies are applied consistently in the development of subjective values
used in the Ship Fire Safety Engineering Methodology:

1. Consistent conditions are assumed to enhance the relative comparisons often made in the
applications of the SFSEM

2. Worst case scenarios are utilized to ensure the resulting design of fire protection systems
will be adequate under all conceivable conditions.

Applying these philosophies to a ship where ventilation is controlled in nearly every space
dictates the assumption of stoichiometric combustion. For example, the engineer/analyst assumes
stoichiometric combustion in assigning probabilities of flame self-termination, fixed fire protection
system extinguishment, and manual fire extinguishment of the fire in the room of origin. In
addition stoichiometric burning conditions are assumed in the development of the Post-FRI Heat
Release Rate as explained in Section 6.3.4.1.2.

3.2.2. Flame and Flame Color

Flame color is a reliable indicator of the temperature of the flame and can be easily seen by
the human eye. Table 3-3 relates the flame color and its absolute temperature in degrees Kelvin
and the radiant flux generated by cellulosic fuels and other hydrocarbons. Refer to the discussion
on radiation in Section 3.3.3 for a complete explanation of radiant flux.
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Table 3-3. Flame Color of Burning Cellulosic Fuels

Color Temperature | Radiant Flux
(°Kelvin) (kW/m’)
Deep Blood Red 800 25
Cherry Red 1000 60
Orange 1200 120
Yellow 1350 190
White 1475 270

3.2.3. Products of Combustion

Combustion produces heat and flames, smoke and fire gases, and results in reduced
oxygen levels. Fire gases include CO,, CO, NO,, NO, H;0 and others. Reduced oxygen and
carbon monoxide represent the primary hazard to humans. Carbon monoxide is lethal at very
small concentrations as shown in Table 3-4. This table also includes effects on humans of
dangerous concentrations of oxygen and carbon dioxide.

Table 3-4. Dangerous Concentrations of Gases

Concentration by Volume Combustion Effects on Humans
(%) Product
Oxygen
21 Normal
15-16 Choking, loss of motor
skills
10-14 Fatigue, loss of judgment
6-10 Collapse
Carbon Dioxide
2 Hyperventilation
5 Labored breathing
10 Fatal in a few minutes
Carbon Monoxide
.05 Dangerous to life in 3
hours
15 Dangerous to life in 1 hour
4 Fatal in less than 1 hour
1.3 Fatal in a few minutes

The tenability levels of compartments are affected by obscuration due to smoke and
toxicity of combustion products. Table 3-5 summarizes the products of combustion from some
materials commonly found on board ship which are hazardous to humans. A review of this table
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will explain why it is imperative for firefighters and investigators in shipboard fires to be equipped
with a self contained breathing apparatus.

Table 3-5. Primary Hazards from Burning Materials

Materials Products of Combustion
Cellulosics (wood and wood products) Carbon dioxide, reduced oxygen,
carbon monoxide
Clothing, furniture, carpet, canvas, burlap, Carbon monoxide, reduced oxygen
rope, bedding materials
Wool, silk Hydrogen cyanide
Plastics, rubber (wiring insulation) Hydrogen chloride, hydrogen sulfide,
sulfur dioxide
Urethane foams (furniture padding) Dense smoke
Petroleum products Acrolein, carbon monoxide, carbon
dioxide, reduced oxygen
PVC (polyvinyl chloride) Hydrogen chloride
Freon (Refrigerant) Phosgene gas

3.3. HEAT TRANSFER MODES

There are three basic mechanisms of heat transfer: conduction, convection, and radiation.
An understanding of heat transfer modes is essential before the phenomenon of fire can be
analyzed in detail. The following sections provide a basic review of the fundamentals of each heat
transfer mechanism. While it is probable that heat is transferred by all three modes to some
degree in every fire, one mode usually predominates at certain stages of fire growth.

