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Formulas and Graphs for Representing the Interchange-

ability of Fuel Gases

Elmer R. Weaver

When gas-burning appliances have been adjusted to give satisfaction with a gas of one
composition, and are then supplied with gas of a different composition, changes are usually
noted in the characteristics of the flames produced. When no change can be seen or meas-
ured, the gases are said to be ‘“‘exactly interchangeable.”” When undesirable changes do not
oceur to a greater extent than the person using the term thinks permissible, the gases are
usually still called “interchangeable’” with the omission of the adverb. No entirely satis-
factory method has ever been found for predicting or representing the extent to which
different, gases depart from exact interchangeability. In this paper a set of six “indexes” is
given for specifying and predicting from the composition of any two fuel gases the extent of
the effects that occur when one is substituted for another. Four of these indexes are new.
Their derivation is given, and their application is shown by comparison with the results of
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extensive experimentation of the American Gas Association.

They are shown to represent

the results of observation somewhat better than any method previously proposed.

I. Introduction

The problem of determining in advance the effect
of changing the composition of the fuel gas supplied
to a city on the operation of the many appliances in
use is one of great practical importance. To this
general problem have been devoted many extensive,
expensive, and time-consuming studies based on ex-
perience, on theory, on laboratory observation, and
on combinations of them. The various reports deal-
ing with the problem would fill several volumes, yet
no entirely satisfactory answer of general applica-
bility has been obtained.

It will make the subject more tangible to cite some
actual cases.  About the year 1930 a supply of
natural gas became available to the Washington Gas
Light Co. At that time, the Company was deliver-
ing to the city a carburetted water-gas of 600 Btu/cu
ft. Natural gas promised economies, but natural
gas simply could not have been burned in existing
appliances without a difficult period of readjustment
and redrilling or replacement of burners and appli-
ances. Accordingly, the Company set itself the
problem of modifying the natural gas by mixing it
with gases it could manufacture from coke, coal, and
oil or from the natural gas itself to obtain a product
that could be substituted for the carburetted water-
gas without adversely affecting the use of a million
or more burners of every conceivable design and
purpose. To avoid complications in connection with
the selling price of the gas, the Company chose the
limitation that the new supply should have the same
heating value as the old. With some guidance from
the experience of others, but mainly by the empirical
method of trying many mixtures made in numerous
ways with appliances of many types, the Company
succeeded admirably in its purpose. However the
solution applied only to the set of conditions existing
in Washington and not generally to the replacing or
mixing of gases of other types. Had satisfactory
formulas been available to represent ‘‘interchange-
ability,” most of the time and cost of the experimental
investigation could have been saved.

Recently, the Company that supplies Milwaukee
with a mixture of coke-oven and carburetted water-
gas found itself without plant capacity to meet
winter peaks at a time when a transmission line to
deliver natural gas from the Texas fields was nearing
completion. It was not economical to build addi-
tional machinery to serve only as a supplementary
source of supply during a few days, or at most a few
months of a year or two while the natural gas line
was being completed. Propane or butane were
available, but the problem arose as to whether they
could be safely introduced during peak loads, and in
what quantity and with what other practicable
modifications of the gas supply. Similar problems
are faced by the gas companies in many localities.

The term interchangeability has come to represent
the degree to which the operation of gas appliances
is affected by substituting one gas for another. If
no difference in the service rendered can be observed
or measured, if flames on all burners are equally
stable (that is, do not tend more or less to flash back
or to “lift” from the burners), if there is no more
tendency for carbon monoxide or soot to be liberated
from one gas than from the other, the gases may be
said to be exactly interchangeable. It is necessary
to use the adverb if this ideal condition is to be
indicated, for the term interchangeable is also applied
to pairs of gases that do not give identical results
but cause no more change of one kind or another
than the user of the term thinks permissible.

Because service can be unsatisfactory in one or
more of several ways, gases may be interchangeable
in one respect but not in another. They are usually
interchangeable, in the practical sense of causing no
serious trouble, with some appliances but not with
others; and they may be practically interchangeable
in one direction but not in the reverse. For example,
appliances that have been given ordinary adjust-
ments while supplied with natural gas usually have
a rather wide margin of safety from flash back
(burning with primary air inside the burner) but a
narrow margin of safety from “lifting” (blowing of
the flames away from the burner ports). Hence,
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Frcure 1. Conventional diagram to show appliance ‘“‘adjust-
ment’’ in relation to limits of satisfactory operation.

When the point representing adjustment is within the unshaded area, the
operation of the appliance is considered “satisfactory”.

appliances that have been using a slow-burning
natural gas will usually give no trouble if a consid-
erably more rapidly burning gas, such as a mixture
of the natural gas with 25 percent of coke-oven gas,
is substituted; but if appliances should be adjusted
for the second gas and the first were then supplied,
a great deal of trouble from lifting might be antici-
pated.

In the course of an investigation of domestic gas-
burning appliances begun at this Bureau in 1915,
the relations between the design of appliances, the
composition of the gas supplied to them, and their
performance in service were approximately deter-
mined. It was found that, in addition to the primary
requirement that the burning gas produce as much
heat as is wanted, there are four conditions, already
mentioned and usually referred to as “limiting” con-
ditions, that must always be met if service is to be
satisfactory or even safe. They are: Flames must
not (1) lift, (2) flash back, (3) liberate carbon as
indicated by yellow tips, or (4) burn incompletely
with the liberation of carbon monoxide. In order
to describe the conditions under which failures occur
in one or more of these respects, a diagram was
devised that has since become conventional in the
fuel gas industry. One such diagram is shown in
ficure 1.

In this figure the point X represents the rate at
which heat is produced by combustion (commonly
called the “input” of the burner to distinguish 1t
from the “output” of heat in hot water or other
material leaving the appliance) and the rate at which
primary air enters the burner of an individual ap-
pliance under a particular set of conditions of gas
supply and mechanical setting. These two rates are
subject to easy mechanical adjustments of valves,
orifices, and air shutters, and they are conveniently
referred to collectively as ‘“the adjustment” of the
appliance. On the same diagram the four ‘“limiting
conditions” are represented by curves, the positions

of which depend on the composition of the gas and
on details of burner design not easily changed, such
as the size and number of ports. For a given ap-
pliance the limiting curves are changed only by a
change of composition of the gas, not by changes of
orifice, air-shutter, or gas pressure; these affect the
“adjustment” only. The position with respect to
these limiting curves of a point representing the
existing adjustment of an appliance shows whether
the appliance is safe from each of the four hazards
and by how wide a margin. A mechanical model
of this diagram was constructed and exhibited by
this Bureau at the 1925 convention of the American
Gas Association. On this model a “point” (a small
black disk) moved automatically to represent accu-
rately the effects of any change in the proportions of
the eleven most common constituents of fuel gases
on the rate of liberation of heat and on the entrain-
ment of primary air into the burner. The curves
representing the limiting conditions also moved to
show the effects of every change of composition of
the gas supplied to a typical appliance, but the rep-
resentation was only approximate. Because different
appliances show very different limiting curves it was
considered impracticable to represent all of them
satisfactorily by a single diagram or a single mathe-
matical formula without extensive additional re-
search involving observations of many appliances
with a large number of gas mixtures. Plans were
made to conduct such a research at the Bureau and
much of the necessary equipment had been purchased,
but the project had to be abandoned for lack of
funds.

In 1927 the American Gas Association (abbrevi-
ated AGA) began a 6-year study of interchange-
ability called the Mixed Gas Reserach, of which it
was said in the final report, [1]' that “detailed
results * * * are contained in twenty-five progress
reports of the Testing Laboratory comprising nearly
2,000 typewritten pages * * *  Approximately 175 -
000 separate tests and examinations were con-
ducted during this study, involving the preparation
and examination of more than 250 different gas
mixtures”’. The investigation resulted in the de-
velopment of a general formula, called “C=the
index of change in performance of appliances,”
which was first made public in 1936 during the
Federal Trade Commission’s investigation of public
utilities. This index will be referred to in the
present paper as “AGA Index C.” Its derivation
and significance will be discussed in the following
section.

It is easily shown (1) that at a constant pressure
the heat “input’” into an appliance is determined by
a characteristic of the appliance and by H/+ D,
where H is the heating value, and D is the density
of the gas usually expressed as specific gravity, and
(2) that the fraction of the air required for complete
combustion,”> which is introduced as primary air is

1 Figures in brackets indicate the literature references at the end of the paper.

2 By the “air required for complete combustion” is meant the number of cubic
feet of air that contains just enough oxygen to combine chemically with the com-
bustible constituents of 1 cu ft of the fuel gas to convert them to carbon dioxide

and water. This number will be briefly called the “air requirement” of the gas
and be represented by the symbol A. !
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proportional to v D/A. For most gases there is a
nearly constant relation between air requlromvnt
and heating value (approximately 9 cu ft of air is
required per 1,000 Btu). Heating values and
specific gravities of gases are commonly reported,
air requirements rarely. Hence it is often con-
venient to substitute H for A and to consider
H/~yD (or its reciprocal) a measure of two of the
most important properties which determine inter-
changeability. (Of course, the more accurate A/~ D
should be substituted when primary air is considered,
if the necessary data are available). In 1934 in
Bureau Circular 405 [2], the significance of H/~yD
as a partial measure of interchangeability was
pointed out. In the same publication it was shown
that at least one additional factor, the ‘“ignition
velocity” or “‘speed of flame propagation,” which
can be represented approximately by a number
S? must be considered in any decision regarding
interchangeability. However, no attempt was made
to combine S and H/+/ D into any general formula
for interchangeability such as AGA Index C.

In 1938 an AGA committee made an investigation
to select gases for appliance tests that would be rep-
resentative of the gases in use throughout the United
States. The results are deseribed i Report 847 of
the AGA Testing Laboratories [3]. Although the
number of gases experimented with was small in
comparison with the Mixed Gas Research or the
investigations deseribed hereafter, certain important
data are given in more detail and will have use in
this paper.

In 1941 Knoy [4], who was concerned primarily,

with substitutions involving liquefied petroleum
gases, published a formula for interchangeability

that has received wide acceptance.

In 1946 the AGA Laboratories published, as Re-
search Bulletin 36 [5], an account of an investigation
of interchangeability, during which 18 appliances
were adjusted successively with 3 natural gases of
somewhat different characteristics, and after each
adjustment were supplied with from 18 to 48 other
gases of widely different compositions and properties.
The results are reported in enough detail to make
them much more valuable to a student of the subject
than the available results of the Mixed Gas Research.
By this time it was recognized that no one formula
could represent accurately the interchangeability of
gases with respect to all important properties, and
three “interchangeability index” for “yellow tips,”
“lifting,” and “flashback,” designated [y, /5, and I,
respectively, were developed. Collectively these
three indexes give an excellent representation of the
effects observed. The very important question of
whether an interchange of gases would result in
“incomplete combustion”, meaning the liberation of
carbon monoxide, was answered by the observation
that combustion was complete in all cases in which
the gases were interchangeable with respect to each
of the three properties represented by indexes.
Hence, no formula for interchangeability with respect

3 The valuation of S will be described later.

to completeness of combustion was considered neces-
sary. For brevity this report will be referred to
simply as Bulletin 36.

In the spring of 1948 a preliminary report of a
somewhat similar investigation of the results of sup-
plying a wide variety of gases to 28 burners was
made [6] by J. F. Anthes, Chairman of the Committee
in charge of the 1nvost1gat10n When the observed
results were compared with the predictions of the
previously evolved formulas, the agreements were
not very satisfactory. In his presentation of the
report Anthes called attention to this fact and ex-
pressed the hope that even more satisfactory formulas
would be developed in the future. For brevity,
reference [6] will be called the Anthes Report.

Accepting Anthes’ statement as a broad invitation
to anyone to try to develop more useful formulas,
the writer undertook to repair the omission of
quantitative connection between the partial formulas
H/\D (or A/y/ D) and S of Circular 405 and to see
whether they could be made to predict quantitatively
the probable interchangeability with respect to flash-
back and lifting as Judgcd by all data easily available.
The first application of a new index to lifting among
the gases described in the Anthes Report, was more
successful than anticipated; and while less success
was met in dealing with Bulletin 36, the writer was
encouraged to develop formulas for all four limiting
conditions of service, lifting, flashback, yellow-tips,
and incomplete combustion. The resulting formulas
appeared to represent all available observations a
little better than do the three indexes of Bulletin 36,
and are simpler to apply.

However, at the time of the Anthes Report, the
experimental study of the subject was being greatly
extended by the American Gas Association, and
many of the important details even of the first
investigation remained to be published. It could
not be certain that further work would not show the
new formulas to be of limited application or unsatis-
factory accuracy, in which case their premature
publication would have resulted only in further
confusion of an already tangled subject. Subse-
quently, the observations made in the AGA investi-
gation were published in four reports designated
Ro%ear(h Reports 1106 A, B, C, and D [7 to 10].
Comparisons of the formulas based initially on ap-
proximately 40 gas mixtures of the preliminary
report with several hundred mixtures described in
Bulletin 36 and the complete reports of the later
work have shown their general applicability to the
problems of interchangeability with enough certainty
to merit the publlvalmn of a thorough analysis of
the subject. The derivation of the new formulas
will be explained and their relation to earlier formulas
shown with the object of making the whole subject
more understandable.

II. Graphic Representation of the Perform-
ance of Appliances and General
Formulas for Interchangeability

So many different symbols have been used for the
same thing, and the same symbol has been used for

215



so many different things in the numerous papers on
interchangeability, that to use each in its original
sense would be confusing unless accompanied by
excessive explanation. An attempt has been made
to simplify the use of symbols, as the result of which
the discussion and even quotation of some work will
not be in terms of the original symbols. For
example, in the papers of the Bureau and in some of
the AGA reports, heating value has been represented
by (H); in others it has been represented by (k).
In all AGA papers and in this paper also properties
of the gas with which an appliance is adjusted are
represented by the subscript (a); but in some AGA
reports the properties of gases subsequently supplied
to the appliance are represented by the subseript (¢)
for “‘test” gas, in others by (s) for “substitute’” gas.
In this paper the last two subscripts have simply
been omitted.
The following symbols are used in this paper:

a=subscript used with another symbol to
indicate a property of the gas with
which an appliance was adjusted. The
same symbol without subseript indi-
cates the same property of a gas “sub-
stituted” for the adjustment gas.

A=cubic feet of air required for the complete
combustion of 1 cu. ft. of gas.

Ap=cubic feet of air required for the complete
combustion of the gas that enters the
burner in 1 hour.

b, ¢, ... =fractions of given chemical constituents
of a gas mixture.

C=a general “index of interchangeability”.
Usually identified as AGA Index C or
Knoy Index C.

CO'=a constant. Used several times to repre-
sent different numbers.

D= density of gas expressed as specific gravity
referred to air as unity.

E, F=factors used in computing K, the “chem-
ical composition factor’” in “AGA In-
dex (.

F=a factor used in computing flame speed S.

H=heating value of gas in Btu per cubic foot.

I="‘‘input”, or rate at which heat is produced
in an appliance, in Btu per hour.

k=a ‘“constant”’ representing the ‘“adjust-
ment”’ of an appliance that determines
the rate of flow of gas into the burner.
k depends on the size and form of the
“orifice.”

k’=a second ‘“‘constant’” which represents the
design and adjustment of the burner.
Its value depends on the ‘“‘air-shutter
opening,” the form of the “mixing-
tube,” the size and number of the
burner “ports” and some other things.

K=a constant used in two of the AGA
“indexes”’.

K=the ‘“chemical composition factor”’ used
in evaluating “AGA Index C”.

L=the “lifting constant’’ used in the AGA
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indexes. It is designated F in Bulletin
36.

M=H,D,/H,A,D=AGA “index representing
change in performance of appliance
with variations in heating value and/or
specific gravity with no appreciable
change in combustion characteristics”.

N=number of “readily liberated atoms” of
carbon per hundred molecules of gas.
All carbon atoms of unsaturated and
cyclic hydrocarbons and all but one
atom per molecule of saturated hydro-
carbons are considered to be readily
liberated. Hence, N represents the
number of carbon atoms in hydrocar-
bons minus the number of molecules of
saturated hydrocarbons.

p=gas pressure at the orifice.

