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FIRE PROTECTION ENGINEERING &mdash; SCIENCE OR ART?

Raymond Friedman
Factory Mutual Research Corporation

Norwood, MA 02062

SUMMARY

Engineering is the application of technology to useful ends. Originally, engineering was
based entirely on art rather than science. About 200 years ago, science developed suffi-
ciently so that it began to be important in certain technologies. This importance of sci-
ence accelerated in the nineteenth and twentieth centuries, and today certain branches
of engineering are 90% science-based. Fire protection engineering is only 25% science-
based today, according to the author’s estimate, but the percentage is growing rapidly.
Examples are given.

ENGINEERING IN GENERAL:
We are all aware that procedures used in every
branch of engineering are based in part on sci-
ence and in part on art. By art, you should not
think of the fine arts, but of the useful arts,
such as weaving, pottery making, forming
arrow-heads, building log cabins, etc. A useful
art, or craft, can be defined as a skill having
practical applications, which is acquired by
practice and experience, and is often passed
down from one generation to another.

Two millennia ago, the Romans practiced mili-
tary engineering and civil engineering. Military
engineering was concerned with weapons, forti-
fications, siege equipment, transportation of
armies, etc. Civil engineering was concerned
with buildings, bridges, aqueducts, etc. These
various engineering activities were based
almost entirely on arts, with virtually no contri-
bution from sciences.

At that time, it is not correct to say that no sci-
ence existed. While the Romans were not noted
as scientists, the Greeks before them made a
number of important scientific advances. The
names Archimedes, Aristotle, and Democritus
come to mind. However, this early science was
not sufficiently advanced to lead to many practi-
cal applications. Furthermore, these ancient
Greek geniuses were primarily interested in
pure science, mathematics, and philosophy, and
were largely indifferent to practical applica-
tions.

After the collapse of the Roman empire, there

was a thousand-year period in the Western
world marked by relatively few innovations or
engineering advances, let alone scientific
advances. (Some important inventions were
made in China in this period.)

This changed with the Renaissance, in the fif-
teenth and sixteenth centuries. A great number
of inventions appeared, such as the magnetic
compass, the mechanical clock, the printing
press, gunpowder and cannons, eyeglasses, etc.
Simultaneously, and at first independently,
important scientific breakthroughs occurred,
such as Kepler’s discovery of the elliptical orbits
of planets, Galileo’s establishment of the law
governing falling bodies, Torricelli’s discovery of
atmospheric pressure measurement by means of
the barometer, etc. By the seventeenth century,
these advances reached a peak when Newton
set forth the law of gravitation and the laws of
motion. Meanwhile, chemists were beginning to
identify chemical elements correctly, and to
speculate meaningfully about the identity of
molecules. The laws of optics were established
by Snell, Newton, and Huygens. Scientific
instruments such as the thermometer, the

microscope, the telescope, and accurate clocks
became available and facilitated research.

During this period, social changes provided a
more receptive attitude of Western society
toward innovation.

As science proved itself capable of providing
reasonably accurate quantitative predictions of
various aspects of real-world behavior, indepen-
dently verifiable by the experimental method
propounded by Galileo, a great acceleration of
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interest in science occurred. By the end of the
nineteenth century, the laws of thermodynamics
had been established, most of the chemical ele-
ments had been discovered, biology was trans-
formed by Darwin’s concept of evolution and
Mendel’s genetics, and electromagnetic phenom-
ena were quantified, largely by Faraday and
Maxwell. This acceleration of scientific discov-

ery has continued through the twentieth centu-
ry, with results familiar to us all.

As this body of scientific knowledge accumulat-
ed in the eighteenth century, mainly from
research in England, France, Germany, and
Italy, various findings were found to be useful in
technology. Indeed, the technological build-up in
the eighteenth and nineteenth centuries, called
the Industrial Revolution, was based in a signif-
icant way on science. A few key examples will
be mentioned.

While the first useful steam engine was empiri-
cally devised by Savery and Newcomen in 1712,
it was very inefficient and had a low ratio of
power to weight. It was not until 1776 that
Watt, of Scotland, produced a far better steam
engine, which revolutionized many aspects of
production and transport. Watt had previously
been an instrument maker at Glascow

University, where he associated with Professor
Black, who was the discoverer of latent heat of
vaporization (and condensation) and was the
first to measure heat energy quantitatively.
Clearly the scientific understanding that Watt
acquired (through his association with Black)
must have been crucial in his successful inven-
tion.

