
The Chemistry of Flames 
Research in the field of combustion chemistry focuses mainly 

on the intermediate substances created as hydrocarbon fuels 

burn to produce carbon dioxide, water and trace pollutants 

The key discovery in the scientific 
effort to understand fire was made 
in 1774, when Antoine La urent 

Lavoisier recognized that the apparent 
disappearance of matter in flames is an 
ill usion. Instead, Lavoisier showed, an 
invisible component of the air (which he 
later named oxygen) reacts chemically 
with matter at high temperature, yield­
ing heat and a variety of combustion 
products. Today this concept defines a 
fuel: a substance that can participate in 
an exothermic (heat-releasing) chemical 
reaction with oxygen. 

Combustion science has taken on add­
ed significance in recent years, owing to 
increased p ublic awareness of the finite 
s upply of comparatively inexpensive 
fossil fuels and of the inj urious effects of 
some combustion prod ucts on the envi­
ronment and human health. With the 
aid of modern laboratory techniques it 
is possible to detect not only the end 
prod ucts of combustion processes but 
also many s ubstances that appear tran­
siently in the course of burning. As a 
result fire has come to be understood 
chemically. as an intricate network of 
molec ular events . The practical objec­
tive of this work remains what it was for 
prehistoric man: to learn how to b urn 
the cheapest available fuels as efficient­
ly, intensely and cleanly as possible. 

Some fuels, s uch as wood or camel 
d ung, are too complex 10 deal with in 
detail at the molecular level. Others, 
such as al uminum and ammonia, re­
q uire more energy to prod uce than they 
liberate when they burn, and so they 
are normally considered impractical as 
fuels. Comb ustion scientists are primar­
ily concerned with the fuels most often 
burned as energy sources: coal, petro­
leum prod ucts and natural gas. Such 
fuels are not p ure chemical substances. 
Coal, which is mainly composed of ele­
mental carbon, also has a variety of oth­
er components, both combustible and 
noncombustible. Petrole um fuels and 
natural gas are mixtures of hydrocar­
bons (compounds consisting of hydro­
gen and carbon in a roughly two-to-one 
ratio) with traces of other substances. In 
addition to these common fuels com-
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bustion chemists study special-p urpose 
fuels s uch as acetylene for welding 
torches, powdered metals for fireworks 
and hydrogen for rocket engines .  

Although fuels have the ability to 
burn, they rarely do so spontaneously. 
A mixture of acetylene and oxygen, for 
example, could be stored for hundreds 
of years with no perceptible reaction. 
If the mixture were to be exposed to a 
flame or a spark, however, it would det­
onate in a microsecond. The layman's 
explanation is simple: A fire has to be 
lighted first, and it will then sustain it­
self until either the fuel or the oxygen 
runs out or until it is extinguished .  The 
task of combustion science is to p ut the 
basic notions of ignition, propagation 
and extinction into precise chemical 
and physical terms. Doing so req uires 
more details than are provided by mere­
ly identifying [he overall chemical re­
action involved in a fire . 

The first combustion chemists be­
lieved temperature change alone 

would explain the phenomena of igni­
tion and propagation. They reasoned 
that the chemical reactions involved in 
combustion are simply too slow to be 
perceived at normal temperatures; if the 
ignition temperature is reached in one 
place, however, the rate at which the en­
suing chemical reaction releases heat 
becomes high enough to raise the tem­
perature in the adjacent region to the 
ignition temperature too. This inter­
pretation, which lumps all the chem­
istry into a single heat-releasing proc­
ess whose rate depends on temperature, 
begs the question of why such a temper­
ature dependence exists. Nevertheless, 
when the q uestion is framed in quantita­
tive terms, it does provide models that 
agree with experiments and are useful to 
engineers for designing combustion de­
vices. Such models explain how burning 
rates depend on temperature, but not 
why . That is because they. do not deal 
with the molecular events underlying 
the comb ustion process. 

Before proceeding further some defi­
nitions are needed. In combustion sci­
ence the term fire is generally applied to 

any accidental or deliberate combus­
tion event in the "real" world (that is, 
the world outside the laboratory). In 
s uch an event, say a forest fire or a fur­
nace fire, air is supplied and combus­
tion products and heat are removed 
by means of large-scale, unsteady flows. 
Flames are the subunits of fire. They 
in turn can be broken down into two 
classes: premixed flames, in which the 
fuel is mixed with oxygen prior to com­
bustion, and diffusion flames, in which 
the fuel and the oxygen meet in the com­
b ustion zone. 

Gasoline and air (which is about 20 
percent oxygen) mix in the carburetor of 
a conventional internal-combustion en­
gine and burn later (after compression 
and spark ignition in the cylinder) as a 
premixed flame. Vaporized wax and air 
meet above a candlewick to burn as 
a diffusion flame. Premixed flames and 
diffusion flames can be either turbulent 
or laminar, depending on the flow rates 
of the substances involved. Turbulent 
flow increases the burning rate and so is 
advantageous when fast combustion is 
desired. Laminar, or smooth, flow is eas­
ier to describe mathematically and is 
usually better suited for laboratory ex­
periments. In all the flames mentioned 
so far the fuel is in the form of a vapor 
before combustion begins. If it is not, 
then one is dealing with a more compli­
cated physical situation: either hetero­
geneous combustion, such as takes place 
at the s urface of a burning piece of coal, 
or a combined vaporization-combus­
tion process, such as takes place in a 
diesel engine or a jet-aircraft engine. 

Of all these types of flames only the 
laminar premixed flame offers the possi­
bility of cond ucting a quantitative study 
of chemical processes in spite of concur­
rent physical processes, in particular the 
diffusive movement of heat and matter.  
Even the comparatively simple reaction 
zone of a Bunsen-burner flame is not 
optimal for studying combustion chem­
istry, however; the flow pattern around 
such a flame is two-dimensional, which 
is one dimension more than can be dealt 
with in simple flow equations. More­
over, the reaction zone is very thin, so 
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LAMINAR DIFFUSION FLAME is stabilized with the aid of 
screens in this demonstration of the laser-probe technique, photo­
graphed by Fritz Goro at the Fire Research Center of the National 
Bureau of Standards. In a flame of this type the fuel and the oxidizer 

meet in the combustion zone; here the fuel is methane and the oxi­
dizer is air. A closeup view of the flame, showing the green fluores­
cence excited by the blue laser beam from large organic molecules 
that may be soot precursors, is shown at the top of the next page. 

111 

© 1982 SCIENTIFIC AMERICAN, INC



THIN GREEN LINE of fluorescing gas molecules excited by the passage of a blue laser beam 
through the reaction zone of a methane-air diffusion flame was captured by Goro in this close­
up photograph of the flame. The front stabilizing screen has been removed; the rear one is dim­
ly visible through the flame. The brass flame holder is approximately four centimeters long. 

STABILIZING SCREENS--�����;:����� 

FROM LASER 

BURNER 
TO SPECTROMETER 

FLUORESCENCE FROM FLAME can be analyzed by means of a spectrometer, as is shown 
in this schematic diagram of the experimental setup see� in the photograph on the preceding 
page. The methane fuel flows out of a slot in the middle of the burner; the fuel outlet is flanked 
by two laminar sheets of air flowing from channels along the sides of the burner. Com.bustion 
takes place in the two reaction zones at the interface of the fuel and the air. The laser beam is 
focused on the fuel side of reaction zone on near side of burner. The experiments on soot for­
mation at the Fire Research Center are being done by W. Gary Mallard and Kermit C. Smyth. 
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that it is difficult to do chemical analyses 
within the flame. For laboratory studies 
of the structure of flames a one-dimen­
sional flow pattern can be generated by 
replacing the tube of a Bunsen burner 
with a large, flat flame holder fitted with 
a porous plug. The reaction zone can 
then be stretched by reducing the pres­
sure of the fuel-oxidizer mixture to less 
than atmospheric pressure. 