3.3.1. Conduction

The transmission of heat through a solid is known as conduction. It is important in
analyzing the spread of flames over combustible solids and in ignition. In a fire, it is the
predominant mechanism for the transmission of heat through a fire boundary. It has been shown
that heat flows through a solid from an area of high temperature to an area of relatively low
temperature due to conduction. This flow is referred to as heat flux. A ramification of this is that
a boundary will eventually transfer heat into the adjacent space from a compartment involved in
fire. The rapidity with which this occurs is strictly dependent on the insulating quality of the
barrier material. Fourier's Law of heat conduction is shown in the following equation:

gx = - k (dT/dx)

where qx is the heat flux in the x direction, k is the thermal conductivity of the material, and
dT/dx is the temperature difference over a distance x. Materials with high conductivity conduct
heat rapidly. Insulation is the classic example of a material with low conductivity. On board ship,
steel and aluminum bulkheads without insulation have relatively high thermal conductivities. This
means that compartments with these materials for boundaries will lose heat rapidly in a fire
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increasing the time for that compartment to achieve flashover or full room involvement. On the
one hand, this is good because it gives the firefighters more time to control the fire. On the other
hand, these thermally thin bulkheads increase the likelihood of spreading the fire due to the heat
transfer to adjacent spaces where combustibles are likely to ignite.

3.3.2. Convection

Convective heat transfer is associated with the transfer of heat between a fluid (gas or
liquid) and a solid. It explains, for example, why cold hands feel warmer when you breathe on
them. The term "buoyant plume" describes the convective column rising above a heat source and
explains why more heat attacks the overhead in a fire than the deck. Heat flux due to convective
heat transfer can be related to its driving force, T, - Ty, as shown in the following equation:

q=h(T,- Ty

where q is the heat flux, h is the heat transfer coefficient, T, is the temperature of the solid and T¢
is the temperature of the fluid. Note that if the temperature difference is zero there is no heat
transfer. The heat transfer coefficient, h, is a function of the geometry of the solid, the properties
of the fluid, the flow parameters (especially velocity), the temperature difference, and other
parameters. The evaluation of h is therefore complicated. An illustration of the complexity of
determining h is shown in Appendix B of this document in the calculation of the time to full room
involvement.

3.3.3. Radiation

Unlike conduction and convection, radiation does not depend on a medium for heat
transfer. Any object with a temperature above absolute zero transfers heat by invisible
electromagnetic waves which can be absorbed, transmitted or reflected similar to visible light. It
is the dominant mode of heat transfer in fires where the fuel bed is greater than .3 meters in
diameter. According to the Stefan-Boltzmann relationship shown below, the total energy radiated
by an object is proportional to the fourth power of its temperature:

E=¢cT
where € is the emissivity of the object, & is the Stefan-Boltzmann constant, and T is the
temperature of the object. This relationship can be used to determine the radiative heat flux by
taking into account the configuration factor, F, as shown in the next equation:
q=Feoc T
The configuration factor is merely the geometrical relationship between the object

(radiator) and the receiver. A perfect radiator, or so-called black body, has an emissivity of 1.
Table 3-6 shows the effects of thermal radiation.[18]
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Table 3-6. Effects of Thermal Radiation

Radiant Heat Flux Effect
(kW/m?)

0.67 Summer sunshine

1.00 Maximum for indefinite skin exposure

6.4 Pain after 8 seconds of skin exposure

10.4 Pain after 3 seconds of skin exposure
16 Blistering of skin after 5 seconds

29 Wood ignites spontaneously after prolonged exposure
52 Fiberboard ignites spontaneously in 5 seconds

3.4. FIRE SAFETY METHODOLOGY

The Ship Fire Safety Engineering Methodology is fundamentally concerned with safety.
Safety, in general, can be defined as the judgment of the acceptability of risk, and risk can be
defined as the probability and severity of harm to either people or property.[19] Nothing can be
absolutely free from risk, therefore nothing can be absolutely safe. The goal, therefore, is to
accurately assess the risk and reduce that risk to a level judged to be acceptable. The definitions
emphasize that probability and judgment are inherent in the concept of safety. Moreover, this is
an engineering methodology. Koen has described an engineering method as: "the strategy for
causing the best change in a poorly understood or uncertain situation within the available
resources."[20] This can be interpreted to mean that engineers strive for workable solutions to
real-world problems. The above reasoning accounts, in part, for basing this methodology on
probabilistic assessments using engineering judgments. In this context then, the SFSEM is used
to evaluate the expected performance of the ship as a fire safety system and to compare
alternative fire safety systems or components based primarily on engineering judgments.