P=primary air in a burner expressed as a
percentage of the air required for com-
plete combustion.

Q=percentage of oxygen in fuel gas. It is
designated O, in Bulletin 36.

I =ratio of number of atoms of hydrogen in
all forms of combination in the fuel gas
to the number of carbon atoms in the
hydrocarbons (carbon monoxide is ex-

cluded).

S=maximum flame speed in a mixture of the
gas with air, expressed as a fraction of
flame speed for hydrogen.

T—the “yellow tip constant” used in com-
puting the AGA index of interchange-
ability with respect to yellow tips.

V=-cubic feet of gas that enters the burner in
1 hour. '

Z=percentage of inert constituents (nitrogen
and carbon dioxide) in fuel gas. It is
designated £ in Bulletin 36.

I»=AGA index for flashback. For gases that
are exactly interchangeable with re-
spect to flashback, 7y=1.

I, =AGA index for lifting. For gases that
are exactly interchangeable with re-
spect to lifting, /7, =1.

Iy =AGA index for yellow tips. For gases
that are exactly interchangeable with
respect to yellow tips, /y=1.

Ji= A+D,/A.yD=index of interchange-
ability with respect to air supply.
When J,=1, the total quantity of air
required to burn each gas is the same,
the fraction of this introduced as pri-
mary air is the same, and, unless there
are unusual convective effects, the
excess oxygen in the flue products is the
same, and there is the same hazard of
liberation of large quantities of carbon
monoxide through “smothering” of the
flame.

Jr=8/S;—1.4 J,+0.4=proposed index for
flashback. For gases that are exactly



interchangeable with respect to flash-
back, Jz=0.

Ju=H~D,/H,ND=index of interchangeabil-
ity with respect to rate at which heat is
produced. For gases exactly inter-
changeable in this respect, Jy=1.

Jr=J,4—0.366 I/R,—0.634=proposed index
for incomplete combustion. For gases
exactly interchangeable in this respect,

J] = 0
Ji=1J4 o 11'(()) %: proposed index of inter-

changeability with respect to lifting.
For gases that are exactly interchange-
able with respect to lifting, Jz=1.
Jy=J4—1+(N—N,)/110=proposed index for
interchangeability with respect to yel-
low tips. For gases that are exactly
interchangeable in this respect, J/y=0.

The purpose of using fuel gas is always to heat
something, and the first measure of service is the rate
at which heat is supplied. Nearly all gas-burning
appliances are given by their manufacturers an input
rating, expressed in Btu per hour, at which the most
favorable results are to be expected. The rate in
cubic feet per hour at which gas flows through an
orifice is equal to £+/p/D, where k is a constant for the
orifice involving its form and area, D) is the density of
the gas, usually expressed as specific gravity referred
to air, and p is the pressure at the orifice. The rate at
which heat is supplied, in Btu per hour, commonly
referred to as the “input”, 7, is the product of the
rate of flow and the heating value of the gas, F{, that
is, I=k~pxXH/yD. The equation is written in this
way to distinguish £7/4/D), which is a characteristic of
the gas, from the pressure, p, and from %, which is a
characteristic of the mechanical construction and
adjustment of the appliance. If an appliance is
adjusted to give the desired heating effect with a gas
of heating value 71, and specific gravity 1), and, with-
out changing anything else, is then supplied with
another gas of heating value 77 and specific gravity
D, then

Te B D; 0

s " —_—

I. H,yD
where 7, and I are the inputs or the rates at which
heat is produced when burning the adjustment gas
and the substitute gas, respectively. The quantity
H+\D,/H,\/D is thus a measure or, to use the term
favored in the AGA reports, an index, of interchange-
ability of the two gases with respect to the rate at
which heat is produced when the two gases are
delivered to an appliance at the same pressure. If the
gases are exactly interchangeable, the index is unity.*

The satisfactory application of the heat depends
not only on its rate of supply but on what is loosely
mnforyxl to the type of symbols to be used later for other “indexes”
of performance H+/ Da/H, +/D will also be called Ju. J will be used, in general, o

indicate indexes derived in this paper and to distinguish them from the indexes
derived by the American (ias Association, which has similarly employed 7.

called the type of flame, which is often described
qualitatively in the gas industry as “hard’ or “soft”.
Perhaps the most tangible effects of practical im-
portance connected with the type of flame are the
space within which combustion is completed, and the
relation of this space to efficiency and completeness
of combustion. The amount of heat liberated in a
given space is sometimes called the intensity of the
flame and is important in many industrial and lab-
oratory applications but not very significant in most
domestic uses.

With most gases, when the flame is too soft, hydro-
carbons are decomposed to produce solid carbon,
which gives a yellow color to the flame. The solid
particles of carbon are harder to oxidize completely
than are gases and tend to escape from the flame as
soot and discolor nearby objects. This is the reason
for the desire to avoid yellow tips, the appearance of
which is usually taken as one of the limits of satis-
factory operation of appliances.

The principal factor in determining the degree of
hardness of a flame is the fraction of the air required
for complete combustion that is introduced as
primary air. The higher this is the “harder” is the
flame; in fact, this fraction is the usual quantitative
measure of hardness used in the study and testing
of appliances. An alternative measure sometimes
used 1s the heating value of the primary mixture
(gas and air within the burner). With the gases
usually encountered in public supplies, from coke-
oven gas to butane, there is little difference in the
appearance or useful properties of flames produced
with equal percentages of primary air (referred to
total air required), provided the flames are stable
and not very close to the yellow-tip limit.

The number of cubic feet of primary air injected
imto a burner by 1 cu ft of gas is directly propor-
tional to the square root of the specific gravity of
the gas. Hence, the ratio of primary air to total
air required is £ 4/D/A, where A is the number of
cubic feet of air required for the combustion of
1 cu ft of gas, and £” 1s a constant characteristic of
the appliance. If an appliance is adjusted to have a
desirable flame with one gas of specific gravity 1),
and air requirement A, the flame of another gas
of specific gravity D and air requirement A will have
the same percentage of primary air and the same
desirable qualities (to the extent that primary air
determines them) if A+D,/A,vD=1. 1If this ex-
pression, which will be called an index of inter-
changeability with respect to the injection of primary
air, 1s less than one, the substituted gas will produce
a harder flame, if greater than one, a softer flame
than the gas with which the adjustment was made.
We will call the expression /.

In almost every case in which an interchange of
gases 1s otherwise practicable, the air required per
heat unit is nearly identical for the two gases. For
example, AGA Report No. 487 lists 16 natural
gases with heating values from 705 to 1,260 Btu/cu ft
and 20 manufactured gases from 400 to 600 Btu/cu ft
as representative of all the gases of the two types
supplied to the public in 1938 (“mixed gases”,
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usually mixtures of the two types were placed in
another category). All the natural gases required
from 9.3 to 9.5 cu ft of air per 1,000 Btu. The
extreme variation among manufactured gases was
between 8.3 and 9.0 cu ft/1,000 Btu with only 3 of
the 20 gases outside the range of 8.5 to 8.8. As
interchange without readjustment of appliances is
far from feasible between. gases as different as those
in the two groups, a practical problem of inter-
changeability rarely arises in which the air required
per 1,000 Btu of the gases involved differs by more
than 2 or 3 percent. Hence, within this rather small
margin we can consider air required as proportional
to heating value and write

44(1 \:”ﬁ e
e

1D
H *\//E

(approx.)

which makes the index of interchangeability with
respect to the injection of primary air the same as the
index of interchangeability with respect to the rate
of heat supply.

There is not only some gain in convenience from
reducing the two indexes to one; a more important
consideration is that the approximate heating values
and specific gravities of gases from various sources
or distributed in different places are commonly re-
ported, but air requirements are not. For example,
an appliance manufacturer who supplies different
orifices or other burner parts for such widely differ-
ent gases as coal gas, natural gas; and propane, and
who knows the range of good adjustment with each,
should have no difficulty in learning the heating
value and specific gravity of the gas in a certain city
nor in determining from them with what combina-
tion of parts an appliance may be expected to give
satisfactory service.

It was mentioned in the introduction that in the
study and testing of appliances it has long been cus-
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Fieure 2. Conventional diagram of appliance adjustment and
performance showing changes in the diagram to represent the
effects of a change in the composition of the gas supplied.

tomary to represent dla(rrammatlcallv the two major
variables, primary air and “input,” in the perform-
ance of apphances It will be desirable to develop
this idea more fully than was done in connection
with figure 1. In figure 2 heat input (/), expressed
in Btu per hour, is plotted with respect to primary
air (P), explessed again as a percentage of total air
required. Suppose an appliance is adjusted, with
burner valve wide open, to produce the conditions
indicated by the point marked X, when burning gas
(a). TIf the pressure at the orifice is gradually re-
duced, by closing the burner value or otherwise, the
changing conditions can be represented by a series
of points along the line N,, which represents the
“normal injection” of primary air by gas (a) at any
rate of input. If we partially close the air-shutter,
the change of conditions will be represented by
moving vertically downward from point X,. Other
changes in the appliance itself that will affect gas
flow or the entrainment of air are easily pictured.
If we control the entry of both gas and air into the
burner, it is possible to observe experimentally con-
ditions under which flames lift from the ports or
flash back, become yellow, or liberate carbon
monoxide.

The conditions under which these failures occur
can be separated on the diagram from those under
which they do not occur by curves such as L,, F,,
Y,, and C,. Under all conditions above and to the
right of the lifting curve L,, flames may be expected
to blow from the ports. Points above and to the
left of F, represent conditions under which flash back
occurs. Those below Y, represent conditions under
which yellow tips appear, and those below and to the
right of (), represent conditions under which com-
bustion is incomplete and carbon moxoxide appears.

If without changing the pressure or any of the
mechanical adjustments of the appliances we sub-
stitute another gas for (), the point on the diagram
representing the input and type of flame is shifted
from X, to another position X, the coordinates of
which are given by multiplying or dividing, those of
X, by the appropriate indexes.

Eol el D__IJH
D
LD

pop dnD_ Py
A\/ )a J

As a step in preparing a general expression for
interchangeability, the committee in charge of the
Mixed Gas Research decided to make use of the
quotient //P. It was explained that: “Examination
of this ratio shows that as its value is increased either
by increasing [ or reducing P the tendency will be
toward incomplete combustion. As the value of
I/P is lowered, the tendency will be toward faulty
burner perfmmance as evidenced by nomv operation,
noisy flame extinction or flashback.” Tt was not
stated that increasing the value of /P by increasing
I and by decreasing P have opposite tendencies so
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far as lifting is concerned, as can be seen readily from
the diagram.
When comparing two gases,

I. I, BND, AVD, I;HAD,
PP m D A D BiHAD

M= HAD,,/H,IAJ) was called the “index represent-
ing change in performance of appliance with varia-
tions in heating value and/or specific gravity with no
appreciable clmng,o in combustion characteristics.”
For the usual case, in which heating value is propor-
tional to air requirement or nearly so, M is sub-
stantially equal to the square of IH+/ 1)”/[1,,\]7 and
has the same significance as a means of judging the
performance of appliances. If cases occurred in
which the proportionality between heating value and
air required did not hold and there were no compli-
cations, M should be a slightly better index of inter-
changeability with respect to lifting and incomplete
combustion than H+D,/H,«D but not as good
A+/D,JA,+/D. As an index for flashback the re-
verse should be true. Actually, however, other
factors complicate the problem so much that the
three indexes, without further modification, are
equivalent for practical purposes. They show well
enough the effect of the change of gas supply on the
heat input and the primary air; on the diagram they
locate the point X' with respect to the coordinate
axes. However, we are often more concerned in
avoiding the dangerous or disagrecable results of
lifting, flashback, and liberation of carbon monoxide
and soot than with the rate and intensity of heating.
The danger of encountering these difficulties is repre-

sented on the diagram by the relation of the point .\’

to the several limiting curves, the positions of which
shift with changes of the gas supply typically as
representing by limiting curves L, F, Y, and C.
The initial positions of the limiting curves and the
shifts that occur when the gas is changed depend to
some extent on the design of the appliances and make
accurate generalization difficult; but, in any case, we

are concerned with the sum of the shift of point X

toward the limiting curve and of the curve toward X.

What has here been explained graphically was
stated in algebraic form in the Mixed Gas Research
Report as follows: “ . . . The effect of variations
in chemical composition and superimposed on changes
in heating value and/or specific gravity could be ac-
counted for by

C—=M+(K,—K),

where
C=index indicating change in performance of
appliances, and
K—=a factor depending on chemical composi-
tion.”

In our diagram (K,— K) should be represented by
the displacement of the limiting curve. Actually
the displacements of the several curves are of differ-
ent magnitudes and, as will be shown later, appear
to depend on different functions of composition. In

the case of flashback and lifting they are even in op-

posite directions. The impossibility of representing

these divergent effects by a single expression is the
5 i 5 - A

reason why C, the general AGA “index in change

of performance of appliances”, has not been more

successful.

In the attempt to find a suitable function of com-
position to represent the changes of limiting condi-
tions “‘a large number of expressions were devised
o 2 . y = S
for K and subsequently discarded’”. The final selec-
: P .
tion, made by a combination of theory and observa-
tion, was

K=HA/5000 EF,

in which /7 and A have their previous significance,
E is the heat capacity, between 60° and 1,600° F of
the “theoretical products of combustion’ of 1 cu ft
of the gas, and F is the summation of the product of
the fraction by volume of each chemical constituent
and a constant characteristic of that constituent.
This constant is proportional to the heat capacity of
the products of combustion of the gas divided by the
velocity of flame in a mixture of the gas with the
amount of air required for complete combustion.
For a pure gas K would simplify to the product of
heating value, air required for combustion, flame
velocity, and an arbitrary constant divided b) the
square of the heat capacity of the products of com-
bustion. The heat capacity of the products of com-
bustion is nearly proportional to the air required
and to heating value; hence, these factors tend to
cancel and to leave the “chemical composition factor”
roughly proportional to flame velocity in a mixture
of gas with the air required for complete combustion.
The cancellation is not complete, however, and a
plot of K with respect to flame speed only for various
gases shows a nonlinear relation with considerable
scattering.

In the Knoy formula interchangeability is judged
from relative values of (FH—175)/+/D instead of the
expression H/+/D previously discussed. The expres-
sion was derived by considering the heating value of
the primary mixture of gas and air in the burner,
rather than the ratio of primary air to air required,
to be the measure of good adjustment. It was fur-
ther assumed that the primary mixture should nor-
mally have a heating value of 175 Btu/cu ft and that
air required is proportional to heating value, an
assumption previously discussed. For further de-
tails of the derivation, the original article should be
consulted.

ITII. Data Available for the Study of Inter-
changeability

It was stated in the Report of the Mixed Gas
Research that “while certain assumptions have been
necessary the value of the final formula depends not
so much on the correctness of these assumptions or
hypotheses as the degree to which it satisfactorily
serves to yield results that are in agreement with
those actually obtained by careful experimentation”
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‘With this statement the writer is in complete agree-
ment; it applies equally to all formulas that have
been or may be developed.

The only data at present available to the author
that show the results of a sufficiently numerous and
varied lot of interchanges in enough detail to make
the empirical evaluation of the formulas satisfactorily
are those in Bulletin 36 and Research Reports No.
1106A, B, C, and D, of the American Gas Assoc.

In the work reported in Bulletin 36, 18 appliance
burners were adjusted to burn a ‘high Btu natural
gas.” Then 23 “supplemental”’ gases of varied
types were supplied to the same burners at the same
pressure and without readjustment of the appliances.
Most of the supplemental gases were also mixed with
the adjustment gas to give 25 additional ‘‘substitute”
gases,” making 48 substitutions in all. With each of
the substitute gases observations were made of lifting,
flashback, and yellow tips, and the number of burners
that failed in each respect was recorded.

Two similar series of observations were made with
a “high methane natural gas” and a “high inert
natural gas” as the adjustment gas. The second
series involved eight supplemental gases and 10
additional mixtures with the adjustment gas. The
third series included 14 original substitute gases and
8 additional mixtures. In all, there were 88 substitu-
tions of another gas for an adjustment gas and, in
effect, 88 X 18 X 3=15,742 observations that an individ-
ual appliance did or did not fail with respect to one

of three limiting conditions when one gas was:

substituted for another.