In low-pressure premixed flames the 
course of the chemical reactions can 

be followed with suitable probes of the 
composition and the temperature of the 
gas in the combustion zone. Intrusive 
probes, such as quartz gas-sampling 
tubes and thermocouples, provide spa­
tially resolved information about com­
position and temperature at the cost of 
disturbing the flow, often significantly 
and in a way that is difficult to describe 
mathematically. Optical probes, such as 
laser beams, have the advantage that the 
flame itself is undisturbed and the disad­
vantage that the path of the light beam is 
bent by density gradients in the flame. A 
variety of flames have been probed by a 
variety of methods since the late 1950's, 
when the technology of generating sta­
ble, low-pressure flames was developed. 
These continuing studies have provided 
a chemical description of the changes 
that take place in flames .  

The variation in concentration of the 
molecular components in a flame as a 
function of distance from the burner can 
be represented by a set of graphs known 
as flame profiles. The mathematical 
analysis of such profiles, pioneered by 
Joseph O. Hirschfelder and Charles F. 
Curtiss of the University of Wisconsin 
at Madison in the 1950's, enables one to 
separate changes in molecular concen­
trations into two classes: changes r"esult­
ing from diffusion and changes resulting 
from chemical reactions. One can then 
derive net chemical-reaction rates for 
each substance found in the flame; the 
resulting set of reaction-rate profiles 
serves as the basic chemical description 
of the flame. Even before combustion 
chemists developed the techniques for 
getting reaction profiles reliably, how­
ever, they knew that no set of flame 
profiles, however complete, would suf­
fice to identify the molecular events re­
sponsible for the profiles .  They knew 
already that the diversity of Jrrolecular 
events was far greater than the number 
of flame profiles they could ever hope 
to compile . 

The molecules of most fuels have far 
too many atoms for combustion to 

proceed as a concerted event. Imagine 
the tangle that would arise if the eight 
carbon atoms and the 18 hydrogen at­
oms of an octane molecule (CSH1S) were 
to disengage from one another and com­
bine all at once with the surround­
ing molecules of diatomic oxygen (02), 
forming the new chemical bonds of car-
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TEMPERATURE ENERGY RELEASE 
FLAME CHEMICAL REACTION (DEGREES KELVIN) (JOULES PER GRAM) 

HYDROGEN-OXYGEN 2 H2 + 02 -> 2 H2O 3,100 24,000 

METHANE-OXYGEN CH. + 2 °2 -> CO2 + 2 H2O 3,000 10,000 

METHANE-AIR CH. + 2 02 -> CO2 + 2 H2O 2,200 2,700 

OCTANE-OXYGEN 2 CeH,e + 25 02 -> 16 CO2 + 18 H2O 3,100 9,900 

ACETYLENE-OXYGEN 2 C2H2 + 5°2 -> 4 CO2 + 2 H2O 3,300 11,800 

CYANOGEN-OXYGEN C2N2 + 02 -> 2 CO + N2 4,800 6,300 

PRODUCER GAS-AIR 2 CO + 4 H2 + 3 02 -> 2 CO2 + 4 H2O 2,400 4,100 

METHYLHYDRAZINE - NITROGEN TETROXIDE CH.N2 + N2O. -> 2 H20 + CO2 + 2 N2 3,000 7,500 

FLAME CONDITIONS depend on both the fuel and the oxidizer_ 
The temperatures listed for the chemical reactions in this table refer 
to flames burning at atmospheric pressure. At higher pressures the 
dissociation of the combustion products would be suppressed, lead­
ing to higher flame temperatures. The value given for the energy re­
leased by each reaction refers to the amount of energy liberated per 
gram of fuel and oxidizer together (including the inert components 

in the case of air) after the product gases have cooled back to ambient 
temperature. Hydrogen and cyanogen flames are important in the 
laboratory for high-temperature spectroscopic studies. Producer gas 
is a comparatively cheap fuel mixture prepared from coal and water. 
Methylhydrazine is burned with nitrogen tetroxide as the oxidizer in 
the attitude-control engines of the space shuttle; unlike most fuel-ox­
idizer combinations, these two substances ignite instantly on contact. 

bon dioxide (C02) and water (H20). No 
fuel burns that way. Instead the break­
down of fuel molecules and the forma­
tion of combustion products proceed in 
long sequences of steps; each step in­
volves only a small rearrangement of 
chemical bonds. 

A step of this type is termed an ele­
mentary reaction; the various molecules 
created along the way are called reactive 
intermed iates, and the set of all elemen­
tary reactions that together account for 
the net chemical transformation is the 
reaction mechanism. The equation de­
scribing the overall chemical reaction 
that takes place in a flame gives no hint 
of what the individual molecular chang­
es are; the equations describing elemen­
tary reactions, however, do represent 
real chemical events at the molecular 
level. Only when all the important ele­
mentary reactions are known can the 
path from fuel to combustion products 
be accurately described in terms of the 
rearrangements of atoms in molecules. 

Discovering the elementary reactions 
is the key to understanding how com­
bustion proceeds. In order to get this 
key, however, it is not enough to identify 
particular elementary reactions as pos­
sible chemical events. One must also 
know what the probability is that the 
molecules concerned will indeed react 
when their paths cross, since most of 
their encounters do not lead to a chemi­
cal reaction. That probability turns out 
to depend on the relative speed with 
which the molecules collide. Usually the 
more violent the collision, the more like­
ly it is to lead to a chemical reaction. 
Since both the frequency and the speed 
of molecular encounters depend on 
the temperature of the gas, the reaction 
probability increases, often quite sharp­
ly, with increasing temperature. 

The study of reaction probabilities 
and their dependence on tempera­

ture falls into the area of chemical kinet-

ics, a field in which it is the custom to 
express such probabilities in terms of 
the temperature-dependent proportion­
ality constants called rate coefficients. 
The reaction rate is the rate coefficient 
multiplied by the concentration of each 
of the reactant molecules. Since the tem­
perature-dependent values of the rate 
coefficients of most flame reactions have 
not been measured for the temperature 
range of flames, extrapolations are usu­
ally required. Fortunately the theory of 
rate coefficients has been thoroughly 
tested and is (with minor reservations) 
reliable enough for accurate extrapola­
tions to be made. 

The goals of combustion chemistry 
are therefore to identify the elementary 
reactions of a flame, to determine the 
rate coefficient of each reaction as a 
function of temperature and to assem­
ble this information into flame models 
that provide testable predictions. To ar­
rive at such predictions one employs 
computer programs in which the equa­
tions describing the diffusive and reac­
tive rates of change in concentration of 
all the molecules in the flame are com­
bined with the equations describing the 
flow of the reacting gases. 

In searching for the elementary reac­
tions of flames combustion chemists 
knew in advance the kinds of reaction 
they would have to identify. Early in 
this century it was recognized that the 
intermediate substances participating in 
most chemical reactions are present in 
extremely small amounts that are usual­
ly undetectable. This is particularly true 
when the intermediates are highly reac­
tive compared with the other molecules 
present and when they enter readily into 
elementary reactions that produce other. 
reactive intermediates. An example that 
proves to be very important in flame 
chemistry is the elementary reaction 
that converts carbon monoxide into car­
bon dioxide: CO + OH - CO2 + H. The 
reactive intermediate entering into the 

elementary reaction, the hydroxyl radi­
cal (OH), yields another reactive inter­
mediate, atomic hydrogen (H),  with the 
result that there is no change in the num­
ber of intermediates. (The term radical 
is used by chemists to denote reactive 
fragments of molecules.) 

The hydrogen atom subsequently par­
ticipates in other elementary reactions, 
some of which may in turn yield a hy­
droxyl radical, making it possible for the 
reaction with carbon monoxide to re­
cur. Because of the repetition of the 
same molecular events this kind of re­
action mechanism is called a chain reac­
tion; the elementary reactions are called 
chain-propagating steps, and the atoms 
and radicals that participate in the prop­
agation of the chain are called chain 
centers. A very small number of chain 
centers can lead to a large amount of 
chemical reaction. 

Chain-propagating steps alone are in­
sufficient to account for flames. It 

was recognized in the 1930's that chain­
initiating, chain-terminating and chain­
branching steps are also necessary. The 
1956 Nobel prize in chemistry was 
awarded jointly to Cyril N. Hinshel­
wood of the University of Oxford and 
N ikolai N. Semenov of the Institute of 
Chemical Physics in Moscow for their 
leading roles in showing how the main 
features of oxidation reactions could be 
explained in terms of branched-chain 
reaction mechanisms. (At the time of 
their research chemists had only provi­
sional ideas about what the actual ele­
mentary reactions might be and almost 
no information at all about the values of 
the rate coefficients.)  