The methodology has been developed incorporating techniques from the following
scientific disciplines: operations research, systems analysis, and risk assessment. The following
sections will explain in more detail some of the techniques borrowed from these disciplines as
implemented in the methodology.

3.4.1. Systems Approach

The process of understanding and structuring a complex problem such as fire safety is
simplified by using a systems approach. Systems methods can be used to analyze a complex
problem or separately, its many component parts. This facilitates examining the effect of
changing a specific component of the problem. The ship fire safety system is understood and
defined sufficiently well to enable the fire risk to be evaluated in an organized systematic fashion.
The risk analysis, however, requires a knowledge of fire science and fire protection engineering
due to the necessity for the analyst to use engineering judgment in developing the probability
assessments required in the methodology.

26




3.4.2. Event Trees

A number of techniques in risk analysis provide the means to understand and evaluate
hazards and risks. The application of these tools provide an insight into the qualitative
understanding and quantitative relationships of the fire safety problem. Event trees and network
diagrams are two techniques used in the methodology which are discussed in detail in the
following sections.

An event tree is a logic diagram that identifies sequential relationships. The event tree
starts with a specific failure condition, and then proceeds with a forward (inductive) analysis to
identify all possible sequences of events that could result in that failure condition. The
diagrammatic structure that relates these outcomes to an initiating event is an event tree. In the
SFSEM, probabilistic values are assigned to the events, therefore it is possible to calculate the
likelihood of a failure condition (loss due to fire). A major problem is that the probabilities are
usually based on conditionalities. For example, the calculation of the loss due to fire of a
compartment is based on the condition that the fire occurred in the first place. In this
methodology, the terminology "...given established burning..." is often used; the significance of
the word "given" is that it denotes conditionality or the probability of EB is 1.0.

3.4.3. Network Analysis/Diagrams

Another technique that incorporates many of the useful features of event trees, and also -
provides additional flexibility to tailor the analysis of ship fire safety to specific needs such as
consideration of new designs involves the construction of network diagrams. The diagram shows
the graphical relationship of the logic, the sequencing, and the relationships of the component
parts in the fire safety problem.

The particular network diagram used in the SFSEM characterizes all events in binary
form. For example, the event of ignition either occurs (IG) or it does not (IGbar). Given the fact
that ignition occurred, the fire progresses to an event called established burning (EB), or it does
not (EBbar). The word "bar" indicates the symbol over the acronym in the network diagrams
which signifies the contra-positive event. These are the first two events in the upper level
network diagram for flame movement which will be explained in detail in Section 6.3. The upper
level diagram can be decomposed into additional diagrams. This process is continued until the
events can no longer be subdivided. Happily, the computer, in an implementing set of computer
programs, takes care of all the bookkeeping thus freeing the analyst of tedious calculations.
These programs, called Ship Applied Fire Engineering (SAFE), are documented in a companion
User Manual to this theoretical documentation.[1]

3.4.4. Risk Management

A hazard is a condition or object that, when given the proper exposure, can place people
or property in jeopardy. Risk, is a measure of the potential level of injury or loss (from a hazard).
It becomes important to be able to quantify the risk posed by a hazard. If a level of risk is
considered acceptable then it is considered safe. If a level of risk is greater than that which seems
tolerable, an unsafe condition exists, and the risk must be reduced, transferred, or accepted.
Making conscious decisions to reduce, transfer or accept the risks is the essence of risk
management.
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Building codes and fire safety standards are designed to incorporate safety into the
building design process. Essentially the code prescribes what shall be done and standards
prescribe how to do it. For example, the code specifies that a particular building shall be
equipped with an automatic water sprinkler system and the NFPA standards provide the detailed
design guidance for an acceptable sprinkler system. An important characteristic of this process is
that the fire regulations are written in such a way that neither the building owner or the authority
having jurisdiction needs a technical background in fire safety. This is not the case with the
electrical, structural, or mechanical requirements in the building code. In these cases, the
standards are written in a manner that anticipates use by technically trained and licensed
professional engineers in the field. The International Convention for Safety of Life at Sea,
(SOLAS) 1974 as amended and implemented through the International Maritime Organization
(IMO) has resulted in fire safety standards for ships. Note that U.S. Coast Guard Cutters and
U.S. Navy ships are not necessarily required to comply with SOLAS. Recent contracts for new
cutter acquisitions awarded by the Coast Guard however, have required the shipbuilder to comply
with SOLAS. Other than these recent acquisitions, the management of fire safety risk on U.S.
military ships, has been "designed" by naval engineering staffs. The SFSEM is a tool to assess
levels of fire risk so that cognizant authorities may better manage the risk.