The tests recorded in Research Reports 1106-A, B,
C, and D were similar but much more extensive.
The number of appliance burners was increased to 28.
There were six adjustment gases that were compared
with 98, 65, 57, 72, 94, and 13 substitute gases, of
which 29, 30, 23, 27, 33, and 13, respectively, were
unmixed supplemental gases. Instead of giving each
appliance a single adjustment, supplying all gases at
a single pressure, and reporting only one degree of
failure with respect to three limiting conditions, ap-
pliances were given three successive adjustments,
and supplied with gas at three different pressures;
and failures were recorded for four limiting condi-
tions. Moreover, the degree of failure with respect
to lifting and yellow tips was recorded in two cate-
gories.

5 The term ‘“‘supplemental” gas reflects the principal purpose of the AGA
investigation, which was to determine to what extent gas from the regular source
of supply (the adjustment gas) could be supplemented when necessary with gas« f
different characteristics from another source. The term will be retained to
distinguish gas of the second type from its mixtures with the adjustment gas,
made to determine how much of the supplemental gas could be used. Exce t
when this distinection is to be made, both the supplemental gases and their mix-
tures will continue to be referred to as *‘substitute’” gases, meaning, merely tht
they are the gases substituted for the adjustment gas after the appliances were
adjusted. In Research Report 1106, the adjustment gases are given numbers less
than 10. Supplemental gases are numbered from 11 upward. Their mixtures
with the adjustment gases were indicated by the percentage of the supplemental
gas in the mixture. No numbers were assigned to the gases in Bulletin 36, but it
will be convenient in mentioning individual gases to use the same system,
numbering the adjustment gases 1, 2, and 3, and the supplemental gases 11 to 37
in the order in which they appear in the tables showing the results of experiments.
Combining the numbers with a letter, N (for natural gas) for those given in
Bulletin 36, or A, B, C, or D for the various sections of Report 1106 permits
unambiguous reference to any one of the large numbers of gases used or to any
observation recorded during the study. Thus, N3-12-60 represents the compari-
son of the third adjustment gas referred to in Bulletin 36 with a mixture of 60
percent of supplemental gas 12 with 40 percent of adjustment gas 3. B2represents
the adjustment gas 2 used in the tests recorded in Section B of Research Report
1106, and A1-19-20 represents a mixture containing 20 percent of gas 19 and 80
percent of gas 1, as recorded in Research Report 1106-A.,

In order to specify the kind of adjustment given
appliances and the extent of the failures observed,
flame characteristics were given the following desig-
nations:

—5 flames: Distinct yellow in outer mantles, or large
volumes of luminous yellow tips on in-
ner cones. FKlames deposit soot on
impingement.

Slight yellow streaming in the outer
mantles, or yellow fringes on tops of
inner cones. Flames deposit no soot
on impingement.

Inner cones broken at top, lazy wavering
flames.

Faint inner cone.

Inner cone visible, very soft tips.

Inner cones rounded, soft tips.

Inner cones and tips distinct.

Inner cones distinct and pointed.

Short inner cones, flames may be noisy.

Flames tend to lift from ports, but be-
come stable after short period of oper-
ation.

Flames lifting from ports, with no flame
on 25 percent or more of the ports.

FB: Flames flash back through the ports.

Observations were made with appliances that had
been adjusted to have flames of the types —2, 0, and
+2.  All of these are within the range of what we
would normally consider good adjustment. Actually,
in any large number of homes the range of appliance
adjustment will be found to includemany casesof —3
and +3 flames and some —4 and +4 flames. The
pressures employed were 2.5, 5, and 7.5 in. of water
column, a range that is to be encountered in most
localities. These pressures are referred to, respec-
tively, as 0.5 normal, normal, and 1.5 normal. With
some appliances when testing for completeness of
combustion, the maximum pressure employed was
6.25 in. of water column (1.25 normal).

It may be helpful to represent these conditions of
adjustment on the conventional diagram. If we de-
fine our limit of operation with respect to lifting as
that at which flames lift from 25 percent of the ports
and our yellow tip limit as that at which flames pass
from the —4 to the —5 classification and assume that
equal ranges in the percentage of primary air are rep-
resented by each of the specied flame characteristics,
the initial adjustments of the appliances would be
as shown in figure 3. Each short, heavy line repre-
sents one set of conditions of pressure and adjustment
with the adjustment gas.

It is the main purpose of this paper to show to
what extent the proposed indexes of interchange-
ability will serve to predict what will happen when a
gas supply is changed in a city with the usual range
of pressures and existing appliance adjustments. As
none of the initial conditions of pressure and adjust-
ment employed in the AGA investigation are to be
considered unusual, they will be treated alike in the
statistical use of the information. Thus, if one burner
flashed back under two conditions of adjustment and
at each of two pressures, it will be recorded as four

—4 flames:

—3 flames:

—2 flames:
—1 flames:

0 flames:
+1 flames:
+2 flames:
-+3 flames:
+4 flames:

+5 flames:
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Ficure 3. [Initial adjustments of appliances in experiments
described in Report 1106, as they would appear on the con-
ventional diagram for a typical appliance.

failures just as though four burners had flashed back
under one condition.

In the course of the experimental work it was found
that certain appliances were much more prone to
failures of certain types than other appliances. When
several of these had been tested without failure it was
considered unnecessary to test the others. The num-
ber of appliances tested, as well as the number of
failuresisscrupulously recorded;but for the purpose of
this paper, no use can be made of the number of
burners tested. Only the number of recorded failures
will be used. In most cases this is probably the same
number that would have been found had all the appli-
ances been tested, but it is not necessarily so, and in
some cases it is rather certainly not true. Had the
purpose of the AGA investigation been to test existing
or future formulas for interchangeability, it is prob-
able that enough appliances would have been tested
with each gas to make certain that no further failures
would occur with the others; but the primary purpose
seems to have been to establish the amount of “sup-
plemental’” gas that can be mixed with the base gas
normally delivered without exceeding the limits of
practical interchangeability. For this purpose, it was
sufficient to know that so large a number of appli-
ances had failed that the gas could not be considered
even to approach interchangeability whatever the un-
tested burners might have done. The result of this
variation in the number of appliances tested will be
discussed later in connection with the application of
the data.

IV. Derivation of a New Index to Represent
Lifting

As explained in the introduction, the present
attempt to derive improved formulas for represent-
ing the effects of changing the gas supplied to an
appliance began with a combination of the two quan-

tities represented by (S) and H/+/D, later changed
to A/4/D, to predict lifting and flash back.

The derivation of (), a coefficient intended to
represent the approximate maximum velocity with
which flame will travel in any mixture of the gas
with air, is not fully explained in Circular 405 and
has been changed a little. There are many obstacles
in the way of computing flame speed simply and
accurately; to avoid this several assumptions have
been made. As the result is to be judged by the
success of its application, no attempt will be made to
justify them in detail. The principal assumption
1s that the maximum flame velocity in mixtures of
two fuel gases is a linear function of the volumes
obtained by adding to each gas in the mixture the
volume of air required for its complete combustion.
The assumptions made lead to the method for the
calculation of (S) which follows:

dF, L bE, Ll
AF¥5Z—18.8Q+1

S:

in which a, b, ¢, are the fractions by volume
of various combustible constituents of the fuel gas,
F, F, F, ... are corresponding values of the
coefficient # listed in table 1, A4 has its usual meaning,
the volume of air required to burn one volume of
gas, and Z and @ are, respectively, the fraction by
volume of inert gases, chiefly carbon dioxide and
nitrogen, and of oxygen in the fuel. To obtain the
factor, F, the recorded maximum ignition velocity
in mixtures of the combustible with air was expressed
as a percentage of the maximum ignition velocity
of hydrogen with air and multiplied by 1 plus the
number of cubic feet of air required to burn 1 cu ft
of the gas. The coefficient 5, by which the fraction
of inert constituents in the gas mixture is multiplied,
is larger than corresponds to the volume of inert as
a fraction of ultimate products of combustion. The
coeflicient was obtained in trying to fit the formula
to the results of appliance tests. It may be ex-
plained in part on the ground that usually we are

Properties of gases used in computing interchange-
ability by the methods proposed in this paper

TasLe 1.

: Air re- | Flame
: Total |Specific ridy <
f Chemical e o wite | duired | speed
Carbon monoxide.._____ 315.3 0.97 2.39 61
Hydrogen______ 318.5 .07 2.39 339
Methane 994. 1 .55 9. 55 148
Ethane___ i 1757 1.04 16.71 301
Propane._: . ..ozl 2535 1. 56 23. 87 398
ButanetiL:_ L _Teiiits 3330 2.09 31.03 513
Ethylene. 1572 0.97 14. 32 454
Propylene - 2337 1.45 21.48 674
Acetylene._ _ 1464 0.91 11.93 776
Benzene____ 3700 2.70 35.79 920
Atmospheric nitrogen.__| No________| _.__. ORGT Cdsgii ™ Fe
Carbon dioxide______.____ C 3 3 Lt LR e
Oxygen i Clafr e ST 1.11 |(—4.78) o a7
YN ERAEa MO Vo B8 ) R 1.00 Lo £E

af'=(A+1) S, where A+1 is the number of cubic feet occupied by a mixture
of 1 cu ft of gas with enough air for its complete combustion, and S is the speed
of flame in such a mixture in percentage of the speed in the corresponding mixture
of hydrogen and air.
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really concerned with primary mixtures in the burn-
ers containing much less air than is required for
complete combustion, so that inert in the gas con-
stitutes a larger fraction of the total in the primary
mixture than in a mixture containing all the air
required for combustion. Partly it may result
from the fact that we are usually working on a steep
portion of the curve representing the relation of
flame velocity to primary air, where the effect of
added diluent is excessive. The factor for oxygen
simply cancels as much nitrogen as is contained in
an equivalent volume of air.

The two limits of appliance operation under con-
sideration, lifting and flash back, are more closely
related to the chemical reactions involved in com-
bustion with primary and secondary air than to the
quantity of heat liberated, and it 1s therefore more
direct and may be more accurate to consider A/« D

rather than FH/+/D as the major variable. To be
consistent, the abscissa of a diagram such as figure 1
should be changed to represent the total volume of
air required to burn the volume of gas supplied to
the appliance rather than the “heat input”. When
nothing but the supply of gas is changed, the point
X, determined by the previous mechanical adjust-
ment of the appliance, will then follow accurately
a reciprocal curve (i. e., the product of ordinate and
abscissa is constant) instead of following such a
curve only approximately. The principal reason

for using H/+/D originally, that the heating value
of a prospective gas supply is often known when its
composition is not, is no longer of importance since
(S) cannot be computed unless the composition is
known.

In order to find an experimental relation between

S and A/+/ D, it was necessary to consider the results
of determining the lifting curves of a single appliance
with each of a large number of gases. For this pur-
pose AGA Report 847 [3] supplied the necessary
data. The curves in Report 847 that represent the
conditions under which lifting occurs with a given
test burner have been replotted in figure 4, with the
volume of air required to burn all the gas supplied
to the appliance as abscissa in place of heat mput.
Curves lettered A through P represent the lifting
limits for gases identified by the same letters in
Report 847. A reciprocal curve, Y, has been drawn
to represent a fixed mechanical adjustment of an
appliance, the condition assumed to exist in the
definition of interchangeability. The fact that this
adjustment remains unchanged gives us definite rela-
tions between gas and primary air, so that either can
represent both when dealing with a third variable,
such as flame speed (S). The intersection of } with
the lifting curve of one of the gases represents the
flow of gas and primary air that would just produce
incipient lifting if it occurred, not the flow that
actually occurs. The difference between the two is
the margin of safety against lifting. Hence, if we
can determine a relation between (S) and one of the
coordinates of the intersection of Y with the lifting
curve, we will be in position to express the hazard of
lifting quantitatively.
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Froure 4. Lifting curves of AGA Report 847 replotted with
rate of flow of primary air as abscissa.
Curves Y and Z represent constant mechanical adjustments.

The primary air at which lifting occurs with the
adjustment represented by Y is plotted with respect
to flame-speed (S) by the open circles of figure 5.
A straight line through the origin (the origin is not
on the figure) represents the results about as well as
they can be represented by any simple relation. To
show the effect of a different adjustment of the appli-
ance and to include the natural gases, another
reciprocal curve (Z) has been drawn in figure 4. Its
construction and significance are the same as those
of (Y), except that a very different mechanical ad-
justment of the appliance is represented. The inter-
sections of curve Z with the various lifting curves
are shown on figure 5 by solid dots, which scatter
rather widely from the simplerelation of direct propor-
tionality between (S) and the percentage of primary
air at which lifting occurs, represented by the broken
line. Apparently they could be better represented
by such a curve as the unbroken one.

It is our purpose, if possible, to choose a relation-
ship through which interchangeability of various
gases with respect to lifting can be represented by a
single formula. If a different relation exists between
the properties of the gases and the performance of a
single appliance after a change of the size of orifice
and perhaps of the primary air openings, we would
wish to base our formula on the conditions most
nearly representative of those existing in service.
For the most numerous group of gases, this is
undoubtedly the condition of adjustment represented
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by (Y) rather than by (7). We do not often en-
counter in practice an appliance taking through the
burner more than 100 percent of the air 1'(\(11111(-d
for combustion, nor one with so low an input rating
as 1,450 Btu per hour per square inch of port area,
the greatest input with adjustment Z of any except
the natural gases. It is not quite certain that the
curvature of the solid curve is not the result of
inaccuracies in either the values of (S) or of the
positions of the lifting curves intersected by line (7).
The extreme ends of such curves are ordinarily of
little interest and are determined only with consider-
able difficulty. The displacement to the right of the
points at the upper end of the curve may also be
explained by the fact that, as the percentage of
primary air increases beyond that at which flame
speed 1s a maximum, additional air slows down
instead of accelerating the ignition velocity. A line
drawn through the approximate average of points
representing the more rapidly burning gases and the
slow-burning natural gases passes close to the origin.
Finally, the range of compositions covered by curve
(7) 1s much greater than the range of practical inter-
changeability, and our formulas need cover only

ranges within which interchange can generally be
made. For all these reasons, as well as for simplicity,

it was decided to represent practical interchange-
ability by direct proportionality between (S) and
the fraction of primary air at which lifting occurs.

An additional reason for this choice appears when
we consider lifting, not among appliances supplied
at constant pressure and without mechanical adjust-
ment of any kind, but among those in which desired
rates of heating are set at the time of use by means
of the burner valve. They include top burners and
broilers of cooking appliances and a majority of space
heaters. With these appliances we have to consider
whether lifting will occur at the maximum desired
rate of heat input, which may be considered constant.
To obtain an approximate answer to the problem,
the lines representing a constant input of 4,000 Btu
per hour per square inch of port area were drawn on
the original figures of Report 847, and their inter-
sections were plotted in figure 6.  An approximation
to proportionality between (S) and the fraction of
the air that passes through the burner when lifting
occurs 1s again apparent.

h\plossmu this proportional relation in terms of
our symbols for gas properties,

S=k+/D/A or AS/y D=k

in which £ is a constant representing a characteristic
of the appliance independent of the gas supplied to
it. If we use letters with the subseript (@) to repre-
sent properties of the gas with which the appliance

was adjusted and letters without subseript to repre-
sent any other gas, exact interchangeability would be
indicated if

111&?\ ﬂ;,//zl,ﬂq(, Y ]7: 1 y

and the degree of departure from exact interchange-
ability is indicated by the coeflicient ASy D,/ A,S,~/ D
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Frcure 6. Primary air that would cause lifting from appliances
with an input of 4,000 Btu per hour per square inch of port
area.

Data from AGA Report 847.
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which, in conformity with AGA phraseology, may
be called an index of interchangeability with respect
to lifting. It will be designated J;_; to distinguish
it from the corresponding AGA index /; and from a
modification to be designated Jy.

The merits of the new index were first tested by
plotting S/S, with respect to A+/D,/A,+D for the
gases described in the Anthes Report. The result
was figure 7.