A chain-initiating step is an elementa­
ry reaction in which one or two normal­
ly stable molecules react to form one or 
two chain centers. An example is the re­
action C3HS - C2HS + CH3, in which 
the stable molecule propane (C3Hs) de­
composes spontaneously, when it is 
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raised to a high energy by collisions 
with other molecules in a hot gas, to 
form the two radicals C2H5 and CH3, 
each of which can in turn serve as a 
chain center. 

A chain-terminating step is an ele­
mentary reaction that has the opposite 
effect. For example, in the reaction H + 
OH + N2 � H20 + N2 two chain cen­
ters, a hydrogen atom and a hydroxyl 
radical, simultaneously encounter the 
chemically stable molecule nitrogen 
(N2) to form another chemically stable 
molecule: water. Here the nitrogen mol­
ec ule acts as a kind of chaperon, absorb­
ing some of the energy that is liberated 
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when the new chemical bond of the wa­
ter molecule is formed. 

The distinctive chemical feature of 
flames, however, is the participation of 
chain-branching steps: elementary reac­
tions in which the number of chain cen­
ters increases from one to two or per­
haps even three. The most important 
chain-branching reaction is H + 02 � 

o + OH, in which atomic hydrogen re­
acts with molecular oxygen to yield 
atomic oxygen and a hydroxyl radical. 

This much basic theory has been 
known for half a century. To develop 
it into a detailed description of flame 
chemistry, however, two more factors 
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SAMPLING PROBE is used to follow the progress of combustion reactions in flames burning 
at low pressure. The rapid expansion of the gas entering the cone-shaped probe has a cooling 
effect that "freezes" the flame reactions. Accordingly the gas sample taken through the probe 
can be analyzed outside the reaction zone by conventional analytic methods, such as the mass 
spectrometer employed in this apparatus, devised by Joan C. Biordi, Charles P. Lazzara and 
John Papp at the U.S. Bureau of Mines Research Center in Pittsburgh. For obtaining flame pro­
files of substances too reactive to survive such a probing process, optical methods are required. 
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were needed. The first was a set of prac­
tical mathematical procedures to find 
the combined effects of all the elemen­
tary reactions on observable chemical 
and physical properties. Expressing the 
physical processes of diffusion, heat 
conduction, chemical reaction and flow 
in mathematical form was only the start; 
the resulting simultaneous differential 
equations present two difficulties, one 
obvious and the other subtle. 

The obvious difficulty is that an exact 
description of diffusion and heat con­
duction requires that one provide the 
values for certain parameters (called 
multicomponent transport coefficients). 
that cannot be measured in the laborato­
ry. Approximate descriptions of them 
can be made only by relying on assump­
tions of questionable accuracy. For­
tunately recent computer-modeling re­
search has shown that approximations 
made in describing diffusion and heat 
conduction have only minor effects on 
the res ults. 

The subtle difficulty is that the differ­
ential equations have a property called 
stiffness, which means that some of the 
concentration variables are held to near­
ly constant values by very rapid reac­
tions, while others change. The effect of 
this factor is to require intolerably long 
computer time if the set of simultaneous 
differential equations is to be solved nu­
merically on a digital computer by stan­
dard methods. Special computer tech­
niques for dealing with stiff differential 
equations were developed in the 1970's, 
most of them based on pioneering re­
search by Charles W. Gear of the Uni­
versity of Illinois at Urbana. The advent 
of stiffly stable numerical techniques 
made it feasible to model one-dimen­
sional flames, taking detailed account of 
the flame chemistry, on large digital 
computers. 

Acomputer simulation is only as 
good as its input data, in this case 

the rate coefficients for all the elementa­
ry reactions. Since flames themselves 
are too complex to define these coeffi­
cients, one must find them in less com­
plex environments. Hence the second re­
quirement was to measure the rate co­
efficients of the elementary reactions 
experimentally. How? 

In spite of the world's reliance on gas­
phase combustion for energy, scientists 
studying gas reactions (gas kineticists) 
epitomize "small science": small groups 
(sometimes as small as one person work­
ing alone) with small laboratories and 
small budgets, scattered over the globe, 
meeting one another personally mostly 
at the fringes of scientific gatherings 
whose main purpose requires some in­
put of basic gas kinetics. When the the­
ory of flame reactions was first being 
developed, gas kineticists studied ox­
idation reactions in glass bulbs, where 
the reactions could be made to proceed 
slowly by maintaining lower tempera-
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SCIENCE/SCOPE 

The first carbon-dioxide laser range finder developed-in the U.S. for tactical 
military use offers several advantages over existing solid-state lasers to im­
prove the first-round accuracy of tank gunners. The new laser, being developed 
at Hughes for the Army's Ml main battle tank, will penetrate battlefield smoke 
and dust much better. Because the laser is harmless to the human eye and 
requires minimal safety restrictions to be operated, gunners will have more 
training time than they do with the solid-state unit and will become more 
proficient. The Army is evaluating an advanced development model. 

A new adaptive radar, using technology that could be applied in the future to 
many different weapon control systems, has completed feasibility tests. The 
radar, called FLEXAR ( Flexible Adaptive Radar) , uses a multimode transmitter and 
a programmable signal processor that are now in production, plus a new light­
weight, low-cost electronically-scanned antenna. The antenna rotates once each 
second while the beam electronically scans up and down and back and forth. 
Waveforms are selected automatically to match the environment. Such flexibility 
enables the radar to adapt its waveform beamwidth and scan rate as needed to 
acquire and track targets. Hughes developed FLEXAR for the U.S. Navy. 

Besides taking pictures of clouds every 30 minutes, a new satellite provides 
meteorologists with other important information. The GOES-5 spacecraft relays 
data from more than 1,500 stations that monitor sea ice conditions and water and 
snow distribution in remote areas, providing flood warning, among other ser­
vices. It also measures solar winds and detects solar flares and fluctuations 
in the earth's magnetic field. This data, besides being useful in weather pre­
dictions, is used in communications and electrical power distribution. GOES-5 
is the second of three Geostationary Operational Environmental Satellites built 
by Hughes for the National Oceanic and Atmospheric Administration. 

Hu hes I ndustrial E lectronics G rou offers the advanta es and opportunities of a 
small company backed by the resources of a 2-billion company. Our facilities 
are in the So uthern California communities of Carlsbad, Irvine, Newport Beach, 
Torrance, and Sylmar. Our programs incorporate 34 different technologies. They 
include silicon and GaAs semiconductor technologies, fiber optics, microwave and 
millimeter-wave communications, microprocessors, lasers, and solar cells. Send 
resume to B.E. Price, Hughes Industrial Electronics Group, Professional Employ­
ment, Dept. SSA, P.O. Box 2999, Torrance, CA 90509. Equal opportunity employer. 

B etter and timelier weather forecasts will be possible when a microwave sensor 
is launched aboard a military satellite in the mid-1980s. The instrument will 
tell how hard rain is falling in a specific area rather than simply how much has 
fallen over a wide area within 24 hours. It also will determine wind speed, 
atmospheric water content, soil moisture, and sea ice conditions. Because the 
satellite will follow a low polar orbit, the sensor will gather important data 
on the little-studied polar regions and oceans. Hughes will soon deliver the 
prototype Special Sensor Microwave/ Imager to the U.S. Air Force. 

Creating a new world with electronics r------------------, 
I I 

: HUGHES: 
I I 
L __________________ J 
HUGHES AIRCRAFT COMPANY CULVER CITY. CALIFORNIA 90230 
(213) 670-1515 EXTENSION 5964 

© 1982 SCIENTIFIC AMERICAN, INC



t prices 
L t,VeS 1 �rsOIl(l oil t rs Cotllpu e 

ATARI® 400.�. 359 
Alarl630 Acoustic Modern ............ 5159 
Alari 625 60 Col.lmpt. Plr .... .... . . . . . . . 5569 Atorl16KIRom Mem Mod . . . . . . . . . • • • • •  579 Atorl410 Prog. Recorder • . • • • . . . • . . . . .  569 Atorl610 Disk Drive . . . . . . . . . . . . . .  : ... $439 (hP.) HEWLE ...... ' .. . 