As another example, consider steel-making. The
so-called &dquo;iron age&dquo; dates back more than 3,000
years, but for most of this period, the practition-
ers had no knowledge of the chemical composi-
tion of iron and steel. In the nineteenth century,
steel-making was revolutionized by introduction
of the open-hearth furnace and the Bessemer
converter, both of which were based on the prin-
ciple of using air to oxidize excess carbon and
other impurities in molten iron. Clearly a
knowledge of chemistry and an understanding
of the oxidation process were crucial to this

development.

Even more dramatic, the scientific discoveries
about the nature of electricity and magnetism
by Volta, Ampere, Oersted, Gauss, Faraday,
Maxwell, Helmholz, and others in the first half
of the nineteenth century led to a whole series
of useful devices in the last half of that century:
the electric motor, the electric light, the tele-
graph, and the telephone, to name the most dra-
matic. In the twentieth century, radio, televi-
sion, and electronic computers were invented.
The field of electrical engineering obviously did
not exist until the above inventions began to
appear. Note that these inventions were a direct

consequence of the preceding scientific discover-
ies.

Today, electrical and electronic engineering are
based much more on science than on art (or

experience). Of course, even in this field, some
elements of art remain. For example, discover-
ing which materials are the best insulators,
which are good conductors, and most recently,
which are superconductors, is primarily done by
testing many materials (empiricism), although
some guidance is obtained by making predic-
tions based on atomic structure.

In the twentieth century, new subdivisions of

engineering appeared which are based almost
entirely on science. These include nuclear engi-
neering, aerospace engineering, and, most
recently, genetic engineering. Illustrations of
the dependence of these areas on science should
not be necessary for twentieth century readers.

As we approach the twenty-first century, shall
we assume that virtually all engineering will
soon be based on science much more than on art

or experience? Not so!

As of today, scientists do not yet have adequate
understanding of all aspects of physics, chem-
istry, and biology to supplant experience entire-
ly in many areas. A few such areas are listed:
~ long-range weather prediction ( more than

one week)
~ combustion in an engine
~ the &dquo;feel&dquo; or &dquo;hand&dquo; of a fabric
~ odor, flavor, etc.
~ treatments for certain diseases
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~ long-time health effects of trace materials or
low levels of radiation

~ development of materials with specific physi-
cal properties

~ Corrosion of metals.

One may hope that future advances in scientific
knowledge will ultimately provide all the
answers, but, meanwhile, technology must con-
tinue with a dual foundation - science and art.

FIRE PROTECTION ENGINEERING:
We have seen that engineering skills applied to
certain technologies (e.g., electrical engineering)
are largely science-based. On the other hand,
there are still many pockets of technology with
heavy dependence on art, or experience, or
trade secrets, or empirical testing. Let us con-
sider the various elements of fire protection
engineering in regard to the blend of science and
art (or empirical components).

First, let us itemize some scientific questions
which are relevant to fire protection engineer-
ing :

1. Chemistry
la. Identification of combustible substances,

and how much energy they can release
(chemical thermodynamics).

lb. The role of oxygen in a fire.
le. Establishment of chemical properties con-

trolling ease of ignition, rapidity of flame
spread, and magnitude of heat release rate
per unit of area involved.

ld. Characterization of smoke and toxic species

from fires.
le. Effects of fire toxicants on humans.
lf. Mechanisms of action of fire retardants and

extinguishing agents.

2. Fluid mechanics
2a. The motion of fire gases through a building,

as influenced by buoyancy, mechanical ven-
tilation, and wind.

2b. The rate of entrainment of air into flowing
fire gases.

2c. Prediction of flame height.
2d. Hydraulics, applied to pipes or hoses.
2e. Sprinkler or spray droplet trajectories.

3. Heat transfer (radiation, convection,
conduction)

3a. Radiant energy output of a flame.
3b. Convective and radiative energy transfer

from a flame to the adjacent solid or liquid
supplying the combustible vapors.

3c. Heat transfer from a flame to the surround-

ings, including time required to heat nearby
combustibles to their ignition temperatures.