3.4.5. Subjective Probability

There are different ways in which the results of a risk analysis may be described. One
approach is qualitative. This is the approach used in the building codes and standards. For
example recommendations to install a particular sprinkler system, a specific type of fire alarm, or a
2-hour fire barrier are prescriptive in nature and do not give a description of required performance
as a fire safety system. Another approach is quantitative, albeit rarely used in fire protection
engineering. One of the reasons that quantitative fire safety assessments are rare is that the state
of the art of calculation procedures for fire protection engineering is in its infancy. Performance
calculations for fire protection that are analogous to those available for structural, electrical or
mechanical behavior performance do not yet exist.[21] Due to significant progress recently, some
calculations and computer models will predict certain aspects of fire protection performance,
nevertheless a systematic set of deterministic performance calculations do not exist today. In the
absence of deterministic calculation methods, there are two types of non-deterministic quantitative
models to consider: probabilistic and stochastic.

In stochastic models, critical events occurring sequentially form a chain interconnected by
transition probabilities.[22] Epidemic theory, branching processes, random walk, and percolation
processes are examples of stochastic models. Since stochastic models deal with probability
distributions their use as a fire model in ships is limited by the paucity of statistical data.
Probabilistic models, on the other hand deal with events as entirely random with no dependence
on previous events. Probability models deal with the final outcome such as fire damage in a
compartment, and utilize techniques such as logic trees. Fault trees in particular trace the
subevents that lead to an undesirable top (final) event. The risk associated with the top event can
thus be reduced by identifying and eliminating the risk related to one or more of the
subevents.[22] In the SFSEM, network diagrams utilize a hybrid mix of success and fault trees as
a probabilistic model of fire.
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There are two fundamentally different methods of assessing probabilities. One is the
classical, or objective method. The other is the personal, or subjective method. The objective
method views probability as a characteristic of an identifiable physical process. Objective
probabilities are established as a measure of relative frequency or as a condition of symmetry.
The subjective method views probability as a degree of belief held by a knowledgeable individual.
Subjective probabilities are based on available information. This may include acquired knowledge
from deterministic calculations, results from computer models, experimental results, and personal
experience. In the SFSEM, the term “engineering judgment” implies the assessment of risk in a
probabilistic model utilizing subjective probabilities. The SFSEM actually utilizes both subjective
and objective methods of determining probabilities. The probability of ignition and established
burning are estimated by objective methods. Subjective probabilistic assessments based on
available information and engineering judgment are the basis of the quantification of some of the
components in the flame movement analysis module.

3.4.6. Engineering Design

The fundamental organization of the hierarchical networks has been structured in a manner
to allow new knowledge to be incorporated without disruption or change to the basic analytical
framework. This allows each component to be evaluated analogous to free body analysis in
structural mechanics. The present application of engineering design principles in the SFSEM is
similar in approach to those used in mechanical or civil engineering. For example a machine
element or building structure is designed based on certain criteria and an assumed primary mode
of failure such as tensile strength. Then other modes of failure are considered and the base design
changed accordingly. In the SFSEM, recommendations concerning fire safety design is based on
analysis of flame movement. Eventually these recommendations may need to be changed due to
consideration of smoke movement, people movement, or structural frame analyses.