HP-85.······· 
� .. 

•', .. 

New HP-125 CP/M'" based. 
$2,589 

HP·83 
$1600 

HP .. S5 Accessories 
5'1. Dual Master Disk Drive list S2500' 

... 52025 
5'1. Single Master Disk Drive List Sl500 .. . 51275 

. HP-65 Application pecs standard List $95 ... 585 . 
Serial (RS232C) Interface Mod. List $395 ... 5355 
GP10 InterfaceMgdule List $495 . . . "' ..... 5�89 

HP.41CVwith five times 
more memory 

built in. 
List $325 
$249 
Hp·41C 
List $250 
$189 

HP-41CV Printer List S385 • , ... , .. , 528 9 _00 
HP-41CV �od Mem . . • • • . • • • • • • • • •  .$83.95 
HP-41CVCOrdReader . . . . • • • • • • . . .  5167,95 
HP-12C .......................... 5127.00 
HP-llC . . • • • • . . . . . .  ' . • • • • • • • • • • . . . .  5115.00 
HP-33C • • . . • • • • • • • • • • . . . . . . • • • • • • • .  574.95 
HP-34C ........................... 5117.95 

"Pc:��uter .. Systems 
CIIC Box1073 

116 

Syracuse, N.Y. 13201 
(800) 448-5259 
In N.Y. coli: (315) 475-6800 
Prices do not include shipping by UPS. 

All prices and offers 
subject to change without notic,1' . 

tures and pressures than normally pre­
vail in flames. As the result of long years 
of painstaking work it became possible 
to identify a large number of elementa­
ry reactions in this way and to deduce 
rate coefficients for them. Virtually all 
this effort, however, bypassed the cen­
tral chain reactions, because they are 
too fast to be studied by such methods. 

The development of sophisticated 
laboratory techniques has made it possi­
ble to study even the fastest elementary 
reactions. No single experimental tech­
nique and no single laboratory has dom­
inated the field; the new knowledge of 
elementary combustion reactions was 
generated by many investigators, work­
ing with various techniques. To give the 
flavor of this research I shall describe 
three experiments based on three tech­
niques that have been responsible for 
major contributions. The set of three el­
ementary reactions studied in these ex­
periments constitutes the main chain re­
action of the hydrogen-oxygen flame. 

A shock wave traversing a gas heats 
it rapidly. The temperature can jump 
thousands of degrees Kelvin in a bil­
lionth of a second. In a shock tube, 

a laboratory device in which shock 
waves of controlled strength are passed 
through a test gas, chemical reactions 
resulting from shock heating can be 
monitored by fast analytical methods. 
In 1966 David Gutman and Garry L. 
Schott of the Los Alamos Scientific Lab­
oratory used a shock tube to generate 
shock-heated mixtures of hydrogen and 
oxygen that were highly diluted with the 
chemically inert gas argon in order to 
maintain a constant temperature during 
the reaction. The growth of the chain 
centers could be followed by fluores­
cence spectroscopy on a time scale of 
microseconds. 

Gutman and Schott provided an ana­
lytical probe by adding to the test gas 
some carbon monoxide, which emits a 
blue luminescence with an intensity pro­
portional to the concentration of oxygen 
atoms present. The rate at which the 
intensity of the luminescence increased 
was extrapolated to an 02-to-H2 ratio of 
zero, where the rate of chain branching 
would be governed exclusively by the 
rate of the reaction H + O2 � OH + O. 
The result was a determination over the 
temperature range from 1,100 to 1,700 
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RELATIVE CONCENTRATION 

COMPUTED FLAME PROFILES (clines) can be compared with laboratory measurements 
(data points) for low-pressure laminar flames. The profiles shown here were computed by Jiir­
gen Warnatz of the Technical University in Darmstadt for a reaction mechanism with S8 ele­
mentary reactions, taking into account the diffusion of all 20 substances involved in the overall 
reaction. The experimental data, for an ethane-oxygen flame burning at one-tenth atmospher­
ic pressure, were obtained by Robert M. Fristrom, William H. Avery and C. Grunfelder of Johns 
Hopkins University. Laser analyses of similar flames by James H. Bechtel and his co-workers 
at the General 'Motors Research Laboratory have confirmed the mass-spectrometer profiles. 
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degrees K. of the rate coefficient of 
the elementary reaction responsible for 
chain branching in hydrogen-oxygen 
flames. 

Deactive atoms can be made at low 
R temperatures by decomposing mol­
ecules in electric discharges. Fast reac­
tions of atoms produced in this way can 
be studied by mixing them with other 
gases and flowing the mixture rapidly 
past an observation station downstream. 
In 1968 Arthur A. Westenberg and 
Newman deHaas of the Johns Hopkins 
University Applied Physics Laboratory 
made a small amount of atomic oxygen 
in a microwave discharge of molecular 
oxygen diluted with the inert gas heli­
um. The m ixture of atomic oxygen and 
helium was added to a stream of hydro­
gen flowing down a tube maintained at 
a desired reaction temperature. Down­
stream from the mixing point the loss of 
oxygen atoms due to reaction with hy­
drogen molec ules was measured with 
an electron-spin-resonance spectrome­
ter. The result was a determination over 
the temperature range from 500 to 900 
degrees K. of the rate coefficient of the 
second elementary reaction of hydro­
gen-oxygen flames, namely 0 + H2 -
OH + H. 

Another way to decompose stable 
molec ules is with ultraviolet radiation. 
In 1980 Frank P. Tully and Akkihebbal 
R. Ravishankara of the Georgia Insti­
tute of Technology developed an appa­
ratus in which a small amount of water 
vapor in hydrogen at a desired reaction 
temperature could be irradiated with an 
intense flash of ultraviolet radiation. 
The hydroxyl radicals created by the 
flash could then react with the hydrogen 
molecules in the third elementary re­
action of the hydrogen-oxygen flame, 
namely OH + H2 � H20 + H. The de­
cay in the concentration of OH was fol­
lowed by ultraviolet analytical spectros­
copy. The result was a determination 
of the rate coefficient of this reaction 
over the temperature range from 500 
to 1,000 degrees K. 

Dozens of experiments such as these 
have collectively provided chemists 
with a set of rate coefficients for the ele­
mentary reactions of the hydrogen-oxy­
gen flame, thereby making it possible to 
model these flames accurately on a com­
puter. In addition to the three elemen­
tary reactions discussed above some 20 
more, mostly concerned with the roles 
of the secondary intermediates hydro­
gen peroxide (H202), the hydroperoxyl 
radical (H02) and ozone (03), can be 
included to construct models that de­
scribe even the minor details of the hy­
drogen-oxygen reaction. 

Hydrogen-oxygen flames are scientifi­
cally interesting as prototype combus­
tion processes, but their only applica­
tion outside the laboratory is in rocket 
engines. Practical flames burn hydrocar­
bons. What is known about them? 