3d. Penetration of heat from a fire into the inte-
rior of nearby structural elements.

3e. Prediction of the cooling effect of water,
applied in various ways to a fire.

Various references are available which provide
details on all the above problems 1,2,3,4,5.
However, in most cases the present status of sci-
entific knowledge is incomplete, and answers of
high accuracy cannot be obtained.

Now let us look through the other end of the tele-
scope, as it were, and consider various elements of
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fire protection engineering, as listed in Table 1.

After each subject, the author has provided his
own rough estimates, for 20 years ago, the cur-
rent status, and 20 years from now, of the per-
centage dependence on physical science as
opposed to art. The scale is such that electrical
engineering scores 90%, and gourmet cooking
scores 10%. Some comments on these estimates
are in order.

Comments on fir behavior: Present predictions
are largely based on either actual fires or full-
scale tests (empirical) or empirical correlations
and extrapolations of bench-scale test results. A
limited degree of scientific understanding of
some small-scale tests has been obtained, but
successful extrapolation to larger size is hin-
dered by incompletely understood fire radiation
and turbulence effects. Present research is lead-
ing to substantial advances in understanding.
Then, computer programs to calculate fire
growth will have a stronger scientific basis and
will be more reliable. However, the tremendous
complexities caused by composite or heteroge-
neous materials, elaborate geometric arrange-
ments, melting and dripping, char formation,
rupturing and rocketing (aerosol cans), etc., will
prevent a fully scientific basis for fire behavior
prediction in the forseeable future.

Comments on fire resistance of structures
(including internal partitigns): Present predic-
tive methods are, generally, well grounded on
fundamental scientific principles of three-
dimensional transient heat transfer in solids
and stress analysis, including thermal stresses.
Some art is still required to predict the intensi-
ty and duration of heat load. Furthermore, the
thermal and mechanical properties of the mate-
rials involved must be measured directly, rather
than predicted from scientific knowledge of the
atomic structure.

Comments on human behavior- For the purpos-
es of this article, science means physical science
and does not include psychology. By that defini-
,tion, knowledge of individual and crowd behav-
ior under stress is an art rather than a science.

Comments on toxic effects: Post-mortems of fire

victims have provided important scientific
knowledge as to which toxicants (carbon monox-
ide, hydrogen cyanide) have caused most
deaths. Again, the detailed roles of each of these
toxicants in preventing oxygen intake by the
brain have been established. However, uncer-
tainty remains on the combined effect of these
with other toxicants, such as irritants, as well
as the incapacitating dose, as contrasted with
the fatal dose. More significantly, the fraction of
toxicants, especially carbon monoxide, present
in fire gases is not yet predictable with any
accuracy. Research should improve these gaps,
as well as reveal any unknown &dquo;supertoxicants.&dquo; 

&dquo;

Comments on detection system design: While a
useful scientific basis exists for detector location

guidelines, it is somewhat limited by uncertain-
ties associated with turbulent and recirculating
motions of fire gases carrying smoke. Future
developments in computer modeling and physi-
cal modeling of turbulent smoke movement will
help. Detector sensitivity depends on smoke
particle size as well as on mass fraction of
smoke particles in the fire gases, and neither of
these can yet be predicted with the needed accu-
racy. Ultimately, science will lead to more
sophisticated detectors which can discriminate
more surely between fire-produced particles and
other (false-alarm) particles.

Comments on suppression system design: There
is a good scientific basis for extinguishment by
inerting a compartment. However, by far the
most common extinguishment procedure
involves water application. The required &dquo;deliv-
ered density&dquo; to extinguish a given fire can only
be determined empirically in most cases.
Further, the trajectory of water droplets from
sprinklers or spray nozzles and their deflection
by fire plumes are generally determined experi-
mentally. Computer &dquo;field models&dquo; are now

being developed to calculate droplet histories in
fire plumes.

Comments on smoke control: While rational

procedures for calculating smoke movement in
buildings exist, these are limited by uncertain-
ties concerning the fluid dynamics involved
(recirculation, entrainment, interplay of buoy-
ancy and pressure forces). Both physical model-
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ing studies and computer &dquo;field models&dquo; will

expand the scientific basis of smoke control.
Uncertainties will remain because of effects of
wind and lack of knowledge of which doors are
open, when windows break, etc.