The Anthes report was a preliminary condensation
of Research Report 1106A and did not state the num-
ber or extent of failures (whether 44 or 45 flames)
of appliances but only whether the unmixed supple-
mentary gas was or was not considered by the inves-
tigators to be interchangeable with respect to each
limiting condition, and, if not, what percentage of it
could be mixed with the adjustment gas.

If the new index accurately indicates the behavior
of all appliances, then in such a plot as figure 7, the
points representing any number of gases that are
identical (“exactly interchangeable” among them-
selves) in their tendency to lift should lie on a
reciprocal curve representing a constant value of the
index. Such a curve is, of course, determined by any
one point. The points representing every gas more
susceptible to lifting should lie on one side of the
curve, and those representing gases less susceptible
to lifting should lie on the other side. In figure 7, all
supplemental gases that were reported as inter-
changeable with the adjustment gas with respect to
lifting are represented by circles. All supplemental
gases reported not interchangeable are represented by
crosses. The adjustment gas itself is represented by
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Fraure 7.  Observations of lifting and committee’s estimates of

limiting miztures as recorded in the Anthes Report.

(+) represents gases considered not interchangeable because of lifting: (O) gases
that were interchangeable, and (L) limiting mixtures.

two concentric circles. As it could be assumed that
any mixture of a supplemental gas with the adjust-
ment gas would be interchangeable with the latter if
the supplemental gas was itself interchangeable, the
“limiting mixtures”’, the determination of which
involved only conditions other than lifting were also
represented by circles. When lifting was mentioned
as one of the conditions that made the substitute gas
noninterchangeable, the properties of the mixture
regarded as ‘“limiting” are represented by L. Points
representing limiting mixtures should fall near to but
on the safe side of a curve separating the gases which
gave trouble from those which did not. Since lifting
was the only limiting condition with five of the
original substitute gases and was only one of two or
more limiting conditions with the others, it should
not be surprising to find that some of the limits were
determined primarily by other factors, and that they
are well on the safe side with respect to lifting.

Had some of the appliances been adjusted initially
to incipient lifting, the curve separating the inter-
changeable from the noninterchangeable gases should
have passed through or very close to the concentric
circles that represent the adjustment gas.

It can be seen at a glance that, so far as this set of
data is concerned, the index is in almost exact agree-
ment with the reported observations. When the
observations reported in Bulletin 36 were plotted in
the same manner, the agreement with the formula
was much less satisfactory. In Bulletin 36 the num-
ber of appliances that showed lifting with each gas
was given. Figures 8 to 10, representing the result of
substitutions for each of the three adjustment gases,
are like figure 7 except for a change of scale and the
substitution of the number of appliances that failed
for the crosses of the*earlier figure. Had the index
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Observed lifting after appliances were adjusted with
“high-Btu” natural gas.

Ficure 8.

From Bulletin 36, numbers represent number of recorded cases of lifting with
substitute gas.
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Ficure 9. Observed lifting after appliances were adjusted with
“high-methane’ natural gas.

From Bulletin 36.

perfectly represented the observations in this case,
not only should all zeros have fallen on one side of a
single reciprocal curve and all other numbers on the
other side, but of two numbers the greater should
always have been farther from the curve.

Inspection showed that of the gases that produced
lifting more readily than would have been predicted
from their indexes, a large proportion contained
butane and air. In cases in which air is present its
amount is, of course, subtracted from the volume
needed to burn the fuel portion when the “air re-
quired for complete combustion” is computed.
With an appliance injecting just this amount of air
the sum of the air injected and that already in the
gas 1s the correct amount needed to meet the chemi-
cal requirements of combustion. However, few
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Ficure 10. Observed lifting after appliances were adjusted with
“high inert’ natural gas.

From Bulletin 36.
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Fiaure 11. Observations of lifting recorded in AGA Report
1106—A.

Value of J4 modified to take account of oxygen in the gas.

appliances are used with 100 percent of primary air.
With a slow-burning gas, such as natural gas or
butane, it is not uncommon for lifting to begin at
25 to 30 percent of primary air and, as failure is
judged by the appearance of lifting from any of the
burners under observation, it is with the lowest
limits of lifting that we are really concerned. At
these low percentages of primary air, the primary
mixture is not correctly accounted for by the formula.
For example, if a butane-air mixture of 1,000 Btu/cu
ft injects just 100 percent of the “‘air required”,
about 8 percent of the air in the primary mixture
enters the burner with the gas, and only 92 percent is
injected. If the burner is now adjusted to take “25
percent of the air required”, the air injected is
actually 25 percent of 92 percent, or 23 percent of
that needed to burn the fuel, but 8 percent enters
with the gas, making a total of 31 percent instead of
the 25 percent indicated by formula. The error
mmvolved in ignoring the oxygen in the gas is great
enough to make a big difference in the usable gas
rate, as will be appreciated after a glance at the
gently sloping lifting curves at the bottom of figure 4.

From this discussion it appears that a correction to
the index for lifting may be needed when the gas
contains much oxygen. An inspection of the data
indicated that the trouble with the formula would be

reduced if the value of A/4/D for each gas is mul-
tiplied by the fraction by volume of all constituents
of the gas except oxygen. The index for lifting is
then conveniently written :

e SAJT),,(IOO~Q))
S, AavD(100—Q,)

where @) is the percentage by volume of oxygen in
the gas.

To test the application of J, values of [A+D,
(100—Q)]/[AavD(100—0,)] have been plotted with
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respect to S/S, for the data reported in Research
Report 1106—A in figure 11, and for the data of
Bulletin 36 in figure 12. In figure 11, substitute
gases that showed any 45 flames are marked —+
and those that produced 44 flames only are marked
X. This seemed more informative than entering
the number of “failures’ of either type. The solid
reciprocal curve represents the average values of
J, for the mixtures considered “limiting”” by the
AGA committee in charge of the investigation. The
broken line represents the present writer’s judgment
of a limiting value for the index in this case. Two
points marked X are underscored. They will be
referred to later in a discussion of the rehability of
the data.

In figure 12 the three plots corresponding to figures
8 to 11 have been superimposed. Dots have been
placed below numbers representing observations
made with “high methane” natural gas and above
numbers representing ‘“high inert” gas. The numbers
representing adjustments with ‘“high Btu” gas are
without dots. The horizontal scale is the same for
the three sets of data; the vertical scale has been
shifted to bring the curves drawn to represent the
limits of interchangeability into coincidence at the
abscissa S/S,=1. One of the more interesting things
about the figure is that it shows rather clearly the
different margins between lifting and the adjustments
with the three different adjustment gases.

It may be of interest to compare the form of the
new index J, with the AGA index for lifting 7, which
is defined in Bulletin 36 by the equation

5 K,/ f.a,
T faK—log (/)

in which subscripts @ and s represent properties of
“adjustment’ gas and “substitute’ gas, respectively,
and

I

Ka:F‘a/Da Ks:]4‘s/Ds

f,=1000v/D,/H,  f,=1000~/D,/H,

@, — LOOAGIELS a,=1004,/H,

it == JHE, 1= IR0
where A, H, and D have the same significance
given them throughout this paper, but F, and F are
obtained as summations of the products of the frac-
tions by volume of each constituent G of the gas
mixtures and a factor 7, called the “lifting constant”
of the constituent. The constant F/ was chosen
empirically from a consideration of lifting curves,
not of flame velocities, and is based on the effect of
unit mass of each constituent of the gas mixture,
which is the reason for the appearance of specific
gravity in the denominator of the expression defining
K. For further details of the derivation of 7., Bulle-
tin 36 must be consulted.

In comparing the new index, J, with 7, it is first to
be noted that one decreases while the other increases
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Ficure 12. Observations of lifting with appliances adjusted

for natural gases recorded in Bulletin 36.

Value of J4 modified to take account of oxygen in the gas.

with increasing tendency of the gas to cause lift-
ing. This amounts to saying that AS+D,/A,S.~D
corresponds more nearly to the reciprocal of 7,
which we may write

L_Ks{faas_i_l "Jg'
IL—Ka jsa/a Ks Oé fv

Making the various substitutions indicated above,
simplifying, and dropping the subscript (s) as in the
remainder of this paper

1 KA \“’T)a 1l i51 \/]’E 4
T —_— 1‘—?’ log ——
Ii Ko AND Ky 2 D

The term 1/K, log HyD,H,yD is found to be
rather small in most cases. If we neglect it for the
moment and assume that values of K are propor-
tional to values of S in index J;_; one index becomes
the reciprocal of the other. Next we should note
that 7, contains no term relating specifically to
oxygen, but as this is rarely an important constituent
of a gas, the omission is relatively unimportant.

As K and S are derived in very different ways from
observations of different kinds, no theoretical rela-
tion between them can be stated. A comparison was
made by plotting with respect to each other their
numerical values for the experimental gases described
in Bulletin 36 and Report 1106—A. The assumed
proportionality was not closely approximated; never-
theless there is a general agreement as to the nature
of the index needed to represent lifting, with the
prineipal difference appearing in the values and
methods of determining constants that are essentially
similar functions of flame velocity.
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V. Selection of the Best Index of Inter-
changeability for Lifting

Figures 11 and 12 give a good general picture
both of the agreement of J, with observations and
of the relations between the functions of composi-
tion of gas mixtures from which the index was
derived, but they do not permit ready comparison
of J;, with I or other indexes for predicting lifting
based on different properties of the gases involved.
Accordingly, the data of ficure 11 are plotted in
still a different manner in figures 13 and 14. In
figure 13, the lifting index oJ;, for each substitute gas
is plotted with respect to the number of appliances
for which any lLifting (44 or +5 flames) was re-
corded. In figure 14, the abscissa is the number
of burners with +5 flames only. The average index
of limiting mixtures in each figure and the suggested
limit of interchangeability correspond, respectively,
to the solid and the dotted reciprocal curves of
figure 11. Arrows at the edges of the figures in-
dicate the direction of points off the figure, the
inclusion of which would have unnecessarily re-
duced the scale used. Each of the two asterisks in
the figures represents a substitute gas with which a
single +4 flame was recorded. These points in-
dicate the same gases (A1-32-90 and A1-32-55)
that were represented by underlined X in figure 11.
They appear to be quite anomalous; at least we

should expect the gas represented by the lower
point to produce many -5 flames. When the

observations made with these two gases are plotted
with respect to other functions of composition, 7,
AGA index C, Knoy Index O, Jg, J4, the ratio of
hydrogen to inert in the gas and to the observed
adjustments of the Rochester Burner that produced
lifting, they appear to be as much out of line as they
are in figures 13 and 14. They are also highly im-
probable merely when compared with the other
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Data from Report 1106A.
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Data from Report 1106A.

observations of mixtures with the same supple-
mental gas (A-32). This gas undiluted showed 71
cases of lifting, of which 55 were recorded as +5
flames, and the mixture of 40 percent of the gas
with 60 percent of adjustment gas A—1 caused nine
ases of 44 flames, but the anomalous mixtures
containing 90 and 55 percent, respectively, of gas
A-32 showed only one case of +4 flames each.
For these reasons it seemed desirable to omit these
two gases from all comparisons between the various
indexes.

In selecting the limits of mixing of supplemental
with adjustment gases, the AGA committee per-
mitted some +4 flames and even a few -+5 flames.
Taking the first gas substituted, AI-11 as an ex-
ample, the committee decided that a mixture con-
taining 30 percent of the supplemental gas was to be
considered interchangeable with the adjustment gas,
although it was recorded as having produced four + 5
and two +4 flames. The number of cases of serious
lifting (45 flames) therefore seems to be a more
practical as well as an easier basis on which to com-
pare various indexes than the number of cases of
both +4 and +5 flames. Hence, only the more
serious type of lifting will be included in most of the
comparisons that follow.

In figure 15, lifting is plotted with respect to the
AGA index for lifting, /,. In figure 16, the same
comparison is made with the AGA general index of
interchangeability, C. Plots of the same kind were
made for the Knoy index, for the ratio of hydrogen
to inert, which is regarded as a general index of
interchangeability by some operators, for several
other functions of composition, and for comparisons
of appliance burners with the Rochester test burner.
The observations made after adjusting appliances
with the other adjustment gases were treated in the
same way. Then similar plots were made of the
results of observations of the other types of appliance
failure. In all, more than 100 plots were made to
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Ficure

show the frequency of appliance failure of one kind
or another in relation to some computed or experi-
mental means of predicting failure.

Some of the plots resulted in nothing of interest,
but to reproduce all those that did would require
too much space and would be more confusing than
helpful. Some times it 1s hard to determine from
casual inspection which of two indexes better repre-
sents the observations. A method of summarizing
in numerical form the information available from one
of the figures is needed. The method devised will
be explained with the aid of figure 17, assumed to
represent a simple hypothetical case. It is assumed
that five gases, A to £ were tested with the results
indicated in the figure, that is one appliance showed
lifting with gas A, two with gas B, six with gas E, ete.
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Frecure 17. Figure representing the hypothetical case used to
explain the method of ‘‘summations” employed for comparing
various indexes.

We should expect the least appliance failures from
C, because it has the highest index JJ;, and the most
failures from D with the lowest index. Table 2 is
prepared to show the exceptions to the predictions
that would be made from a knowledge of the indexes.
In the column headed ‘“summation A”’, one is entered
for each gas with which lifting was recorded less
frequently than with one or more gases having higher
values of the index. In the case of each of these
mixtures, the number of mixtures of higher index
that produced lifting more frequently is noted and
added together in the column headed ‘‘summation
B.”  From the total number of cases of observed
lifting with the mixtures indicated in summation B
is subtracted the total number of cases occurring with
the mixtures indicated in summation A. This gives
“summation C”, which is the total number of times
lifting was observed from any appliance with any
gas when it would not be expected to occur from the
known extent of lifting with each of the other gases
and the relative values of the indexes for the two gases.

The summations are easily made from the plotted
data with the aid of a piece of transparent plastic

TaBLE 2.—Hypothetical case showing application of method
of summation from figure

Summation
Gas with which other
gases are compared
Aa B C
1 1 2
1 2 5
0 0 0
1 it 1
0 0 0
3 4 8

& Summation A represents the number of times we would be in error if we predicted,
from their indezes, whether each gas mirture would cause lifting with more appliances
than would occur with any other ome gas mizture. Summation B represents the
number of times we would be in error if we predicted from the index whether each gas
mizture would cause more frequent lifting than each of the other gas mirtures. Sum-
mation C represents the number of cases in which we would be in error if we predicted
whether each appliance would show lifting with each gas from a comparison of the
index for that gas with the index for each other gas.
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with one right angle, the apex of which is succes-
sively placed on each of the plotted points as repre-
sented by dotted lines in figure 17. The numbers to
be entered in each summation are then -easily
counted. In detail, mixture A has a lower value of
J, than mixture C, but caused lifting of two less
appliances. Hence we enter 1 in summation A,
one in summation B, and 2 in summation C. Mix-
ture B has a lower value of the index than either C or
I, hence 1 is added to summation A, and 2 to sum-
mation B. One more appliance lifted with C than
with B and four more with E than with B, hence the
total, 5, is entered in summation C. There were
less failures with gas C than with any gas of lower
index not already compared with it; hence there are
no exceptions to the rule and nothing to enter in any
of the summations. Mixture D has a lower value
of the index than K, and one less appliance showed
lifting with it than with E; hence 1 is added to sum-
mations A, B, and C.

The application of this method of descriptive sum-
mation to comparisons between indexes for other
limiting conditions and the experimental observa-
tions should now be understandable. If the sum-
mation for one index results in smaller numbers than
for another, the first is the better index because
there are less exceptions to the predictions that can
be made from its use.