." ......................... - ... 
: i Sgeak Suanish � 
I like a iliplomat! I • 

What sort of people need to learn a Course comes In two volumes. You may • • foreign language as quickly and effec- order one or both courses: I • tively as possible? Foreign Service per- 0 Volume I. Basic. • • sonnel. that's who. Members of America's (12 cassettes. 17 hours). Instructor's • diplomatic corps are assigned to U.S. manual and 464-page text. $115.00 • embassies abroad. where they must be 0 Volume II. Intermediate. • • able to converse fluently in every (8 cassettes. 11 V2 hours). instructor's • 
situation. manual and 614 pa�e text. $98 • 

Now you can learn to speak Latin (Conn. and N.Y. residents add sales tax.) • • American Spanish just as these diplo- Overseas shipment by airmail only .• • matic personnel do-with the Foreign Add $20 for Vol. I, $38 for both volumes .• • Service Institute's ProgrammatiC Spanish Your cassettes are shipped to you in • Course. 
The U.S Department of State has spent handsome library binders. • 

tens of thousallds of dollars developing TO ORDER. JUST CLIP THIS AD and • • this course. It's by far the most effective mail with your name and address and a • • way to learn Spanish at your own con- check or money order. Or. charge to youf • 
venience and at your own pace. credit card (American Express. VISA. • 

The Programmatic Spanish Course MasterCard. Diners Club) by enclosing • • 
consists of a series of tape cassettes and card number. expiration date. and your . • an accompanying textbook. You simply Signature. • follow the spoken and written instruc- The Foreign Service Institute's Spanish • 
tions. listening and repeating. By the end course is unconditionally guaranteed .• • of the course you'lI find yourself learning Try it for three weeks. If you're not con- • • and speaking entirely in Spanish! vi need it's the fastest. easiest. most pain- • 

This course turns your cassette player less way to learn Spanish. return it and • 
into a "teaching machine". With its we'lI refund every penny you paid' Order • • unique "programmatic" learning method. today! • • you set your own pace-testing yourself. Many other FSl language courses also . 
correcting errors. reinforcing accurate available. Write us. I responses. Audio-Forum SPANISH • 

• The FSl's Programmatic Spanish Suite 145 • 
• On the Green, • aUDI"...�"..ftl Im® GUilford, CT. 06437 ... ,.... I , .. P"RW' (203) 453·9794 _ � 

� ....................... -.. � 

This is the one they're talking about. 

to carry 

preferred by 
pros because it 
hotds everything .. 
conveniently 

main compartment 
tall enough for 300mm lens 
wide enough for 500mm lens 

The Original Domke Bag: 
Order Direct Today! 

J.G. Domke, P.O. Box 411 
Lansdowne, PA 19050 

o Visa 0 Mastercharge (interbank # _____ _ 

Order toll free: 800-345-8163 
Penna. residents call 215/622-1130 

Please rush me the no hassle 
Original Domke Bag. Available in: 
o Dark Brown 0 Sand 0 Navy 

Acct. No. 

Signature 

Name 

Address 

Exp. Date 

(please print) 

$74.95 with padded insert. "'Ci"""ty----------------Add $3 . 00 for postage and handling. 
State Zip 8-2 

117 

© 1982 SCIENTIFIC AMERICAN, INC



A current chemical description of a 
hydrocarbon flame would resemble a 
book with an almost complete introduc­
tion (the reactions of the fuel molecules 
themselves) a complete last chapter (the 
oxidation of H2 and CO) and only frag­
ments of everything in between. The 
number of chapters in the book would 
increase with the number of carbon at­
oms in the fuel molecules, except that 
the simplest fuels, those with one or two 
carbon atoms, share common reaction 
pathways and therefore have the same 

combustion mechanism. Chapter head­
ings could be taken from the fuels and 
the known intermediates: CH4, CHa, 
CH2, CH, C2Hs, C2H5, C2H4, C2Ha, 
C2H2, C2H, CHaO, CH20, CHO, 
C2H40, C2HaO, C2H20 . . . . 

speeds, shock-tube ignition meilsure­
ments, flow-reactor molecular-concen­
tration profiles and so on. Even for the 
smallest hydrocarbons, however, the list 
of elementary reactions considered im­
portant for one reason or another soon 
has more than 100 entries, and the only 
way to keep track of the process is with 
the aid of flow diagrams. 

Trial models of hydrocarbon flames 
are made by combining the elemen­
tary reactions an investigator feels are 
important, employing both measured 
and estimated rate coefficients. They 
are then tested against a variety of ex­
perimental facts: flame-propagation 

The details of hydrocarbon-flame 
models are still in dispute, but many 
general features are clear. First, most 
of the elementary reactions are types 

BURST DIAPHRAGM 

t: �r;::::=rl ====F=b= :>===il��, ==*=��� 
DRLVER GAS TEST GAS 

SHOCK-TUBE EXPERIMENTS are carried out by heating a test 
gas with a shock wave passing down a long tube and then observing 
the ensuing reaction in the hot test gas. The apparatus shown was 
used by David Gutman and Garry L Schott of the Los Alamos Scien­
tific Laboratory in 1966 to determine the rate coefficient of the reac­
tion H + 02-0H + O. The test gas was a mixture of diatomic mol� 
ecules-hydrogen (H2), oxygen (02) and carbon monoxide (CO)­
highly diluted in the inert gas argon. The shock wave was generated 
by bursting the thin metal diaphragm separating the high-pressure 

ATOMIC OXYGEN AND HELIUM 

driver gas (in this case H2) from the low-pressure test gas. The chem­
ical reaction began when the shock wave was reflected from the end 
wall of the tube, heating the test gas in a billionth of a second to the 
reaction temperature. The intensity of the luminescence from the 
CO + 0 reaction, which is proportional to the concentration of oxy­
gen atoms in the test gas, was recorded by a photomultiplier tube 
through a window in the end wall of the shock tube. The rate of the 
chemical reaction, measured on a scale of microseconds, was de­
duced from the rate of increase in the intensity of the luminescence. 
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HYDROGEN STREAM MOVABLE INJECTOR 

DISCHARGE-FLOW EXPERIMENTS make it possible to study 
fast reactions by streaming the reacting gas at high speed past a fixed 
observation point. In this experiment, done in 1968 by Arthur A. 
Westenberg and Newman deHaas of Johns Hopkins, atomic oxygen 
was generated in a microwave discharge and was mixed with molec-

TEST GAS 

CQ O 
SOURCE LAMP FOR 
RESONANCE RADIATION 

FLASH-PHOTOL YSIS EXPERIMENTS are done by initiating the 
reaction with an intense flash of ultraviolet radiation. The apparatus 
depicted here was used by Frank P. Tully and Akkihebbal R. Ravi­
shankara of the Georgia Institute of Technology in a 1980 study of 
the reaction OH + H2- H20 + H. Hydroxyl radicals (OH) were ob-
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HEATING COILS 

ular hydrogen flowing through a heated tube. The rate coefficient 
of the reaction 0 + H2-OH + H was determined by measuring the 
concentrations of the reactants and the products with the aid of an 
electron-spin-resonance spectrometer situated downstream from the 
mixing point. Measurements were also made by mass spectrometry. 

< O c;TI 
FLASH LAMP TO DISSOCIATE 
WATER VAPOR IN TEST GAS 

tained by the photodissociation of a trace of water vapor inside the 
heated reaction cell by means of a secondary flash lamp (right). The 
reaction rate was determined by monitoring the intensity of the fluo­
rescence from a small fraction of the hydroxyl radicals that had been 
excited to a radiating energy state by the primary flash lamp (le/t). 
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GIANT GOURMET MU 
LIKE THESE INDOORS 
YEAR 'ROUND' 

the majestic Shiitake mushroom - revered 
by gourmets tor its flavor, revered in 

the Orient as the Elixir-ot-Lite 

Like most Am.ericans, I love mushrooms. 
Mushrooms on steak" . i n  an omelet-.stuffed 
mushrooms".as part of my salad" .mushroom 
gravy-you name it, I eat 'em up. 
When I can afford III 

With the price of mushrooms mushrooming 
to over $2 a pound for the small button type­
when you can find them-and the fancy dried 
i m ported k i nd !;I0ing for $20-$40 a pound and 
more, I th ink tWice before indulging myself. Is it 
any wonder that I 've even tried growi ng them 
myself? What I got for my labors was a handful 
of tiny buttons, along with some nasty comments 
and dirty looks from my neighbors. (Our 
American or "button" mushrooms require large 
amou nts of manure to grow.) 

A TASTE EXPERIENCE 

Do I love my food? Let's just say that I very 
seldom miss a meal . Recenlly, on a business trip 
to Cal ifornia, I was treated to a business lunch 
at an absolutely delightful restaurant i n  Beverly 
H i lls. Of course I ordered a mush room salad. 
It was incredible! I had never tasted anything l ike 
it before. Not even the imported mushrooms 
came close. I can only describe the flavor as 
being somewhere between fi let mignon and 
lobster! I not only ate my salad, I ordered two 
m o re t o  boot.  In fact I a l m o st O D'd on 
mushroom salad! 