Comments on fire risk analysis: This important
tool, as currently applied, primarily uses empir-
ical data bases rather than science, often
because the needed science is not yet adequate-
ly developed. (Obviously, if fire protection engi-
neering was 100% based on science, there would
be no need for probabilistic studies; everything
would be deterministic. This state of affairs is
not foreseeable.) Note that a statistical or prob-
abilistic study of some aspect of fire protection
engineering, no matter how formidable the
mathematical tools used, still cannot be called
science-based if the data base employed is
strictly empirical.

FINAL COMMENTS:
1. Fire protection engineering currently has a

substantial base in science, but there is a
great deal, probably a majority, of empiri-
cism.

2. In the next twenty years, the science portion
will be enlarged significantly, but major por-
tions of art will remain.

3. The scientific approach, when available, is
more powerful than the approach based on
art, especially for dealing with novel situa-
tions requiring extrapolation, or for dealing
with applications where consistency is
important, such as code enforcement or
insurance rating.

4. Any engineering design procedure based on
science is likely to remain permanently
useful. Since mankind will always be
plagued with unwanted fire, research which
expands fire science will always ultimately
be justified.

5. , This is not to denigrate the importance of
empirical knowledge. After all, some of the
aqueducts built by the Romans are still
functional. -.
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RECENT PUBLICATIONS
As a service to the readers, the Journal of Fire
Protection Engineering will publish regularly a
list of recently published peer reviewed papers
and books relevant to fire protection engineering.
Readers are encouraged to submit additional peer
reviewed journals for consideration for inclusion
in the listing of recent publications. Papers rele-
vant to fire protection engineering from journals
which are not fully devoted to fire will be consid-
ered. Books and individual papers from journals
which rarely contain fire papers may also be
included.

Suggestions should be forwarded to:
Craig Beyler, Editor
Fire Science Technologies
5430F Lynx Lane
Columbia, MD 21044

Please include a sample table of contents from
the journal you are recommending for inclusion.

Books
Friedman, R., Principles of Fire Protection

Chemistry, Second Edition, National Fire
Protection Association, Quincy, MA, USA,
1989.

Fire Engineering for Building Structures, The
Institute of Engineers, Australia, 1989.

Journals
Journal of Fire Protection Engineering

Vol. 2, No. 1, 1990.
Friedman, R., &dquo;Fire Protection Engineering -

Science or Art?&dquo;

Beever, P., &dquo;Estimating the Response of Thermal
Detectors&dquo;.

Breen, D.E., &dquo;Toward More Reliable Residential
Smoke Detection Systems&dquo;.

Fire Safety Journal,
Vol. 15, No 3, 1989.

Hygge, S. , &dquo;Smoke Detectors in Apartments
and One-family Houses: A Comparison
Between the Maintenance, Care, and
Performance of Free and Purchased Smoke
Detectors&dquo;.

Singal, S.N., Delichatsios, M.A., and de Ris, J.,
&dquo;Offshore Stack-enclosed Gas Flares: Part I

’ 

- Theoretical Development&dquo;.
Singal, S.N., Delichatsios, M.A., and de Ris, J.,

&dquo;Offshore Stack-enclosed Gas Flares: Part II
- Application and Results&dquo;.

Purkiss, J.A., Claridge, S.L., and Durkin, P.S.,
&dquo;Calibration of Simple Methods of
Calculating the Fire Safety of Flexural
Reinforced Concrete Members&dquo;.

Rasbash, D.J., Book review of The SFPE
Handbook of Fire Protection Engineering,
NFPA, Quincy, MA, USA, 1988.

Fire Technology,
Vol. 25, No. 4, 1989.

Weinroth, J., &dquo;An Adaptable Microcomputer
Model for Evacuation Management&dquo;.

O’Loughlin, J.R. and Yokamoto, C.F.,
&dquo;Computation of One-Dimensional Spread of
a Leaking Flammable Gas&dquo;.

Tobin, W.A. and Monson, K.L., &dquo;Collapsed
Springs in Arson Investigations: A Critical
Metallurgical Evaluation&dquo;.

Melley, B.W., &dquo;Comparison of Several Computer
Hydraulics Programs for the IBM PC and
Compatibles&dquo;.

Chow, W.K., &dquo;On the Evaporation Effect of a
Sprinkler Water Spray&dquo;.