4. FIRE SAFETY OBJECTIVES

Establishing fire safety objectives is an often overlooked but vitally important step in the
fire safety design of a ship. Cognizant authorities such as ship operator/owners, insurance
underwriters, regulatory agencies, etc., should establish fire safety objectives early in the design of
a ship. In military ship construction, fire safety objectives are usually established indirectly by
eliminating as many fire hazards as possible and installing as much fire protection as funding will
permit. This often results in the over-protection of some spaces and under-protection of others.
Fire safety objectives should consider life safety, property protection and mission protection as
explained in the following sections.

4.1. LIFE SAFETY

Objectives for life safety include adequate protection for the egress of passengers and
crew to a safe refuge area and suitable protection for areas that must remain occupied to operate
the ship such as the pilot house or the engineering control center. Design for life safety thus
results in the protection of spaces comprising the egress routes on a ship. In addition, fire
protection systems for permanently occupied spaces cannot include total flooding agents that are
life threatening.
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42. PROPERTY PROTECTION

There are two types of property in a ship: cargo and the ship's outfit. Cargo is temporary
in nature and is only on board for a particular voyage. Ship's outfit, on the other hand, is more
permanent in nature and includes the ship's installed equipment as well as the personal possessions
of the crew. Objectives for property protection identify an acceptable level of loss in terms of the
magnitude and frequency of damage that can be sustained in each compartment subject to fire.

43. MISSION PROTECTION

Every ship has a primary mission and usually one or more secondary missions. Objectives
for mission protection identify compartments that contain non-redundant equipment necessary to
execute the ship's missions. For example a ship with two engine rooms (each powering one shaft)
would not classify either engine room as vitally important because it would take the simultaneous
loss of both compartments to totally disable propulsion on the ship. To illustrate further, scientific
laboratories are vitally important only on ships such as Icebreakers which have a science mission.
Similarly, the Torpedo Control Room is vitally important on a warship while the compartment
that contains the hydraulic equipment for controlling the ship's crane is equally important to a
construction tender's primary mission.

A final consideration is that fire safety objectives can change, sometimes rapidly, for the
same compartment. For example a cargo hold on a merchant ship may have very high priority
against loss in a fire when the ship is underway transporting valuable cargo, while that same hold
may have very low priority when the ship is in port and the hold is empty. In this case mission
protection blends with property protection because the "mission" of a merchant ship may be to

carry cargo.
44, COMPARISON OF SHIP’S PERFORMANCE WITH OBJECTIVES

The results from the engineering analyses in the SFSEM are compared to the fire safety
objectives in order to evaluate the performance of the ship. This process identifies the
compartments which exceed or fail to meet the objectives. Furthermore, the process is structured
mathematically so that all compartments in the ship may be rank ordered relative to each other.
This process for flame movement analysis is described in detail along with the relevant
mathematical equations in Section 6.6. This process will be described for smoke movement,
structural frame, and people movement analyses in Sections 7.0, 8.0, and 9.0, respectively as
these modules are developed and documented.

5. PREVENT ESTABLISHED BURNING

Established Burning (EB) is a concept which describes the size of the fire that is
considered to be the start of the fire safety design process for the ship. It is the demarcation
between fire prevention and the beginning of the ship response to the fire. The specific fire size
can be a spark or a flame height of 4 feet or more. A 10 inch high flame is commonly accepted as
the smallest flame which constitutes EB in a shipboard environment. At this flame height,
radiational feedback to the fuel bed starts to predominate as the heat transfer mode and the fire
will commence growing rapidly assuming proper conditions for combustion exist. The
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engineer/analyst is not required to use 10 inches as the criteria for EB. The system is flexible and
any size may be used.

5.1. FIRE PREVENTION

Fire prevention involves events that occur before the fire grows to EB, primarily
preventing unwanted fire ignition. Three requirements are necessary for ignition to occur:

1. Kindling fuel or volatile gases must be present.
2. A heat-energy source sufficient to cause ignition in the kindling fuel must be available.
3. The fuel and the heat source must be sufficiently close in proximity to initiate combustion.

Figure 5-1 lists the factors that influence the probability of ignition. The determination of
the probability that ignition will occur requires the subjective engineering judgment of the
engineer/analyst.