THEY ARE CALLED SHI ITAKE'S 
That was my introduction to the Shi itake 

Mushroom. Let me tell you, I did not leave that 
restaurant without learning their source. I 
discovered they were being raised in very l imited 
supply by a Chi nese American botan ist, Dr. 
Henry Mee. I called Dr. Mee thinking I could tote 
a few pounds home with me. He most graciously 
i nvited me out to his faci l it ies. I went to buy 
mushrooms, but i nstead, received an education. 

ELIXIR OF LIFE 
The first Shi itake spawned during the m isty 

era of a hundred m i l l ion years ago. Early Chinese 
sages attributed great powers to the Shi itake 
and it was often called the Emperor's Food. In 
ancient China and Japan, it was eaten by royalty 

by Hal Taub (At Lovin ' Spoonful, I 'm Chief Cook & Bottle Washer) 
to fend off old age, revered as an aphrodisiac an extraordinary taste sensation."a gravy into 
and fought over by Japanese warriors who a nectar for the gods. And spaghetti; let me tel l  
fiercely guarded the growing sites. you about my spaghetti .  I serve it with a mush-

In their natural habitat, it takes two years to room meat sauce that is truly memorable! 
bring a Shi itake crop to harvest. They grow on My guests Insist that Julia Child had come In to 
oak logs in the remote mountain forests of cook for me! 
Japan. After 25 years of study and labor D r. Mee AM I SELFISH? 
has developed a method that cuts the time down 
to 45 dars' He now produces some 100 pounds 
daily, 0 which the entire crop is taken by a 
relatively small handful of gourmet restaurants 
and shops. 

MORE THAN I BARGAINED FOR 

Rather than sel l  me a few pounds of mush­
rooms, Dr. Mee suggested I grow my own. He 
had perfected his process to the point where he 
claimed anyone who could water a house plant 
c o u l d  e n j o y  f r e s h ,  l u s c i o u s  " S h i i t a k e "  
m ush rooms. Si mply stated, h e  simulates their 
natural habitat by producing a "log" fabricated 
of 1 00% sterilized organic plant material, with 
nothing artificial, and no chemicals added. The 
log is then innoculated with pure culture of the 
"Shi itake" mushroom spore" .and then cured or 
"aged" to hasten fruition under home envi ron­
ment with the addition of nothing but water. 
When Dr. Mee said I would not require any 
manure or ferti l izer of any kind, I decided to give 
it a try. 

SIMPLE AS A.B,C. 

The i nstructions were simple. Start by soaking 
the log in water for 24 hours. Then simply place 
the tree i n  its- own wooden planter-stand and set 
on a foam rubber pad, which is supplied with 
each log and acts as a moisture "reservoir". After 
that just mist it once a day. And, unl ike buttons, 
Shiitakes th rive i n  daylight. 

INCREDI BLE RESULTS 

In only 5 days I actually saw mushrooms start 
budding, 10 days later I picked my first giant 
Shi itake. One month later I had enough for not 
only myself but my friends as wel l .  What's more, 
D r. Mee has informed me that I can expect the 
log to keep prod ucing for the next 10 to 1 2  
months. I f  you're growing more mushrooms 
than you can use, simply store the tree i n  the frig 
(or outdoors if the weather is cool)  and it wi l l  
stop growing. When you want more mushrooms, 
just place it at room tem perature and it will start 
producing. 

N UTRITION 

With a virtually unl im ited supply of my favorite 
food I've become something of an expert. 
Mush rooms are nature's unique low cal fat-free 
food. One pound contains fewer calories than a 
single apple! Shi itake mushrooms have more 
than twice as much protein and fiber as common 
button mushrooms, al most 3 ti mes the minerals. 
Calcium, Phosphorous and Iron are present in 
large q uantities, as are high levels of B Vitamins 
and Vitamin 02. 

A FEAST 

All of this nutrition stuff is great. But the eati ng . 
is even better! One ounce of Shi itake wil l  equal 
the flavor of an entire pound of buttons. They are 
super meaty, super mush roomy in taste, succu­
lent, heady and 1 00% edible from cap to stem. 

One of two sl ices turn an ord i nary pot roast 
i nto a gou rmet delicacy".an ord inary salad i nto 

My friends (and my wife) have accused me of 
being selfish. I admit to being somewhat of a 
m iser when it came to sharing my mushroom 
crop. It seems every time I gave my friends a 
super-size Shi itake, they would come back and 
pester me for more. I finally had to ask D r. Mee 
for additional mushroom 10!;ls to save my san ity 
and several val ued friendsh i ps. 

Dr. Mee is now producing a l i mited n u m ber of 
S h i i t a k e  M u s h ro o m  Log k i ts .  We at t h e  
Lovin' Spoonful are fortunate in bei ng chosen 
to i ntroduce it to the general pu blic.  As a 
measure of our enthusiasm and our confidence 
we offer it to you at our risk. If  the Sh iitake 
is not every bit as delicious as we claim, or for 
any reason, you are not satisfied with the 
production of the log, return it for a full  refund 
of purchase price. The cost is only $1 9.95, 
complete with everything you need to grow a 
bumper crop. We also include a selection of 
fabulous mushroom recipes. I guarantee it wi l l  
be the most delicious investment you wil l  have 
ever made. 

To order use our coupon. Even better, use 
your credit card and our handy tol l  free "800" 
number. Remember you are under no obl igation. 
Order today! 

_--- ORDER TOLL-FREE ------, 
Call 800-228-2606 Operator 1 52 
In Nebraska call 800-642-8777 
Our telephone lines are open 

24 hours a day, 7 days a week 

onn TM Dept. 1 52 
�-�:-- ------ --l 

, r���J 28 Durham Dr. ,  �� Dix H i l ls, NY 1 1 746 

I 
, 
I 
I 
, 
, 
, 

Okay, Hal, tasting is believing! Please send 
.,..,.,,...,.,---,_ Shiitake Mushroom Log(s) @ $19.95, plus $2.00 postage and handling. 
I understand that I am under no obligation 
and if for any reason I am not salisfied with 
my Shi itake Mushroom Log I can return it 
within 60 days for a full refund of purchase 
price. 
USE YOUR CREDIT CARD 
D American Express D Diners Club 0 Visa 

Master Charge Exp. Date __ _ 

Charge 8 _________ _ 

, 
Signature _________ _ , (Please Print) : 

' NAME __________________ __ I ADDRESS ----------------
I CITY ___________ __ 

I STATE Z I P  , N. Y. residents add sales
-

ta
-
x

-
. 

----

L _ _  �h��a��� I� �o _ _  .-J 
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ELEMENTARY REACTIONS of a hydrogen flame involve the intermediate substances H, 
o and OH. This set of reactions exhibits a typical "chain branching" effect: for each hydrogen 
atom entering the sequence three hydrogen atoms are generated. This phenomenon is what 
gives combustion reactions their explosive speed. The rate coefficients of all these reactions 
have been measured. At low temperatures and high pressures there are other reactions that pro­
duce and consume hydrogen peroxide (H20 2), the hydroperoxyl radical (H0 2) and ozone (0 3), 

ACETYLENE 

0 " 0  

C,H 
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CO 

CARBON 

OXYGEN 

o HYDROGEN 

HYDROCARBONS BURN by a complex network of com bustion routes involving so many 
elementary reactions that a flow diagram is needed to keep track of the overall course of the 
reaction mechanism. This comparatively simple flow diagram shows the major transforma­
tions that take place in the combustion of the small hydrocarbons methane (CH 4), ethane 
(C 2H6) and ethylene (C2H 4). The intermediates 0, H, H2 and OH and the combustion prod­
ucts CO2 and H 20 are omitted from the diagram for the sake of clarity. Also not shown are 
the further reactions of acetylene (C2H2) and the reactions of the intermediate hydrocarbons 
C 2H, C2H3 and CH2, some of which lead to the formation of larger hydrocarbons and soot. 