The summations of observations made after ad-
justment with gas Al for several indexes are shown
in table 3. The data are confined to the gases for
which 7, was given. The last series of numbers in
the table, designated ‘“possible”; requires explana-
tion. The AGA lifting index was given for 70 gases.
If the one with the highest index had produced the
most cases of lifting, the other 69 would have to be
entered in summation A, and this in spite of the fact
that the remainder of the observations might have
been in perfect order. Hence summation A is not
very significant.  Summation B is prepared, in effect,
by comparing the tests of each of the 70 gases with
the tests of each of the remaining 69 gases, making
a total of 70 <69/2=2 415 comparisons. When there
is a reversal of the anticipated relation, a unit is
entered in summation B. Had all comparisons re-
sulted in reversals, the fact would have represented
a perfect inverse correlation between index and ob-
servation, that is a correlation that varied in the
direction opposite to that anticipated. Had there
been no correlation between the index and the num-
ber of appliance failures, we should expect about
half this number in summation B. There were nine
combinations of adjustment of each of 28 appli-
ances, hence the possibility that in any one of the
2415 possible reversals there would be 9}<X28=252
more failures with one gas than with the other. But
this maximum difference could have existed in the
maximum number of cases only had the gases been
divided into a group each number of which pro-
duced 252 failures and an equal group that produced
no failures. Comparisons between numbers of the
same group would show no differences. The maxi-
mum number that could appear in summation C is

921592—51——F5

3535 %252=308,700, but this again could occur
only if there were complete reversal of the predicted
relation of index to appliance failures, as well as
arrangement in two extreme groups. The number
of failures that would have appeared in summation
C had there been no correlation between the index
and appliance failure cannot be stated, because it
depends greatly on the distribution of tendencies to
lift among the appliances used, but it is of the order
of magnitude of 10°.

Table 3 shows that there is a strong correlation
with the numerical value of the index even in the
case of the worst one, which is AGA index C. We
see at once that the number of times we would fail
to predict lifting on individual appliances by the
use of I, Jp, or J, 4, indexes designed to show the
tendency to lift only, is an order of magnitude less
than the number of times we would fail when using
any of the single expressions designed to show gen-
eral interchangeability, except the ratio of hydrogen
to inert which, for this set of data, is about as good
as I,. Index ./, 1s shown to be much better than 7,
so far as this set of data 1s concerned, and the advan-

TasLe 3. Summations showing the application of various
indexes to observations of lifting made after adjusting appli-
ances with gas Al.

(Only +5 flames and cases for which Iz, is given are included. Tests A1-32-90

and A1-32-55 omitted).
Summation
Index =T = ryane |
| |
| ‘ A | B C
!,,,, - ——— e _**‘,ﬁ — —|- — 7‘ SR
Jrns At ol 14 36 294
Jr—1 SRET 22 48 | 339
AGA Iy ... ___ 37 120 | 1,402
AGA C 57 817 | 12,614
Knoy C._.______ 18 451 ‘ 10, 915
Hydrogen: inert 39 109 151012
" . - e 58 429 12, 392
\ Rl B i v o
‘ Possible_ _____ | 69 2,415 308, 700

tage of correcting J, ; for the presence of
in the gas is apparent.

The superiority of ./, is even more evident if we
omit from the summations the mixture A1-26-100,
experimentation with which was on a different basis
than with the other mixtures. This is explained in
footnote in Report 1106-A as follows: “Data taken
prior to the Committee’s decision to adjust each
burner for more than one kind of flame. First
figure gives number of burners with unsatisfactory
flames, second indicates the number of burners
adjusted for the particular kind of flame”. We find
that of the seven, eight, or nine burners tested under
five of the nine combinations of adjustment and
pressure, all had -5 flames. We have no way of
judging how many failures would have occurred
had all 28 appliances been given all the adjustments.
Omitting this gas gives the three lifting indexes with
the summations listed in table 4.

Although data from the experiments with several
adjustment gases have been plotted for various gen-
eral indexes, the superiority of the lifting indexes
I, and .J, is so decisive that no further consideration

oxygen
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TaBrLE 4. Summations of observations of lifting with appli-
ances adjusted with gas Al.

Tests A1-26-100, A1-32-90, and A1-32-55 omitted from the comparison

Summation
Index
A l B C
T hincaisa g bw® b sl e 13 27 125
A AT Qo S A O e 21 39 170
Y ;T Al s 3 36 113 1,101

need be given to AGA index C, Knoy index C, ete.
Summations for the comparisons with natural gases
are given in table 5. In this set of comparisons I,
certainly has the advantage. It might be concluded
that .J, is generally unsuitable for use when burners
have been adjusted with natural gases, but such a
conclusion is probably not warranted by the experi-
mental data, which show that .J, applied very well
to all tests except those involving a single producer
gas and its mixtures. Further work may be needed
to establish the value of J;, when applied to very
slow-burning gases, however. Again J;, appears to
be superior to .J,_; by a margin wide enough to
warrant dropping the latter from further discussion.

The interpretation of the experiments recorded in
Research Report 1106, parts B, C, and D is affected
by the fact, earlier mentioned, that varying numbers
of appliances were actually tested with the different
conditions of adjustment and gas supply. Usually
the burners most susceptible to lifting were tested
first. When enough of them had been tested without
lifting to make it probable that most of those not
tested would not show lifting, testing was discon-
tinued. In these cases it is not likely that the num-
ber of failures would have increased greatly had all
the appliances been tested; but there were other
cases in which all appliances tested showed -5
flames, and it appears that testing was discontinued
because the noninterchangeability of the substitute
gas with the adjustment gas had been shown de-
cisively and further experimentation seemed un-
necessary for the original purpose of the investiga-
tion.

Even had the appliances been arranged as well as
practicable in the order of susceptibility and had
testing been continued with each gas until some of

TaBrLe 5. Summations of observations of lifting with appli-

ances adjusted with natural gases

Summation
Adjustment gas Index

A B C
b § A e e 9 9 47
SHIphIRIn Sa s S I e 8 12 64
B el Ll ReTh 3 3 22
B § S TR 1 1 2
SHigh mothane!” ... c£ - . v-}L—x ......... g g 24
b PR L 0
JL._ 4 4 21
(210200 1 aTe g et AR S i, T {1_-1 ......... 4 8 30
Tl & e PN 1 1 2

the burners had not shown lifting, there must have
been some uncertainty as to the number that might
have failed, for the order of susceptibility was by
no means constant. When, under a given condition
of adjustment and gas supply, no more than three
appliances showed either -4 or -5 flames, they
were designated by their identifying letters. In
table 6 is a summary of the entries of this kind in
Report 1106-A. When a given burner was the
only one that showed -+5 flames or the only one that
showed -4 flames when none showed -5 flames, it
was considered ‘“most susceptible’” to lifting and
entered in column (A). If its greater tendency to
lift was shared by one or two other burners, it is
entered in column B, ete. Rated like an athletic
event, a first in susceptibility to lifting is represented
in column A, a tie for first with not more than two
others in column B, second or a tie for second with
not more than two others in C, third or a tie for
third with not more than two others in D.  Columns
E and ¥ merely show that the burner was not first
or second, while the entries under G show definitely
that the burner was often far less susceptible than
numerous others. The burners are listed in order
of the number of times they appeared to be most
susceptible or among the two or three most suscep-
tible, and 19 of 28 were in this position under at
least one condition, but those most susceptible in
many cases were as low as 16th in order of suscep-
tibility in other cases.

If such variations appear in the relative suscepti-
bility to lifting, we cannot expect greater regularity
in their absolute susceptibilities, which determine
the number of appliances on which lifting should
occur with a given gas. Even if the index were the

TaBLE 6. Relative tendency to lift shown by certain burners as
recorded by burner designations in table 7 of Report 1106—A
Column._._____ A B C D E F G
Number of
burners " Great-
shown more ﬁggﬁ%ﬁ est
susceptible_ .| 0 0 1 2 1 2| 3or e number
Number of more | o coen. |0f more
burners ti‘blep suscep-
shown b G tible
equally Not Not ®|burners
susceptible__| 0 [1 to 2|0 to 2|0 to 2/shown |[shown |.______
Burner Number of cases
12 17 0 il 9 24 18 6 15
6 20 1 0 12 8 5 4 6
10 14 3 2 7 21 18 8 15
0 14 5 2 9 18 i 4 12
3 6 0 0 20 27 13 3 6
4 il 0
4 2 W
2 0 (1.
I 0 0 |-
4 0 0
3 1 |t s e e gt et = sme il
3 0 0
3 0 0 |-
1 2 0
1 1 0
0 0 0
1 0 (]
1 0 0
1 0 OF| SEEESE S - il b PR P Sy




TasrLe 7. Summations of all tests for lifting compared with
I, and Jy (comparisons with adjustment gas Al limited to
those for which I, had been computed)

| Index Iz sum- Index Jr sum- Maximum possible
} Adjust- mations mations summations
[Simentigasile==—m——r—— = |
1‘ A|B| ©C A A B c |
T S S | P | EPDY) (SIS
37 | 120 | 1. 402 14 26 69 2, 415 308, 700 ‘
23 76 601 20 [ 64 2, 080 266.112 |
14 44 188 17 56 1, 596 204,624 |
15 | 48 | 201 | 24 [ 72 | 2,628 | 326,592 |
32 | 105 | 611 30 ‘ 93 4, 418 344,824
7| 11| 60| 2| 3] 4| 11 66 | 7,560
3 i 3 | 22 9 9 | 47 47 1,128 ‘ 145,152
0| 0 0 1 i [ 2 17 153 | 20,412
1 ‘ 1 2 4 4 | 21 21 231 | 30,492
132 3, “81 111 r 2 2 ‘ 1,222 | 450 | 14, /I’ l 654, 468 1
|

best possible guide in predicting appliance failure,
and if all appliances had been tested with every gas,
we should expect considerable irregularity among the
results, because table 6 shows the variations to be
unpredictable.  When a varying number of appli-
ances is tested, the scrambling of the results is much
greater. Nevertheless, we have no alternative to
using the data available. The apparent value of any
index must be unfavorably affected by such irregu-
larities as the variable number of appliances tested,
but these variations are not too great to leave a high
degree of correlation between the number of appli-
ance failures and the properties of the gas supply,
and the index that most perfectly represents these
properties should still show the better correlation
with the number of appliance failures.

It would be possible to omit from consideration cer-
tain results in Reports 1106-B, C,and D, for the same
reasons given in the case of tests A1-32-90, A1-32-55,
and A1-26- 100, but their individual discussion would
not be worth while.  Accordingly, all the results re-
corded 1 these reports have been included in the
“summations’” made of them. The AGA index 7,
was reported for only 57 of 65 gases for which tests
were recorded with 51 as the :1(!]115(111(-111, gas, but all
tests are included in the summations for J;, al-
though the larger number of gases leads necessarily
to somewhat larger summations. 1In spite of this
handicap, J; shows the higher degree of correlation
in this as in all other cases, except the tests reported
in Bulletin 36. The summations for each group,
including those previously discussed, are given
table 7. There 1s no room for un(cltaim_\ that .J;,
represents the results of this huge group of tests ma-
terially better than does 7.

The Rochester Test Burner is a simple single-port
burner with a graduated means of adjusting the
primary air opening. When used to measure the
lifting properties of a gas, a normal rate of gas flow
1s set with an adjustment gas, and with each sub-
stitute gas in turn the air shutter is opened until
lifting occurs. A graduated scale attached to the
air shutter provides a numerical readinz that is
taken to be the desired measure of the tendency
of the substitute gas to produce lifting. The read-
ings of the Rochester burner were not included in

table 3 with the indexes, because neither they nor
index I, was applied to all the gases substituted for
A1, and the ones omitted were not the same.  Index
J;, was plotted for the same gases used with the
Rochester burner, however, and the usual summa-
tions taken. Including +4 and 5 flames, they
were as follows: for J,, A=25 B=72, (C=48l.
For the Rochester-Burner Index, A=23, B=108,
C=1,331. It appears that observations with the
Rochester burner would have provided a more
accurate means of predicting lifting than 7, but
not as accurate a means as J;,. The same appeared
to be true in plots of tests involving other adjustment
gases, but summations were not made.

VI. Derivation of a New Index to Repre-
sent Flashback, and its Comparison With
AGA Index [,

The flashback curves shown in Report 847 are not
complete enough, nor do they cover a sufficiently
varied lot of gases to be of much use in preparing a
formula for predicting flashback. It was therefore
necessary to go much farther back, to 1922 and the
Bureau’s Technologic Paper 222 [11], which dealt
with a considerable variety of rapidly burning gases
and two range burners. The observations were
made before methods of testing appliances were well
developed and leave much to De desired in the w ay
of completeness and accuracy, but they still represent
the best data for this purpose available to the writer.

Essentially the same method was employed as in
the preparation of the formula for lifting. Curves
were replotted from the original figures to show the
average rate of gas supply (in terms of the air re-

(|un(‘(l to burn it) at which the two appliances
flashed back with each gas and at each of several
Only a part of the 10
designated
in figure 18;

percentages of primary air.
resulting flashback curves, for gases

103-106, are shown by heavy lines the
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Ficure 18. Average flashback curves for four gases, and

changes that occur in tendency to flash back when pressures
and mechanical adyustments are changed.
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others are omitted to make the figure less confusing.
In the case of lifting we were concerned only with
what would happen when the gas-supply valve of an
appliance is wide open. If lifting does not occur
under that condition, it does not occur when the gas
is turned down. The case of flashback is entirely
different. Ranges and space heaters are usually
manually controlled to whatever rate the user
desires, and many appliances of other types have
graduating thermostats that effect similar control
automatically. Safety from flashback therefore re-
quires that it shall not occur under any conditions
produced by gradually reducing the pressure at the
burner orifice, by closing a valve in the supply line
or otherwise. What happens to the input of gas
and the injection of primary air when this occurs is
represented on the basic diagram by ‘“normal injec-
tion curves,” of which curves N, and N of figure 2
are examples. Normal injection curves in figure 18
are broken curves converging at the origin. The
point representing the operation of an appliance at
its normal input rating may seem remote from flash-
back, but if the normal injection curve connecting
it with the origin intersects the flashback curve, the
appliance is subject to that hazard. The changes
that take -place 1 the flow of gas and primary air
when one gas after another is supplied to an appli-
ance with unchanged mechanical adjustments, in-
cluding the burner valve, is again represented by a
reciprocal curve (A).

The solution of our problem begins with the con-
struction of a normal injection curve for a typical
appliance, marked N in figure 18.  Such curves differ
somewhat from one appliance to another, but are
enough alike to permit almost any one to represent
appliances in general. Other normal injection
curves to be used in the same problem must be re-
lated to the others as shown by the method of deriv-
ing one from another which follows. The inter-
section of curves 4 and N is marked X. From an-
other point on curve A4, say X—105, a normal injec-
tion curve is constructed in the following manner.
Other reciprocal curves, of which B and C are shown,
are constructed. Each represents a different pres-
sure at the orifice. Curve /N intersects curve B at a
point marked X-B. The normal injection curve
through point X-705 will intersect curve B at a
point X—105—B, whose abscissa has the same ratio
to that of X—705 as the abscissa of point X-B has
to the abscissa of X. In this manner any number
of points on the normal injection curve through
X-105 can be located, and any number of other
normal injection curves can be drawn.

By trial and error, normal injection curves tangent
to the experimental flash back curves were con-
structed in the manner described. Their inter-
sections with curve A are marked X—103, X—104,
. and have the same significance with
respect to flashback as did the intersections of
reciprocal curve Y with the lifting curves of figure 4.
The abscissas of points X-101, ... X-110
are plotted with respect to flame speed (S) in figure
19. The gas rate in terms of air required to burn

it will be designated Az It was plotted in prefer-
ence to its reciprocal, primary air, because a simpler
relation was expected to appear. Actually, the
points scatter badly, but they can be represented by
a straight line as well as by any other simple function.
The straight line obviously does not pass through the
origin and the still simpler relation of direct propor-
tionality does not exist. As each abscissa of a point
of figure 19 is that of a point on the same reciprocal
curve of figure 18,

Ap=kA/yD, 2)

and the equation of the straight line of figure 19
can be written

S—kA//D+C0=0 (3)

in which & and C are constants. The significance
of the equation is that, with single values of the con-
stants, it represents in terms of three properties of
the gas A, D, and S, and with as much accuracy as
the accuracy of the observations and assumptions
will permit, all gases that are equally susceptible
to flashback.