Wahl, A.M., Software Review of Fire Pump
Evaluation Program 1.0.

Fire and Materials,
Vol. 14, No. 1, 1989.

Harmathy, T.Z., &dquo;A Decision Logic for Trading
between Fire Safety Measures&dquo;.

Favre, J.P., &dquo;The Role of Insurance ’Code-writ-

ing&dquo;’. .

McIlhagger, R., Hill, B.J., and Stephens G.G.,
&dquo;Smoke Generation from Polypropylene in
Different Thermal Environments&dquo;.

Cusack, P.A., Monk, A.W., Pearce, J.A., and
Reynolds, S.J., &dquo;An Investigation of Inorganic
Tin Flame Retardants which Suppress Smoke
and Carbon Monoxide Emission from
Burning Brominated Polyester Resins&dquo;.

Chohan, R.K. and Hashemain, M., &dquo;Response
Time of Platinum Resistance Thermometers
in Flowing Gases&dquo;.

Journal of Fire Sciences,
Vol. 7, No. 5, 1989.

Prager, F.H., &dquo;The United Kingdom Upholstered
Furniture Fire Safety Regulations 1988 - A
Challenge to Fibres&dquo;.

Todd, N.W., and Ryan, J.D., &dquo;Better Codes via
Fire Technology&dquo;.

Batt, A.M. and Appleyard, P., &dquo;The Mechanism
and Performance of Combustion Modified
Flexible Foams in Small Scale Fire Tests&dquo;.



31-

Acknowledgment of Reviewers

The production of a volume of the
Journal of Fire Protection Engineering involves
a great deal of work by the authors, the editori-
al staff, and the individuals who review paper
submissions for technical correctness and clari-
ty of communication. Our first year of the
Journal of Fire Protection Engineering has been
a great success, and much of the credit goes to
the reviewers who work hard and generally
receive little recognition for their efforts. The
following is a list of the reviewers who con-
tributed to the Journal of Fire Protection
Engineering during 1989. They all deserve our
gratitude for their service to SFPE and its jour-
nal.

Craig Beyler
Editor

Kathy Almand, American Iron and Steel
Institute

Jonathan Barnett, Worcester Polytechnic
Institute

Horatio Bond

John Bryan, University of Maryland

Edward Budnick, Hughes Associates

William Christian, Underwriters
Laboratories

Arthur Cote, National Fire Protection
Association

Richard Custer, Worcester Polytechnic
Institute

Philip DiNenno, Hughes Associates

Dougal Drysdale, University of Edinburgh

Kenneth Dungan, Professional Loss Control

David Evans, National Institute for Standards
and Technology

Robert Fitzgerald, Worcester Polytechnic
Institute

Russell Fleming, National Fire Sprinkler
Association

Casey Grant, National Fire Protection
Association

Gunnar Heskestad, Factory Mutual Research
Corporation

H.C. Kung, Factory Mutual Research
Corporation

T.T. Lie, National Research Council of Canada

David Lucht, Worcester Polytechnic Institute

James Milke, University of Maryland

Wayne Moore, Mass Fire Alarm

Frederick Mower, University of Maryland

Harold Nelson, National Institute for
Standards and Technology

Jennifer Nelson, AT &T

James Quintiere, National Institute for
Standards and Technology

James Quiter, Rolf Jensen and Associates

J. Kenneth Richardson, National Research
Council of Canada

Brian Savalonis, Worcester Polytechnic
Institute

David Stroup, National Institute for
Standards and Technology

D. Sultan, National Research Council of
Canada

W.D. Walton, National Institute for Standards
and Technology

John Watts, Fire Safety Institute

David Yung, National Research Council of
Canada.



32

Journal o f Fire Protection Engineering

Subject Index
Volume I (1989)

Subject Page Ozone 131
Pallet storage 23

Air flow 1 Personnel evacuation 63
Air movement 63 Plumes 99
Airports 63 Plunge tests 23
Atriums 63 Pool fires 141
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Carbon monoxide 77 Radiative heat transfer 141
Ceilings 49 Ramp tests 23
Columns 121 Rate of rise tests 23
Compartment fires 11,99 Reinforced concretes 121
Concealed spaces 49 Response Time Index (RTI) 23
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