1 20 

long known in chemical kinetics. Atom­
transfer reactions such as OH + C2HS -
H20 + C2H5 constitute the main attack 
on hydrocarbon fuels. Larger fuel mole­
cules, however, usually do not reach 
the reaction zone intact, because they 
are decomposed by heat faster than 
they diffuse . The commonest type o f  
decomposition involves the loss of two 
carbon atoms at a time, as in the de­
composition of octane by the reaction 
CSH 1S - C2H5 + CSH13. Most interme ­
diates with an odd number of hydrogen 
atoms, such as the C2H5 radical, quic k ­
ly lose one o f  them to form interme d i ­
ates in the class of hydrocarbons cal l e d  
olefins, in this case ethylene (C 2H 4 ) .  
Others may lose hydrogen atoms to 
form intermediates in the class calle d 
ethynes; a typical product of this kind 
is  acetylene (C 2H2). 

Ole fins and ethynes have been found 
to undergo some kinds of elementary 
reactions in flames that are not known 
in traditional chemical kinetics. For ex­
ample, JUrgen Warnatz of the Techni­
cal University in Darmstadt has recent­
ly concluded from modeling the speed 
of acetylene flames that CH2 radicals 
that are formed when oxygen atoms 
react with acetylene by the reaction 0 + 
C2H2 - CH2 + CO can fly to pieces in 
reacting with molecular oxygen by the 
reaction CH2 + O2 - CO2 + H + H. 
Such complex transformations of chem­
ical bonds in single elementary reac­
tions rarely occur except in flames. 

Computer models for the combustion 
of methane (CH4) already include more 
than 1 00 elementary reactions. Is there 
any hope, then, of constructing one 
for octane (CSH 1S), even assuming the 
availability of vast computer power? 
The answer is that there is no hope at all 
if the model is to take explicit account 
of all the intermediates: the number of 
elementary reactions required increases 
geometrically with the size of the fue l 
molecule and becom� excessive long 
before one reaches octane. If the octane ­
combustion model is only intended to 
account quantitatively for the central 
chemical events at the molecular level, 
however, present-day computers could 
handle the job by grouping the interme­
diates by their structure and the reac­
tions by their type. Whether the rate 
coefficients for such a model can be 
established in the laboratory remains 
for the next generation of combustion 
chemists to discover. 

Combustion adds pollutants to the 
atmosphere: oxides of nitrogen and 

sulfur, incompletely burned hydrocar­
bons and particulates such as soot. On 
a more or less pragmatic engineering 
basis the suppression of pollutant emis­
sions can be achieved by adjusting the 
conditions of combustion, by selecting 
low-nitrogen and low-sulfur fuels, by 
pretreating fuels or by posttreating com­
bustion gases. Scientifically the goal is 
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If Swissair were an average airline, 
it would crowd 40 more seats on 
its 747'5. Which , of course , would mean forty 
more passengers . Very good for our profits . 
Not very good for your comfort . And comfort 
is one big reason people come to Swissair. 
Especially on long flights . 

Our entire worldwide fleet of widebody jets 
have one less seat per row in economy than 
most other airlines .  This stems from an attitude. 
And that is : widebody aircraft shouldn't just 
carry more people - they should carry more 
people m�re comfortably. As it turns out , 
providing more room works to our advantage 
as well as yours . 

For Swissair passengers become Swissair 
enthusiasts - giving us the highest percentage 
of repeat traffic of any international airline . 

No, Swissair is not your average airline . 
Swissair departs worldwide from New York, 

Boston, Chicago, Toronto and Montreal . 
• • 

Just call your travel agent or sWlssalr 
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Business. 200 corporations know that dance is Important to the people important to them. That's why they 
are investing in seven of America's greatest dance companies through The National Corporate Fund for 
Dance. Don't let your corporation sit this one out. Contact William S. Woodside , Chairman, American Can 
Company c/o The National Corporate Fund for Dance , Inc . .  130 West 56th Street, New York. N .Y. 1 0019. 

THE llATIORAL CORPORATE POND FOR DANCE 
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to discover what elementary reactions 
create or remove pollutants. 

The best-understood aspect of com­
bustion-generated pollution is the for­
mation of oxides of nitrogen with the 
generic formula NOx in very hot flames 
(at temperatures above 2,000 degrees 
K).  Nitric oxide (NO) is apparently the 
only oxide of nitrogen formed directly 
in flames; nitrogen dioxide (N 02) aris­
es later through slower reactions with 
atmospheric oxygen, which take place 
even at room temperature. In very hot 
flames molecular nitrogen from the air 
loses its inert character and is split by 
oxygen atoms in the reaction 0 + N 2 � 
NO + N. Nitrogen atoms rapidly attack 
molecular oxygen to form nitric oxide 
and atomic oxygen in the reaction N + 
O2 � NO + 0, thereby completing a 
two-reaction chain known as the Zeldo­
vich mechanism .(after Yakov B.  Zeldo­
vich of the Institute of Chemical Phys­
ics in Moscow, who first proposed it in 
1947). Direct shock-tube measurements 
of the rate coefficient for the 0 + N 2 � 
NO + N reaction, reported by Jamie 
Monat, Ronald K Hanson and Charles 
H. Kruger, Jr. ,  of Stanford University 
in 1980, make it possible to model the 
production of nitric oxide accurately 
by this route. 

At temperatures low enough to sup­
press the Zeldovich reactions other reac­
tions still generate nitric oxide. Traces 

of it were shown by Charles Fenimore 
of the General Electric Research Labo­
ratory to appear very early in flames, 
leading him to coin the term "prompt 
NO." What intermediate is energetic 
enough and plentiful enough then to at­
tack N 2 is unclear. One suggestion is 
that it is the CH radical, perhaps by the 
reaction sequence: 0 + C 2H2 � CH + 
CHO, followed by CH + N 2 - HCN + 
N, followed by N + 02 � NO + O. Hy­
drogen cyanide (HCN) is also thought 
to be an important intermediate when 
nitric oxide is formed from fuel nitro­
gen (the generic term for a variety of 
nitrogen-containing compounds found 
in small concentrations in petroleum). 
The reactions leading from hydrogen cy­
anide to nitric oxide are not yet known. 
Most of the nitric oxide generated early 
in flames never escapes into the at­
mosphere, however, but is converted 
into molecular nitrogen. How? No one 
knows. There is obviously ample room 
for further research on the formation 
all9 removal of NOx compounds in 
flames. 

Basic understanding of reactions in­
volving nitric oxide has led to an inge­
nious method for removing nitric oxide 
from postcombustion gas. The method, 
which has been developed into a com­
mercial process by Richard K Lyon of 
the Exxon Research and Engineering 
Corporation, calls for the injection of 

ammonia (NH3) into the postflame gas 
at a particular point in the cooling proc­
ess. This leads quickly to the formation 
of NH2 radicals, mainly by the reaction 
NH3 + OH - H20 + NH2. One of the 
elementary reactions of NH2, character­
ized in 1972 by Manfred Gehring, Karl­
heinz Hoyermann, Helmut Schacke and 
J iirgen Wolfrum of the University of 
G6ttingen, is NH2 + N O � N 2 + H20. 
In this subsequent step both of the nitro­
gen atoms in the reactant molecules 
end up in molecular nitrogen, effective­
ly eliminating the nitric oxide. 

A sulfur compound entering a flame 
quickly forms the stable sulfur dioxide 
molecule (S02), since SO, the sulfur an­
alogue of NO, reacts directly with oxy­
gen by the reaction SO + O2 - S02 + 0, 
even at room temperature. Chemists 
studying sulfur reactions that form SO 
and S02 have the problem that sulfur 
in the gas phase generates a bewilder­
ing array of reactive and stable com­
pounds, all of them acidic and all of 
them unpleasant additions to the atmo­
sphere. There is thus little practical in­
centive to pursue the identification of 
specific elementary reactions of sulfur 
in flames. Pollution control for sulfur 
means removing all forms of the ele­
ment prior to combustion or removing 
all the acidic oxides of sulfur later. 