The observations of flashback recorded in Report
1106—A are plotted in figure 20 with the coordinates
used in figure 7. When flashbacks were reported
without a qualifying note for any appliance, the point
corresponding to the gas used is marked +, and when
no flashback occurred, it is marked 0. When flash-
back was noted for a single appliance but marked
“tendency’” or “occasionally,” the corresponding
point was omitted from the figure as indeterminate.
The diagonal straight line does not make a perfect
separation of gases with which flashback was recorded
from those with which it was not, but points very
far on the wrong side of the line are not numerous.
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Ficure 19. Relation between flame speed (S) and rate of gas
supply (in terms of air required to burn it) at initial adjust-
ments of appliance with each gas such that flashback will
Just occur when pressure is gradually reduced.
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Ficure 20. Observations of flashback from Report 1106—A.

Added curve for lifting shows generally the conditions for stable and unstable
flames.

Actually, the line was drawn, in the first place, from
the undetailed but considered data of the Anthes
Report, with which it was in excellent agreement.
It is of interest to add, to the line indicating the
limit of interchangeability with respect to flashback,
the reciprocal curve indicating the limit of inter-
changeability with respect to lifting previously found.
The curve in figure 20 corresponds to the “suggested
limit” of figures 11, 13, and 14. Figure 20 is thus
divided roughly into quadrants, only one of which
represents gases with which flames may be expected
to be stable (subject to neither lifting nor flashback).
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Observations of flashback with appliances adjusted
for natural gas.

Ficure 21.

From Bulletin 36.

In figure 21, three plots showing the results of flash-
back tests with appliances adjusted for the three
natural gases of Bulletin 36 are superposed. The
figure is like figure 12 except that the numbers repre-
sent the number of appliances that flashed back with
each gas instead of the number that showed lifting.
The three ficures that are combined in figure 21 were
drawn separately, a line was drawn on each to repre-
sent what was considered to be the permissible lmit
of interchangeability with respect to flashback, and
the three figures were superposed by sliding vertically
(adjusting the ordinates) until the limiting curves
coincided.

The slopes of the lines representing limits of inter-
changeability in figures 20 and 21 are identical, al-
though they may not appear to be so because of a
difference of scale. They may both be represented
by the equation

S/S,—1.4A~D,/A.D=C,

in which 1.4 is also the value of & in eq 3 derived
from figure 19.° Assuming the relation to be quite
general, gases that are identical (“exactly inter-
changeable’”) in their tendency to cause flashback
will always be represented by points on a line parallel
to those 1n figures 19 and 20. Then the “index,” or
measure of departure from exact interchangeability
between two gases, can be taken as the difference
between the final constants of the equations of the
lines on which they lie, that is,

Jr=0—C,=8/8S,—1.4AvD,/AsAD+0.4,

where Jp 1s the new index for susceptibility to flash-
back.

It is again of interest to examine the relation of
the new formula to the corresponding AGA index
defined by the equation [,=K /K, f,vh/10600.
The various symbols have the same meaning as in
the earlier equation defining 7,. By substituting
the symbols used in this paper, simplifying, and
rearranging terms to put those depending pri-
marily on speed of combustion on one side of
the equation and those having to do with “inputs”
of gas and primary air on the other, this becomes
K/K,=I,(H~D,/H:D)y1000/H, or making the
now familiar approximate assumption that heat-
ing value and air requirement are proportional,
K/K,=I1,(AvVD,/A.vD)+1000/H.

The new expression for interchangeability put
in the corresponding form becomes

S/S,L: 1.4(4‘1 \‘ﬁ,,/zl,, \“/T)> —C.

Each of these equations is designed to represent a
set of gases, all of which would be equally susceptible
to flashback. Hence I is a constant for such a set.
A fairly close relation between the two formulas is

6 Of course this equality was obtained by adjusting the slopes of the lines a
little at the time the figures were drawn, but it is difficult to say that the agree-

ment of the line with the points it represents could be improved by a change of
slope in any of the figures.
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now apparent, but there are important differences.
When we change to another set of gases all inter-
changeable among themselves, the values of I and
C change. The formulas also differ because of the
introduction of v as a factor in the denominator of
the AGA expression. If several sets of mutually
interchangeable gases are represented geometrically
in terms of the AGA formula, the result is a series of
curved lines passing through the origin with different
slopes. The new formula results in a series of
parallel straight lines.

The value of the new formula ./, was examined in
the same manner as that of J, by plotting it and
other indexes with respect to the frequency of
reported failures of appliances. It was found that,
as in the case of the indexes for lifting, both I and Jx
were decisively better for judging interchangeability
with respect to the property in question than is any
of the general indexes. The ratio of hydrogen to
inert was considerably less closely related to recorded
flashbacks than to recorded lifting. Accordingly,
only I and Jp will be discussed. In figure 22, the
number of appliances that flashed back with each
gas is plotted with respect to Jr. As in figure 20,
mixtures for which there were recorded flashbacks of
a single burner marked ‘“tendency’” or ‘“occasion-
ally” have been omitted. Figure 23 shows similar
data plotted with respect to I, but, as in the case of
lifting, I, was not recorded for all the substitute
gases. Figure 24 shows J; for only those mixtures
for which I was reported.

The point that is most noticeable when comparing
figures 23 and 24 is that when using /» and either the
adjustment gas (with which flashback did not occur)
or the average of the gases selected by the investi-
gators as limiting mixtures, there are many more
flashbacks that would not be predicted than when
Jr 1s used. Thus, 19 flashbacks were recorded for
eight mixtures that had lower values of Iz than the
adjustment gas, and only seven flashbacks in three
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Ficure 23.  Number of cases of observed flashback from Report
1106-A compared with the AGA Index for flashback. Ip.

summations are given in table 8. As in table 4, the
summations relating to comparisons with adjustment
gas A-1 are limited to those for which values of I»
are given in the report. In the other summations,
all recorded results are included. Data from report
1106-B are not included because practically all the
substitute gases were less subject to flashback than
the adjustment gas, and the number of failures that
occurred was too small to be significant.

The Rochester Test Burner could not be adjusted
to flash back with four of the gases described in
report 1106—A that did flashback in the appliance
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1106—A compared with the index for flashback Jp.

gases represented in figure 23 compared with Jp.
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TasrLe 8  Summations of lests for flashback compared with
Iy and Jp
Index Ir Index Jr
Summations Summations
Adjustmentgas | RN 2
A B f‘ C A B l C
e |— TR B
168 437 44 107 261
115 337 22 73 186
56 120 32 78 197
2 2 5 10 15
18 27 8 15 16
359 923 bt 283 675

burners; and there were 11 gases, including the
adjustment gas, that did flash back with the Roches-
ter Burner but not with any of the appliance burners.
Summations of the readings for the gases that could
be made to flash back in the Rochester burner and
of Jp for the same gases gave the results in table 9.
The two means of predicting flashback appear to be
about equally good if the figures in the table only are
considered, but it must be remembered that the
Rochester burner was favored in the selection of
these data because those gases that could not be
made to flash back with it where the tests with the
other burners would have led us to think that it
could, have been eliminated from consideration. It
is probably safe to conclude that flashback of appli-
ances in service can be predicted with a little more
certainty from a knowledge of the composition of
two gases and the use of the index than from tests
of the gases with the Rochester burner.

TasrLe 9. Summations comparing the readings of the Roch-

ester Test Burner with Jp as means for estimating the proba-
bility of flashback

Tests summarized are those with gases that could be made to flash back in the
Rochester burner

Summations
Test gas Index — LR
A B C
AT S s e (SR W B . DR SO 14 39 160
Al ________. Rochester burner_.____________________ 23 84 192
Ol ] R R L S N C 8 30 94
@1 orensr e ochester burner__________5 ___._____. 6 27 84

VII. Interchangeability With Respect to
Yellow Tips

Much the greater part of the heat of combustion
of practically all gases distributed as public supplies
comes from hydrocarbons. These compounds tend
to be decomposed in the zone of primary reaction
according to the chemical equation

(,inHm—{—% 0,=nCO +7g H,- (4)

Although some of the carbon monoxide and hy-
drogen are oxidized at the same time to carbon di-
oxide and water, the amount is relatively small as
long as an appreciable excess of hydrocarbon remains.

If there 1s enough oxygen in the primary air to satisfy
the equation, an insignificant quantity of hydrocar-
bon or none at all passes through the primary zone.
Any hydrocarbon that does get through the zone is
surrounded by an atmosphere devoid of oxygen and
at a temperature high enough for the thermal de-
composition of most hydrocarbons, but not high
enough for methane, which is a particularly stable
compound. The carbon formed by decomposition
in the flame is in the solid form and imparts a yellow
color to it. The carbon is most apparent near the
tip of the flame. Once the solid carbon is formed,
its reaction in the secondary zone of combustion is
much slower than that of gases in the same region,
and some of it usually escapes to form eventually a
discoloring smudge of soot on nearby surfaces even
when the amount is too small to produce a visibly
smoky flame. This is the reason we wish to avoid
“yellow tips.”

The “yellow tip limit”, expressing the quantity of
primary air needed to avoid yellow tips, is usually
near that which would be calculated from eq 4 in-
cluding methane among the hydrocarbons, but since
we get little or no carbon from methane itself, other
hydrocarbons must be present also. Then we might
expect any formula for interchangeability with re-
spect to yellow tips to involve the amount of primary
air injected, the air requirement of the gas, the total
carbon in the hydrocarbons, the quantities of hydro-
carbons other than methane, and their stability
toward heat. Approximately a dozen different for-
mulas involving combinations of these factors were
tried, and three or four of them gave pretty good
results for the data of Bulletin 36 and Report 1106—-A..
To make a long story short, it was found that a

function of the familiar A/+/D and an easily found
number N would give results as good as and more
simply than anything else tried. N is the number
of carbon atoms in the hydrocarbons of 100 mole-
cules of gas minus the number of molecules of satu-
rated hydrocarbons (methane, ethane, propane,
butane, etc.) in the same.

The form of the function relating N and A/yD
had to be determined from the observations of Bul-
letin 36 and the Anthes Report because there were
no adequate data from another source as for lifting
and flashback. The data were plotted in figure 25
with J4 as ordinate and N as abscissa. N/N, was
not used because N, may be close enough to zero to
make the ratio embarrassingly large. 1In each case a
straight line was drawn to divide as well as practi-
cable the gases that produced yellow tips from those
that did not. In figure 25 the AGA Committee’s
judgment of the interchangeability of the gases sub-
stituted for gas Al as stated in the Anthes Report is
given. The meaning of the symbols is the same as
in figure 7, that is, + represents gases considered
not mterchangeable, O gases that were interchange-
able, L limiting mixtures of supplemental gases for
which yellow tips was one of the limiting conditions,
and the concentric circles represent the adjustment
gas. Figure 26 represents in more detail the experi-
mental results from Report 1106-A on which the
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Ficure 25. Interchangeability of gases with respect to yellow

tips as shown in the Anthes Report.

Committee’'s decision as to interchangeability was
based. In this figure -+ represents the occurrence,
with some of the applicances tested, of —5 flames,
X represents the appearance of —4 flames only, and
O represents gases in whose flames no yellow was re-
ported. Figure 27 again combines the data on the
three sets of tests with different adjustment gases
reported in Bulletin 36. In this case the data did
not distinguish between degrees of yellow tips. Once
more, the slopes of the lines in the three figures are
the same, and again they separate satisfactory from
unsatisfactory performance reasonably well.
The results can be expressed by the general
equation
44 / Va
V,li it
A, D

N
T

in which ('is a constant for any group of gases that

are equally liable to produce yellow tips. As with
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Ficure 26. Observations of yellow tips from Report 1106-A.

-+ Indicates —5 flames reported on some appliances, X only —4 flames reported:
O no yellow reported in flames.
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Frcure 27. Observations of yellow tips with appliances ad-
justed for natural gases as reported in Bulletin 36.

the flashback formula, the value of (' is different for
another group of mutually interchangeable gases,
and the difference between two values of ' for two
gases is a measure of their approach to interchange-

ability. Hence the index of interchangeability with
respect to yellow tips is
el T,
el —(,ﬁAﬂﬂ_ur T

The definition of the AGA index for Interchange-
ability with respect to yellow tips is

17'
] . :fsas a
Yo Jalles,
in which

N e
- A+7E—26.3 0,

The factor 7'is the experimentally observed num-
ber of cubic feet of primary air required to eliminate
vellow tips per cubic foot of gas. 1t is tabulated
for various constituents in Bulletin 36. Substituting
the symbols of the present paper and simplifying

L ADL T,

7 A+7Z—26.3Q
5

A k12,2680,

AAND T
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in which 7 is the volume of inert and ¢ the volume
of oxygen in the gas.

To show more clearly the relation between the
two formulas, they may be put in the forms

‘Alv/‘D—aiNa

AD 110 et
AT, Y
*7A’;:IY > )

Ala\“D } A

in which the factors representing the flow of gas and
air into the burner are on one side of each equation,
and those representing the chemical property of
forming carbon in the flame are on the other. If
Ax/Da/Aa\ D is plotted with respect to N,—N, the
equation represents a series of parallel hnvs, one for
each value of Jy. For the second formula, A+/D,/
A,/ D is to be plotted against the ratio rather than
the difference of quantities representing the chemical
property of readiness to decompose when heated, and
glve‘ a series of lines, one for each value of Iy con-
verging at the origin.  These differences between the
treatment of the same phenomena by the two for-
mulas is nearly the same as in the case of the for-
mulas for flashback.

The indexes 7y and Jy were plotted with respect
to the number of appliances for which yellow tips
were recorded with each of the nine adjustment
gases of Bulletin 36 and Reports 1106 A-D. Again,
it would take too much space to display all these
ficures, and they will be represented only by the
now familiar summations, which are given in table
10.  In Bulletin 36 no distinction is made between
—4 and —5 flames, and in Reports 1106-B, C, and
D, —5 flames were not prevalent, hence the table
represents all burners which showed yellow tips of
any kind. For report 1106A, the entries are limited
to gases for which 7/, was reported however. In
the other cases, in which 7y was reported for nearly
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Frcure 29.

all mixtures, this distinction was not made, and the
comparison is a little unfavorable to .Jy for this
reason.

Actually, the appearance of a little yellow in a
flame cannot be considered a serious failure of an
appliance in the sense that lifting, flashback, and the
liberation of carbon monoxide are; and this was evi-
dently the opinion of the AGA Committee in charge
of the investigation, for the gases selected as inter-
changeable included many that produced some —4
flames. It 1s of interest, therefore, to consider only
those appliances that produced —5 flames. Figures
28 and 29 show plots of the two indexes with respect
to the number of recorded cases of —5 flames among
the gases of Report 1106 A for which 7, was rec orded.
Their summations are given i table 11, together
with the summations for the observations made
with the Rochester Test Burner and the Caloroptic.

Tasre 10.  Summation of observations of yellow tips (—/4 and
— & flames) compared with indexes [y and Jy
Iy Jy
| Summations Summations
Adjustment gas
A B C A B C

42 210 1, 200 38 203 1, 082
38 134 402 22 76 253
32 153 535 33 110 485
40 288 1, 351 37 185 1,102
60 461 | 1,763 55 379 | 1,253
v 11 60 3 4 6
11 21 50 17 31 84
0 0 0 1 1 1
6 13 22 8 16 52
236 1,291 5, 383 214 1,005 4,318

The table shows a very definite advantage of the
new index, both over the old one and the test burners
in predicting serious cases of failure for the group of
gases considered. The new index again does not
agree as well as the old with the observations recorded
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in Bulletin 36, but on the whole it appears to be the
better for general use.

TaBLe 11.  Summation of observations of yellow (—5) flames
compared with indexes Iy, Jy, and the settings of the calo-
roptic and Rochester Burners

For adjustment gas Al and all substitute gases for which all the data are recorded

Summation
Index
A B C
J b A N e PR S OO 18 39 356
Yot i e 6 11 59
Rochester burner 32 39 221
Chaloropie ot =i £o iy 17 29 161

VIII. Interchangeability With Respect to
Completeness of Combustion

The most important potential hazard in connec-
tion with the use of gas is that of the liberation of
carbon monoxide through incomplete combustion.
Where there is a uniform supply of gas, this hazard
has been almost eliminated by the testing of appli-
ances under American Standard approval require-
ments, the designing of appliances to meet the
requirements, the assignment of safe “input ratings,”’
and the training of service men to adjust burners to
their ratings and to ‘“normal” supplies of primary
air.  When the gas supply is changed, the rating in
general is no longer normal, and the effect of the
change on possible release of carbon monoxide must
be given the most careful consideration.