5.2. PROBABILITY OF EB

The probability that EB will occur in a compartment is composed of two parts. The first
consideration is the probability of ignition, P(IG). The second is the probability that the fire will
grow to the critical size defined as EB given that the ignition event occurred in the first place,
P(EB|IG). Factors that influence fire growth from ignition to the critical size defined as EB are
listed in Figure 5-2.

The probability of EB can be calculated mathematically as shown in the following
equation:

P(EB) = P(IG) P(EB|IG)

In words, this equation says that the probability of established burning is equal to the
probability of ignition times the probability that the fire will grow to the critical size defined as EB
given that the ignition event occurred. The probability of EB is easily calculated using data from
the network diagram shown in Figure 5-3 as follows:

P(EB) = P(IG) P(EB|IG)
=8 x 9
= .72

The event "EB" in Figure 5-3 can be subdivided as shown in Figure 5-4 to aid in the
analysis. The acronyms for the events shown in Figure 5-4 are defined in Table 5-1. The two
intermediate events in the EB network shown in Figure 5-4 represent the two ways that the fire
can terminate before EB is achieved. The first way is the fire self terminates (If) due to lack of
fuel or oxygen or other possible reasons shown in Figure 5-2. The other possibility is for the
person discovering the fire to extinguish it (Mf). This event is further subdivided as shown in
Figure 5-4 into three events: the decision to attempt extinguishment (dmf), the application of a
fire extinguishing agent (amf), and successful extinguishment (emf).
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Table 5-1. Definition of Terms in Figure 5-4

Abbreviation [ Definition

If Self termination prior to EB

Mf Manual fire extinguishment prior to EB

dmf Person discovering fire decides to attempt to extinguish fire before EB
amf Agent application by person discovering fire before EB

emf Extinguishment of fire by person discovering fire before EB

Instead of using this process to determine the probability of EB the engineer/analyst can
use historical data to determine the frequency of EB as described in the next section.

5.3.  FREQUENCY OF EB

Military ships are required to report all fires that result in damage to the vessel. This
allows an opportunity to utilize historical records to establish the frequency of EB. A problem
arises, however, in that some fires which reach EB may not cause enough damage to warrant
reporting. As a result the frequency of EB based on historical data is doubled to account for the
possibility of unreported fires.

The historical data collected for use in the PIR analysis covered the years 1975 through
1986 for selected Navy ships compiled by the U.S. Naval Safety Center.[23] The unit
"compartment-year" was selected as the measure of exposure used in the calculation of the
frequencies, primarily because the flame movement analysis in the SFSEM is accomplished on a
compartment basis. The numbers of each type of compartment aboard each class of vessel
included in the analysis were obtained from Ship Compartment Directory data obtained from the
U.S. Naval Sea Systems Command.[24] For the PIR analysis, all U.S. Navy cruisers, destroyers,
and frigates that were in active commissioned status at any time during the period 1 January 1975
through 31 December 1986 were considered. Time undergoing overhaul was not considered as
active status. As noted above, adjusted fire frequency values were obtained by doubling the
calculated fire frequency values on the assumption that half of all actual fires are not reported. In
the case of compartment types where no fires were reported, an arbitrary adjusted fire frequency
value of .0001 was selected.

Fire safety analyses of Coast Guard Cutters since the PIR analysis have utilized historical
records to establish the frequency of EB based on data collected from the U.S. Naval Safety
Center augmented by additional data from U.S. Coast Guard Headquarters for each type of
compartment aboard a cutter. Historical reports of fires on all classes of Coast Guard Cutters
was obtained from the Commandant (G-KSE-4), U.S. Coast Guard, for the period 1984 through
1992. This data was combined with data received from the U.S. Naval Safety Center on 21
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classes of large naval vessels during the period 1975 through 1986 to refine the reported fire
frequencies. For the purposes of the SFSEM, similar compartments were grouped by
compartment use indicator (CUI). CUI categories were adapted from the standard nomenclature
used by the Coast Guard and Navy to identify compartment usage. Some CUIs were further
subdivided in order to reflect a more accurate assignment of reported fire frequency. Similar to
the PIR analysis, the “reported frequency of EB” based on historical data was doub