Finally there is soot, the formation 
and oxidation of which are currently the 
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CONCENTRATION (MOLECULES PER CUBIC CENTIME TER) 

MOLECULAR COMPOSITION of a typical soot-producing labo­
ratory flame varies as a function of distance above tbe burner. Tbis 
set of logarithmic concentration profiles, for an acetylene-oxygen 
flame, combines the results of measurements made by Ulricb Bonne, 
Klaus H. Homann and Heinz-Georg Wagner of tbe University of 
Gottingen, Douglas B. Olson and Hartwell F. Calcote of tbe Aero-

cbem Researcb Laboratories and Jack B. Howard and bis co-workers 
at tbe Massacbusetts Institute of Tecbnology. Tbe group of interme­
diates labeled "soot precursors" consists of a variety of hydrocarbons 
witb between 20 and 50 carbon atoms. Unlike polyaromatic, or multi­
ple-ring, hydrocarbon molecules (sucb as C 14HS), whose flame pro­
files continue to rise, the soot precursors vanish when soot appears. 
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two most actively studied processes in 
combustion chemistry. At one time the 
main use of petroleum was for kerosene 
lamps, which require the intermediate 
formation of soot to provide lumines­
cence and the subsequent oxidation of 
soot to avoid the blackening of the lamp 
chimney. Nowadays light can be pro­
duced more conveniently by electricity, 
so that the soot in most flames is j ust a 
nuisance. The factors that enhance the 
production of soot are well known: high 
fuel-to-air ratios, fuel containing com­
pounds with low hydrogen-to-carbon 
ratios, erratic ignition and poor mixing 
of fuel and air. It appears that much of 
the future supply of liquid fuels will 
come from oil shale and liquefied coal, 
which are intrinsically low-hydrogen 
fuels. Can they be b urned on a large 
scale without burying us all in soot? 

Soot is formed in three stages. In all 
hydrocarbon flames there is a de­

crease in the hydrogen-to-carbon ratio 
of the hydrocarbon molecules and rad­
icals as they are successively decom­
posed by heat and chemical attack. The 
last of them are typically molecules 

such as acetylene (C2H2) and fragments 
such as the ethynyl radical (C 2H). In a 
soot-producing flame such molecules 
and radicals are not oxidized; in the 
first stage of soot formation they most­
ly polymerize to form polyacetylenes 
and their radicals by reactions such as 
C 2H + C 2H2 � C4H2 + H, followed by 
C 2H + C 4H2 � CSH2 + H. Other large 
molecules characteristic of a soot-pro­
ducing flame are a variety of polyaro­
matic compounds (in which the carbon 
atoms are arranged in multiple rings) 
and positive hydrocarbon ions. 

After a characteristic delay time some 
of these molecules vanish and in the sec­
ond stage a soot aerosol appears: spheri­
cal particles of carbon containing vary­
ing amounts of hydrogen and trapped 
hydrocarbons, depending on the flame. 
The aerosol particles give sooty flames 
their opacity and are therefore responsi­
ble for their yellow glow. The spheres 
cannot grow beyond about a tenth of a 
micron in diameter, because of the de­
pletion of carbon in the flame gas, and 
so the larger particles that constitute 
black smoke form in the third stage by 
the agglomeration of the aerosol parti-

EXTENDED STRUCTURE OF SOOT is evident in a transmission electron micrograph 
made by Robin Stevenson of the General Motors Research Laboratories. Soot particles of this 
type are formed in a fuel-rich hydrocarbon flame by the agglomeration of an aerosol of mi­
nute carbon spheres containing varying amounts of hydrogen and trapped hydrocarbons. In 
flames producing a yellow glow but no black smoke the soot aerosol is oxidized by the flame 
gases faster than it agglomerates. This particular particle was collected on an amorphous car­
bon substrate from the exhaust of a diesel engine. The image was deliberately underfocused 
to enhance the contrast. The magnification of the micrograph is some 110,000 diameters. 
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cles. Both the particles and their ag­
glomerates anneal as long as they are 
hot, losing hydrogen and organic ma­
terial and forming increasingly rigid 
structures that in some flames begin to 
resemble the layered structure of graph­
ite. They can also oxidize readily, and in 
many flames, such as those of candles or 
well-run industrial furnaces, they vanish 
completely. 

' 

The evidence supporting this pic­
ture comes from two sources: analyses 
of the molecular and ionic composition 
of flame gases and related soot-form­
ing systems prior to the appearance of 
a soot aerosol, and microscopic and 
chemical studies of soot particles recov­
ered from the later stages of the process. 
The investigator of soot is therefore iso­
lated from two key aspects of the flame: 
the steps by which hydrocarbon mole­
cules, radicals and ions first nucleate to 
form an aerosol, and the competition 
among the annealing, agglomeration 
and oxidation of aerosol particles later 
in the flame. The largest molecules that 
can De detected in flames have some two 
or three dozen carbon atoms; the small­
est particles able to exist as aerosols 
have perhaps a million. Agreement on a 
coherent picture of how the molecules 
become soot particles has not yet been 
reached. The aerosol particles must be a 
beehive of chemical activity, the chemi­
cal characterization of which may never 
be achieved. 

Petroleum and natural gas will not 
continue to dominate the energy 

scene for many more years; alcohol is 
already in use as a fuel, and other "syn­
fuels" made from coal, biomass, shale, 
tar sands and garbage may soon be com­
mon. Will they be so expensive that they 
become luxuries, or will noncombusti­
ble energy reservoirs such as batteries or 
fuel cells replace them? 

There is good reason to think that liq­
uid fuels will continue to be hydrocar­
bons and that they will continue to be 
burned much as they are now at least for 
mobile energy sources, even if they have 
to be synthesized. The reason is that no 
one has discovered any promis ing sub­
stitute for their unique combination of 
convenience and high energy density. 
Coal, charcoal and uranium are su itable 
for burning in stationary power plants, 
and substitutes for nat ural gas in space 
heating may become economical, but 
liquid hydrocarbons are likely to remain 
the optimal form of energy storage for 
powering automobiles and airplanes. 
The main difference between the petro­
leum liquids we b urn and the synfuels 
our descendants will burn will probably 
be that the synfuels will have less hydro­
gen and hence a greater tendency to pro­
duce soot. What to do about that prob­
lem is going to be the next challenge of 
combustion engineers, and how to un­
derstand it will be the next challenge of 
com bustion chemists. 
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HARRIS 
HAS A SOLUTION FOR . 

YOUR COMPANY'S BIGGEST PROBLEM: 

SOLUTIONS FOR YOUR COMPANY'S 
SMALLER PROBLEMS. 

Most big companies are made up of a lot of 
smaller companies. They're called departrrumts. 
And each has its own way of doing business. 

It's the business of management to make sure 
that the efforts of each department work in con­
cert with the rest And that's a job Harris can 
make a whole lot easier. 

I �=;iiiiiii!��� We offer super-minicomputers for your R&D 
� Harris super- and technical people that are unmatched in 

ware applic�}��-t:£J� power, performance and reliability. 
simulation and some 300 other areas. The people who run your company's data center 
will app,reciate our line of communications-oriented computer termi­
nals lremote batch and interactive). It's the broadest in the industry. 

Your MIS executives will value our distributed data processing 
systems for their speed, power and unique capabilities. Like multi­
host support and word processing options. 

Your communications managers will recognize the difference in 
bottom-line telephone costs our PBX's can make. 

We also provide intelligent telephones, a unique private tandem 
networking capability and business satellite earth stations that 
can further reduce your telecommunications costs. And that will '" . 
surely make your accounting department happy. -
Our PBX can . . The fact is 
accommodate _. H '  ' from 2.0 to -::; . arns manu-
1,000 ltnes. _ .• - factures Our data terminals can grow into sophisticated k__ 1l� products that distributed data processing lfllStems. 

... can improve the productivity of people in every 
... one of your departments. What's more, be-

cause they're designed for future expansion 
and compatibility, they can maximize corporate 

productivity, too. 
And that's the biggest contribution we can make. 

m HARRIS 

Fur a copy oft:lw Harris IrtJ;egrated Infurrna1:i<m Processing Systems lmx:hure, send your business card ur write on your campany's 
l.etterhRml fA) Jack C. Da'llis, Group Vzce 'President, Depari:ment 3, Irl/urrna1:i<m Systems, Harris Corporation, 1025 West Nasa Boulevard, 

Melhourne, FL 32919. Or phone 305-727-9100. 
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