It was mentioned previously that the important
chemical reactions in the Bunsen flame are concen-
trated in two thin zones, the inner cone in which the
principal reaction is usually the formation of hydro-
gen and carbon monoxide and the outer cone, or
mantle, in which the carbon monoxide and hydrogen
react with secondary air, usually completely. The
size and shape of the zone of primary reaction are
determined by the flame speed, or ignition velocity,
with which the flame front moves into the streaming
mixture of gas and primary air. The location of the
secondary zone is determined by the interdiffusion
of the surrounding air and the gases within or pro-
duced by the flame. If we were to plot the concen-
tration of oxygen with respect to distance as we
approach the flame surface from the outside, we
would find a steadily falling curve dropping suddenly
to zero at the flame surface. The concentration of
carbon monoxide, hydrogen, and any hydrocarbons
not already decomposed declines in the same manner
as the outer cone is approached from the inside. The
very thin zone of reaction itself is always located just
where the concentrations of oxygen and combustible
gas are exactly chemically equivalent. That this is
true is easily seen if we think of how promptly any
combustible gas that got into the hot, relatively con-
centrated oxygen just outside the zone would burn,
or the speed with which oxygen would react in the
concentrated fuel just inside it.

When a flame burns in the open, provided it is
not too much disturbed by air currents, the zone of
secondary reaction is a continuous surface, and there
is no chance for carbon monoxide to escape from the
region of the flame without passing through it,
which it cannot do. If we thrust a cold object into
the flame, the zone of secondary reaction spreads out
to the extent necessary for the fuel gases to find their
chemical equivalent of oxygen, and generally the
surface of the solid seems to cut the flame cone
sharply. Just at the cold surface, however, there is
a zone in which the temperature is too low for com-
bustion so that the continuity of the flame is broken,
and through the gap a little carbon monoxide can
escape. As the temperature of the solid increases,
the width of the gap narrows and finally disappears
entirely. The amount of carbon monoxide liberated
in a case of flame impingement obviously depends on
the temperature of the solid object and the length
of the line of intersection between it and the flame
surface. An increase in the size of the flame may
lead to a greatly increased area of escape for the
unburned gas, but generally the amount of carbon
monoxide that gets away is not dangerous unless
the flame is inclosed by solid walls, which prevent
the access of as much secondary air as is needed. In
this case the flame fills the combustion space and the
gases that cannot be burned for lack of secondary
air are too cold to burn by the time they escape from
the confining walls and have access to adequate
secondary air. Hence, we have two cases to con-
sider (1) that of flame impingement in open space
with adequate access of secondary air to the bound-
aries of the flame, which usually results in the release
of measurable but not dangerous amounts of carbon
monoxide, and (2) that of inclosure, which excludes
the secondary air needed. In the first case, an
increase in the size of the flame, whether produced
by burning more gas or otherwise, has only a minor
and gradual effect on the liberation of carbon monox-
ide; in the second case, increasing the size of the
flame has no effect until the capacity of the combus-
tion chamber and flue passages to take secondary
air is almost reached, but beyond that point carbon
monoxide is suddenly liberated in dangerous quan-
tity. There are appliances in which the two effects
of flame impingement and exclusion of secondary air
are somewhat merged and hard to distinguish. The
burning of gas in and around the glowers of radiant
heaters is an example.

The case of insufficient secondary air is most
important and easiest to deal with when considering
interchangeability of gases. In most appliances
the hydrocarbons are pretty completely decomposed
in the primary cones so that only carbon monoxide
and hydrogen remain to be burned. Moreover,
these two gases have nearly the same heating value
and exactly the same air requirement, though both
they and their products of combustion, carbon
dioxide and water vapor, have different rates of
diffusion that affect the size of the flame appreciably.
It follows that if the volume of air required, in
cubic feet per hour, to burn two gases supplied to
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the same appliance is the same, and if the same
percentage of it is entrained as primary air, the
same quantity of secondary air is also involved in
the final combustion. Both these conditions are
met if A/y/D is the same for the two gases. More-
over, because heating value is nearly proportional
to air requirement, nearly the same total heat is
produced, and the volume of secondary air, which
depends on thermal convection, is nearly the same
in the two cases. The result is that we can predict

from basic relations that A+D,/A,vD will be a
fairly good index of interchangeability for the
important case of incomplete combustion because of
a lack of secondary air.

This is well confirmed by observation. It was
found in the early work at the National Bureau
of Standards that the curve showing the limit of
complete combustion on a diagram like figure 1 was
displaced much less by moderate changes in the
composition of gases than were the lifting and
flashback curves. Additional evidence comes from
the fact that the manufacturers of many appliances
wish to “rate” them as high as possible and that the
upper limit is usually determined by completeness of
combustion. When the rating in Btu per hour has
been pushed to the limit, it has usually been necessary
to assign a rating for natural gas a little lower than
for manufactured gas, but the ratio about corre-
sponds to the difference in the air requirement of the
two gases. The same conclusion can be reached from
several statements in the Report of the Mixed Gas
Research.

The degree to which impingement occurs in an
appliance depends on the size of the flame, and
this is affected by the completeness of decomposi-
tion of the hydrocarbons in the primary zone and
the proportions of hydrogen and carbon monoxide
that result. Carbon monoxide diffuses more slowly
than hydrogen, carbon dioxide more slowly than
water vapor. The result is that when carbon
monoxide rather than hydrogen is burned the con-
centrations of the reactants fall more slowly, and
the position of the zone in which they are equivalent
is moved outward.  Of course more carbon monoxide
also escapes through a gap in the zone of reaction
if the concentration inside is higher. The general
result may be expected to be a function of the rel-
ative amounts of carbon monoxide and hydrogen
in the mixture that leaves the primary zone. It
was first assumed that this could be represented by
the ratio of the total number of hydrogen atoms to
carbon atoms in all constituents of the gas, and this
ratio was plotted with respect to A+/D, but gases
with large initial contents of carbon monoxide ap-
peared from the diagram to be more susceptible to
mcomplete combustion than from the results of
observation. If we were dealing with a gas con-
taining no hydrocarbon, primary air would react in
the primary zone to oxidize carbon monoxide; when
much hydrocarbon is present it serves to produce
carbon monoxide in that zone. It seems reasonable,
therefore, to differentiate between the carbon in
hydrocarbons and that initially present as carbon

monoxide, and the ratio of the total hydrogen in
the gas to the carbon in hydrocarbons only, desig-
nated R, was substituted for the previous ratio.

When A+D,/A,v/D is plotted with respect to
R/R, for appliances adjusted with gas A1, the result
is figure 30. Gases with which incomplete combus-
tion was reported are marked (+), those which
burned completely in all appliances are marked
(0). If AYD,/A,YD which we previously called
J, were the sole determining factor in incomplete
combustion, the best line we could draw to separate
the two symbols of figure 30 should be a horizontal
line. Apparently it is not. Similar figures were
drawn for each of the sets of observations with other
gases, and the slope of the limiting straight line that
would give the best general separation was chosen
by considering all the figures.

If the relation represented by the
chosen is right, equal susceptibility
produce carbon monoxide occurs when

straight line
of gases to

AVDa_ 66 B¢
AND -

where R and R, are the ratios of the number of
hydrogen atoms in all forms of combination to
arbon i hydrocarbons only, and (' is a constant
that is the same for all exactly interchangeable gases.
Again we can take as the index of interchange-
ability the difference between the values of € for
two gases when the properties of the two gases
represented by A, D, and £ are put into the equation,
that 1s,

4 )
J=VDi g 366 2 _0.634.

Aa \r'/ D I fzz

When the substitute gas is exactly interchangeable
with the adjustment gas, J;=0.

No coefficient of interchangeability for incomplete
combustion was considered necessury by the authors
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Ficure 30.  Observations of incomplete combustion from

Report 1106—A.
Relation to J4 and R/Ra.
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of Bulletin 36 because it was found that gases inter-
changeable with respect to the other limiting con-
ditions were interchangeable with respect to com-
pleteness of combustion also.  This was by no means
always true of the observations recorded in Reports
1106-A-D. This i1s not hard to explain by reference
to figures 2 and 3.

The adjustment gases of Bulletin 36 were all
slow-burning natural gases, and at least some of the
appliarices were adjusted rather close to the con-
dition of lifting. In most cases the substitute gases
were of faster-burning types (with shorter flames and
less chance for impingement) which, tend to produce
less carbon monoxide unless the input to the burner
is greatly increased.  With most of the substitutions,
the displacement of the limit of complete com-
bustion was therefore in the direction of safety, and
the imminence of lifting prevented too great an
increase of input. The only substitute gases for
which the shift of the limit of complete combustion
could have been away from safety were those con-
taining a considerable amount of inert. Because
inerts inject air without “requiring’” any for chemical
reaction and increase the velocity of flow through the
ports without increasing the heat liberated, they
affect the tendency of the flame to lift more than the
tendency to burn the gas incompletely. The
substitute gases also generally contained higher
percentages of easily decomposed hydrocarbons
than the qd]ustment gases, so that any displace-
ment of the * ad]ustmont toward less primary air,
which might have precluded danger from lifting,
caused the higher vellow-tip limit to be encountered.

The case was quite different with the gases covered
by Report 1106. The adjustment gases were all of
rapid-burning types; they contained reac lily decom-
posed hydrocarbons; and the adjustments were
nearly all rather far from lifting conditions. Intro-
ducing natural gas or even propane or butane into
these burners, tended to reduce the input at which
incomplete combustion is encountered without ad-
versely affecting the yellow-tip limit and often
without crossing the initially wide margin of safety
from lifting. Therefore the fact that an index
relating to completeness of combustion was not
needed when considering the tests recorded in
Bulletin 36 does not mean that such an index is not
needed in general.

Table 12 shows this Iather clearly. In it are
listed the number of substitute gases for which only
one type of failure was recorded in Report 1106, the
number of times the AGA Committee attributed to
only one limiting condition the amount of a supple-
mentary gas that could be satisfactorily added to the
base gas, and the total number of times a given type
of failure was said to be one ‘reason for limiting
further addition of the supplemental gas”

In figure 31, the numbers of appliances reported
in Report 1106-A to have burned the gases incom-
pletely are plotted with respect to ;. The most
notable thing about the figure is that a relatively
large number of appliances begin to show failure at
approximately the same value of the index, and this

TaBrLe 12.  Importance of various types of failure in deter-
mining interchangeability

Type of failure

Incom- |
Lift- | Yellow | Flash | plete
ing tips back com-
bustion

Number of substitute gases with which
only one type of failure wasreported . __ 85 59 24 12

Number of supplementary gases the |
limit of interchangeability of which
was attributed to only one type of
fallure e - foph A6 AR ffe vl o el T 32 4 7 9

Number of times a type of failure was
stated as one reason for limiting “the
further addition of a supplemental
EASN R Tt Sl S AT ST 69 46 13 40

index is nearly that of the adjustment gas. The same
statement appliesalso to the dataof reports 1106-B-D.
The reason is not hard to find. An inspection
of figure 2 shows that in a typical appliance the nor-
mal injection curve, N, along which the point repre-
senting the adjustment of an appliance moves when
pressure is increased, is nearly parallel to the yellow-
tip limit and approaches the lifting curve only at a
sharp angle but is nearly perpendicular to the limit
of complete combustion, . Moreover the typical
appliance is safest and most efficient when it 1s ad-
justed to take just a little more primary air than is
necessary to avoid yellow tips. The only reason for
supplying still more primary air is to permit more gas
to be burned completely. Hence the danger of in-
complete combustion is the usual reason for limiting
the mput of an appliance. The general method of
increasing the amount of gas that can be burned is
to increase the size of the appliance, giving it more
ports, a larger combustion chamber, larger flue pas-
sages, ete.; but this costs money. At the time it is
approved undol ASA standards every appliance is
assigned an “‘input rating’’ in Btu per hour, and when
adjusted to this rating during testing it must take a
50-percent increase of pressure (259% in the case of
range burners and some others) without incomplete

04— T T T T T
o
0.3 -
fe) o

5 o2} o —
3 o
o o (o}
3 o o 8
g ol 8 o =
3 o ° 8
w SRO,
4 o o Quiio
§ 0.0 O 4—— ADJUSTMENT GAS AND PERMISSIBLE LIMIT ~
z
]
% -
g-o.| °

-0.2 -

-0.3 L L 1 I I 1

0 —o— 10 15 20

NUMBER OF APPLIANCES FOR WHICH INCOMPLETE COMBUSTION WAS RECORDED

Ficure 31. Number of appliances for which incomplete com-

bustion was recorded in Report 1106—A compared with J.
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combustion. As appliances of inereasing input rat-
ing command increasing prices, manufacturers tend
to rate their appliances as high as they can and still
meet, the combustion requirement. When the tests
of Report 1106 were made, each appliance was given
its normal adjustment, which includes the “rated in-
put.”  Because this rating probably was usually
determined as just described, we should expect the
burner to approach closely the limit of complete
combustion if the pressure of the adjustment gas
were increased 50 percent (range burners, 25%). If
the substitute gas then had only a slightly higher
index of complete combustion than the adjustment
eas, we should expect incomplete combustion with
most of the appliances when the substitute gas is
supplied at a pressure 50 percent above normal.
This is precisely what happened. The much greater
dependence on pressure of incomplete combustion
than of other types of failure and the fact that sub-
stituting other gases rarely resulted in incomplete
combustion except at the higher pressures are clearly
shown in table 13.

TaBLE 13. Number of failures recorded in Report 1106—A at
different pressures
‘ 5 1256 N
Type of failure IG‘?“NI“ N or
‘ Ay 1.5N =
Lifting . 239 519 732
Flashback_ ... ___ o 84 | 51 | 21 |
Yellow tips ... ______ 213 288 307
Incomplete combustion 0 9 173 ‘
|

a 1,25 times normal pressure with range burners, 1.50 N with others.

Another feature of figure 31 1s the wider spread of
the index corresponding to the same number of
appliance failures than is the case with other indexes,
and this in spite of a more definite limit at which
failures begin. This is probably the result of the
fact that, as already explained, failure to burn gas
completely results from two independent conditions,
lack of enough secondary air, and cooling of flames
by impingement. Since we know that J,=
AN D,/ A+ D should be a good index for the first (and
much the most dangerous) condition, it is probable that
we should give as much weight to it as to /; when
predicting interchangeability. If this is done, a
better index for cases of severe flame impingement
could probably be worked out. The coefficient of
R/R, in the expression for J; should probably be
increased if the two indexes are used.

IX. Application of Indexes of Inter-
changeability

If we had to decide whether a plank would be long
enough to span a brook, we would have two things
to consider, the length of the plank, which we could
measure accurately, and the width of the brook at
which we might have to guess. A gas company or a
public utility commission that must decide what
modification of a gas supply to make or to permit
has a very similar problem. The several indexes of
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interchangeability supply a means of measuring the
length of the plank (the effect of a change of com-
position of the gas supply on the operation of any
one appliance with a definite adjustment). The
width of the brook corresponds to the existing
adjustments of all or a great proportion of the
appliances in service. The figure of speech may be
arried even further. If the margins of the brook
are muddy, we may know that the plank will not
reach to solid ground and that we will have an
unsatisfactory bridge, but it may be better than
no bridge at all. Correspondingly, we may be sure
that a given change of the gas supply will cause
trouble with some appliances; whether they will be
too numerous and the trouble of too serious a nature
to justify the change can only be estimated. So
far in this paper only the easy part of the problem
has been discussed; unfortunately, the difficult part
will have to be left almost entirely to the observa-
tion, ingenuity, and judgment of those immediately
concerned.  Some discussion of this may, however,
be helptul.

The most obvious thing is that not all brooks are
of the same width and that not all groups of gas
appliances will tolerate, without readjustment, the
same change in, let us say, the index for lifting. If
appliances in service have been adjusted to burn
natural gas, it is probable that nearly all of them
have been set very close to lifting in order to burn
the gas completely at a rate to supply a satisfactory
amount of heat. Probably many of them are also
on the verge of incomplete combustion, but they
have a wide margin of safety from flashback and a
reasonable one from vellow tips. Bulletin 36 prob-
ably gives us a fair guide in deciding how wide these
margins are.

Similarly, a community that has been burning a
by-product oil gas is likely to have appliances most
of which are adjusted as close as permissible to
flashback in order to have primary air enough to
prevent smoking; but because of the large percent-
age of hydrogen present, they are remote from
lifting and have at least the usual margin of safety
from incomplete combustion. If it has been the
gas company’s policy to adjust appliances in a given
district only when the pressure is near its maximum
and has trained its employees to adhere closely to
the input rating of the appliance, a gas with a value
of J; of 0.10 or 0.15 when the adjustment gas is the
customary supply, may be introduced with reason-
able safety. But a company with many unvented
space heaters on its system, which has adjusted
appliances without much regard to the momentary
stage of a variable pressure, and has tended to leave
appliances with more than their normal input rating
because its customers like it that way, may risk the
lives of some of those customers if it increases J; by
even a small amount. Of course it 1s impossible to
set a positive limit to any change of properties of
the gas on one side of which is safety and on the
other danger. We have no sharp-edged precipice,
but we do have a much narrower margin of uncer-
tainty than in many other things that have to be



decided for the sake of safety, the permissible speed
of automobile traffic, for example, or the safe spac-
ing between a heated chimney and wooden building
materials.

The method of using the indexes in determining
the composition of a gas supply, after the margins
of safety of existing adjustments have been esti-
mated, will be illustrated by the following problem.

Problem: A company distributing a coke oven
gas of the composition of gas Al wishes to supple-
ment its supply as much as permissible during peak
loads by mixing in propane and air. How much
propane can be and how much air should be used?

The first step is, if possible, to assign permissible
limits to the various indexes; the second is to make
a quick estimate, by means of a few preliminary
calculations, to determine which conditions may be
limiting factors and to obtain some idea of the per-
missible changes; and the final step is to compute
the indexes that may determine the limit with as
much accuracy as the available data seem to justify.

For the difficult first task of assigning permissible
limits to the indexes, we have a much better basis
in the experiments of Report 1106A than will usually
be available to a gas company or a regulatory body.
Permissible limits for appliances adjusted with gas
Al have already been assigned in the various figures.
They are:

The lifting index, J;, should not be less than 0.64.

The flashback index, Jz, should not be greater
than 0.08.

The yellow tip index, JJy, should not be greater
than 0.14.

The index for incomplete combustion, J;, should
not be greater than zero.

For the second step it will probably be sufficient
to assume that all the indexes are linear functions of
composition. After computing the indexes for
changes from the adjustment gas to propane and to
propane with 50 percent of air, one can quickly de-
termine by linear interpolation (if one did not already
know it) that the addition of propane will produce
values of Jz less than zero unless a very large amount
of air is added, and that lifting will result from the
addition of much less air, so that flashback is entirely
eliminated from consideration. It will be found that
incomplete combustion will not permit much propane
to be used unless at least an equal volume of air ac-
companies it, and that if four times as much air as
propane is used, very little of the mixture can be
used without - producing lifting. Yellow tips are
found to be indicated under about the conditions
that produce incomplete combustion. It is rather
quickly found that we cannot hope to use more than
about one-fourth as large a volume of propane as of
the coke oven gas, and that something between one
volume and four volumes of air will have to ac-
company each volume of propane.

The third step is to compute accurately and plot
the indexes for several mixtures of air with propane
in the range of interest outlined by the preliminary
survey and for several mixtures of these mixtures
with the coke oven gas. The plots obtained are
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Ficure 32.

shown in figures 32 to 34, and should be under-
standable without further explanation. The inter-
sections of the lines representing suggested limits
with the curves representing definite percentages of
air in propane are plotted in figure 35. From this
figure, the permissible quantity of propane, if our
preselected limits are not to be violated in any re-
spect, 1s shown to be 16 percent by volume of the
air-free gases, an increase in the amount of fuel that
can be sent out of about 87 percent, as shown by the
right hand scale of ordinates. The optimum per-
centage of air to be mixed with the propane is 67
percent. If during an emergency we are willing to
tolerate some yellow flames but no carbon monoxide,
we can use 18 percent of propane in the air-free fuel,
but to avoid lifting we must reduce the amount of
air mixed with the propane to 64.5 percent.
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It is interesting to check this diagram with the
direct results of the observations of propane-air
mixtures recorded in Report 1106-A. It may seem
that this is reasoning in a circle since the ‘‘suggested
permissible limits” were based on the report. To
some extent the objection is valid, but the general
expression for J, was derived without the use of
data from Report 1106-A, the expressions for Jy
and J; were based on the whole group of about 400
experimental gases covered in the five reports of
experimental work, and the selection of permissible
limits for the indexes was made by considering all
the 97 ‘‘substitute’” gases of the Report 1106-A
without special consideration being given to the
mixtures of propane and air. 3

Two mixtures of propane and air were used as
supplemental gases. Gas A1-11-100 contained 78.2
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Ficure 35. General diagram showing the amounts of propane

that can be used to supplement coke-oven gas when mired

with any quantity of air.

percent of air and had the same heating value as the
adjustment gas. Gas Al1-13-100 contained 62.8
percent of air. Each was mixed in several propor-
tions with the adjustment gas to make substitute
gases, the compositions of which are represented in
the figure by circles and by numbers from which the
initial A1 has been omitted. In both cases the
AGA Committee decided that 30 percent of the
substitute gases was the limit of practicable inter-
changeability. These mixtures are represented by
the X marks labeled 11-30 and 13-30, respectively.
In the first case the limiting mixture was tried experi-
mentally; in the second it was estimated from ob-
servations of 25- and 50-percent mixtures of the
supplemental gas with the adjustment gas.

We will now compare, point by point, the predic-
tions that might have been made from the chart with
the actual observations. From the chart we could
predict that neither incomplete combustion nor
yellow tips would occur with supplemental gas 11,
either when mixed with the adjustment gas in the
proportions shown or when used alone. The record
shows no incomplete combustion and no yellow tip
for the unmixed supplemental gas and only one ap-
pliance with a —4 flame (slight yellow tip) at the
softest adjustment with 40 and 60 percent of the
supplemental gas in the mixture. We should predict
severe lifting for the mixture containing 40 percent
of supplemental gas and none with the mixture con-
taining 20 percent. There were 22 recorded cases
of failure, of which 15 involved + 5 flames, with the
40-percent mixture and none with the 20-percent
mixture. We should predict some show of lifting
with the 30 percent mixture, because the point 11-30
is a little over the line, and we find six cases of which
four involved + 5 flames. These were considered by
the Committee not severe enough to make a reduc-
tion of the limit necessary, however.

With supplemental gas 13, we should predict that
the 50-percent mixture, marked 13-50, would pro-
duce yellow tips, with a little lifting and some in-
complete combustion. We find 37 recorded cases of
yvellow tips of which 12 were —5 flames, 20 cases of
lifting of which only five involved + 5 flames, and 12
cases of incomplete combustion. It was previously
pointed out that the + 5 flames more sharply define
lifting conditions than the +4 flames. The five cases
of +5 flames in a total of 20 with the 13-50 mixture
checks rather well with the four + 5 flames in a total
of six with the 11-30 mixture, combined with the
fact that the point 13-50 is a little farther inside the
lifting limit than the point 11-30.

We should predict no trouble from lifting with the
experimental mixture containing less than 50 percent
of supplemental gas 13, and we find only one appli-
ance showing +4 flame under the most severe condi-
tion of adjustment and pressure with both the 20-
and 25-percent mixtures. This is clearly negligible
if the committee was justified in accepting as inter-
changeable with the adjustment gas the four +5 and
two +4 flames of gas 11-30. We should expect severe
yellow tip conditions (—5 flames) to disappear with
about 24 percent of supplemental gas 13, and we find
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seven —4 flames at 25 percent and six of the same at
20 percent. We should expect to find some incom-
plete combustion with the higher percentages of gas
13, but not much since we are just under the percent-
age of air in propane that would be exactly inter-
changeable with the adjustment gas; and we should
expect only a little change in the tendency toward in-
complete combustion with diminishing percentages
of the supplemental gas because we have assumed
some of the appliances to be rated so close to the
margin permitted by approval requirements that no
increase in oJ; is permissible. We find 11, 12, 3, 2,
and 2 recorded cases of incomplete combustion re-
spectively with mixtures containing 100, 50, 25, 20,
and 10 percent of gas 13, which is in good accord with
the prediction.

The most outstanding point of practical impor-
tance shown by figure 35 is that whatever limits we
assume as permissible for the several indexes, the
addition of air must be carefully controlled if we wish
to make maximum use of propane as a supplement to
the fuel supply.

It is now possible to outline quite definitely the
practice desirable when coke-oven gas must be sup-
plemented with propane. Because it is desirable to
maintain constant the selling price of the gaseous
fuel, a 535-Btu mixture containing about 22 percent
of propane and 78 percent of air should be used until
the first hazard from lifting is encountered. This
occurs when the demand for fuel exceeds the supply
of coke oven gas by about 40 percent. When this
occurs, about 8 percent by volume of the air-free gas
will be propane. If the demand continues to increase,
the addition of propane can be continued, but the
percentage of air in the propane must be gradually
reduced until the air constitutes about 65 percent of
the mixture with propane and the propane consti-
tutes about 18 percent of the air-free gas by volume
and has added about 105 percent to the available fuel
supply. The heating value of the propane-air mix-
ture will then be about 890 Btu per cubic foot and
that of the gas as a whole about 676 Btu. Appliances
with fixed orifice and valve settings will be delivering
about 95 percent as much heat at the same pressure
as with the unmixed coke-oven gas.

Some time before this mixture is reached com-
plaints of yellow or even smoky flames may be ex-
pected, but a little smoke is preferable to lifting
flames or to an inadequate fuel supply. A further
increase in the use of propane will result in either
lifting flames or the release of carbon monoxide unless
pressure is lowered. Lowering the pressure will not,
of course, prevent trouble with the appliances con-
trolled by regulators already set at pressures mate-
rially lower than those in the mains, nor will it relieve
the tendency to deposit carbon very much.

X. Summary and Conclusions

The conditions that determine whether one fuel
gas can be satisfactorily substituted for another have
been described in relation to a general diagram by
the use of which the complicated subject can be ex-

plained much more clearly than otherwise. All the
commonly used formulas for predicting the effects
of supplying one gas mixture to appliances already
adjusted to burn another have been discussed and
compared, and a new group of indexes (which in-
cludes some old ones) has been proposed for use.
The term index is used in this case for any mathe-
matical expression that shows approximately the
relative tendencies of the two gases to give unsatis-
factory results of some kind when supplied to the
same appliances without readjusting them. The
symbols used in the new indexes all represent prop-
erties of gas mixtures that are easily computed from
their composition.

The new indexes were derived in part from theory
and in part empirically from recorded observations,
chiefly those made in the Laboratory of the Ameri-
can Gas Assn. For a substantially complete survey
of the interchangeability of two gases, the following
indexes are recommended

_HyD,
HAD

I (1)

where H stands for heating value and D for density
or specific gravity. The subsecript @ indicates the
gas with which the appliance was adjusted. Jy is a
well-known expression that shows quantitatively the
effect of a change of composition on the rate at which
heat is produced in an appliance. If 7, is the heat
input into an appliance when adjusted, /=Jyl, is
the heat input after the change of gases.

_A+D,.

J i
LD

(2)

A stands for the number of cubic feet of air
required to burn 1 cu ft of gas. J4, also well known,
shows the change in the primary air that accompanies
a change of gas. If P, is the primary air injected into
an appliance, expressed as a fraction of the volume
required to burn the gas at the time of adjustment,
P=P,/J, is the primary air, expressed in the same
terms, which enters the burner after the change of
gases. J4 not only provides an accurate measure of
the relative conditions of supply of primary air to
burn two gases but an almost accurate measure of
secondary air as well, and in consequence it is a
measure of the hazard of incomplete combustion in
the important group of water heaters, space heaters,
ovens, etc., in which flame impingement i1s not in-
volved and secondary air is adjusted close to the safe
minimum in order to increase thermal efficiency.

g 100 Q) r
(o S, 100—@Q, ®)

S/S, is the ratio of flame speeds in corresponding
mixtures of the two gases with air, and € is the per-
centage of oxygen in the gas. J;, is the new index for
lifting and shows the relative tendency of flames of
the two gases to lift from the burner ports. When the
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two gases are exactly interchangeable with respect to
lifting, J,=1:

S
Jr=g—

1.4J,+0.4 (4)

Jwshows the relative tendency for flames of the two
cases to flash back into the burners. When J»=0,
there is no difference between the gases in this

respect.
N—N,
Jat—5—1 (5)

Jr= 110

N represents the number, in 100 molecules of gas,
of the carbon atoms easily liberated during combus-
tion. It is taken to be the total number of carbon
atoms in the hydrocarbons (‘,X('(‘pt one in each
molecule of the methane (saturated) series. Jy 1s a
measure of the relative tendency of the two gases to
produce yellow flames and release soot. When /=0
there is no difference between the gases in this respect.

R

J]:t]A [

0.366 -5 —0.634. (6)

R is the ratio of the number of hydrogen atoms in
the gas to the number of carbon atoms in the hydro-
carbons only. J; is a general expression for the rela-
tive tendencies of the two gases to liberate carbon
monoxide and is a (0110011011 of J,, which would
otherwise apply, to take into account the effect of
flame impingement in appliances of some types.
When the two gases are equally likely to liberate
carbon monoxide during combustion, /;=0.

Extensive comparisons of the last four indexes
with the results of experimental studies made by
the American Gas Assoc. and recorded in its Bulletin
36 and Research Report 1106 show them to give a
somewhat closer representation of the observations
than any other method that has been proposed.
Detailed comparisons were made with the three
indexes of performance developed by the Association
and designated [, Iz, and Iy, which have the same
purpose as the indexes designated by J with the
corresponding subscripts. It is clearly shown that
no single index, such as that commonly referred to
as AGA “Index €7 and which was developed during
the “mixed Gas Research” of 1927-32 can be con-
sidered useful in comparison with the use of either
group J, Jr, Jy, and Jror I, Ir, and Iy.

It is also rather clearly shown that, for the general
purpose of predicting the effect of a change of gas
supply on the large number of gas appliances in
service, any uncertainty as to the accuracy with
which either of these sets of indexes represents the
relative properties of the gases is small compared
with the uncertainties connected with the initial
adjustments of the appliances themselves.

Without doubt the interpretation of the observa-
tions made by the AGA is complicated (1) by the
difficulty of reproducing appliance adjustments and
making gas mixtures exactly to specifications; (2)
by variations in the number of appliances tested;

and (3) by errors of computation and plotting by
the writer of this paper. All these things combine
to make the indexes appear less wlml)l(\ than they

really are. The first two sources of dif h(ull\ have
been discussed at some length, partic ularly m con-
nection with tables 3, 4, and 6. These two sources
of error offer the best explanation of the fact that
the agreement between the behavior of appliance
burners and that of test burners was never much
better and was sometimes worse than the agreement
of either apphanco or test burners with the somewhat
theoretical “indexes”. Several errors that had been
made in the long computations were found, but with-
out doubt others remain. To have eliminated them
by checking all the computations would have neces-
sitated a long delay in publication and could not
have changed the picture greatly.

The writer acknowledges the assistance of John
H. Eiseman, who not, onlv helped greatly in the prep-
aration of the present paper but whose work with
fuel gases for many years supplied much of the
necessary background. The paper is of course,
based mainly on experiments at the Ldbomt,mv of
the American Gas Assoc. whose Director, E. .. Hall,
generously facilitated the work of pxopamtlon l)V
supplvmw copies of the several sections of Report
1106 in advance of publication. Paul Bannar,
formerly of this Bureau, did much of the bur (1011@0111@
computing.
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