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I- 3i TTRODTJC T ION 1

Considerations of the combustion of gases are essential to 

progress in varied scientific and technical fields*. The development of 

the chemistry and kinetics of oxidation is inextricably associated in 

certain of its most active phases with gaseous combustion; a major branch 

of Chemical Engineering is based on the utilization of gaseous fuels; 

certain extensive considerations of safety in industries also have common 
fundamentals in the phenomena of the combustion of gases* The multi­

plicity and importance of the pertinent problems scarcely need be men­
tioned*

Great advances have been recorded in the literature reporting 

investigations of gaseous combustion, but the initiation and the propagation 
of flame have proved extremely complex* Some aspects of the propagation 

of flame in gases will be considered in this writing* Although the many 

studies of this topic form a catenulate whole, three fields of general en­
deavor may be distinguished: (1) the development of an adequate theoreti­
cal background; (2) the experimental study of the movement of flame; and
(3) the application of the results of the two foregoing topics to scientific 

and technical problems*
Some new regularities in the characteristics of the slow propa­

gation of flame in gases were suggested by a critical study of published 

data; contradictions of some of these inferred regularities were also dis­
closed* It was thought, therefore, that experimental investigation of an 
apparently fundamental characteristic of tiie propagation of flame might 

prove useful by establishing whether or not such regularities exist* Fur­
ther, it seemed possible that on the basis of the data thus developed,
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same contribution might be made to the theory, to the basic data for 

flame velocities, and to the advance of the application of these data. 

The investigation described in the following pages was therefore under­
taken*



II - HISTORICAL
3

CHAPTER I - INTRODUCTORY

The fonnulation of a "background for this investigation necessi­

tated a critical examination of the literature in addition to extensive sur­

vey. Recent writings 1/ have dealt generally with various phases of the 

vast field of gaseous combustion so that an account only of the former of 
these studies will be given*

Although important practical results had been produced by studies 

of gaseous combustion as early as 1815 2/, it was not until about 1880 that 
the classic discoveries of Berthelot and Vielle 5/ and of Mallard and Le 

Chatelier 4/ disclosed the existence of several distinct modes of propagation 
of combustion in gaseous mixtures. The propagation of flame in the initial 

phases of gaseous explosions takes place in general with low uniform veloci­

ties not exceeding a few meters per second, and this propagation is distinct 

from subsequent phases involving irregular movements and detonating processes 

with velocities up to several thousands of meters per second*

The present treatment will be confined to the initial phases of 
the propagation of flame in gaseous mixtures; this field is of particular in­

terest because of the extensive application of this mode of combustion in

- See references Bl, Cl, LI, Tl, and B2, C2, and Rl (Symposia) for exam­
ples* A more recent symposium appeared in Chaleur et Industrie in Jan­
uary 1938; although certain of the thirty papers presented are of interest, 
the most recent work and more advanced views seem absent in several in­
stances. Of possible general interest is reference P4.

y - See reference Bl, page 24, for an account of DavyTs early work.

3j - See References B3, B4, B5, B6, B7, and B8*
41 - See references Ml, M2, M3, M4*
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chemical engineering* The effects of several factors on the rate of the slow 
propagation of flame, the existence of a maximum in this rate, the coordinates 

of this maximum and the effects of important variables on these coordinates 

will be considered, together with a treatment of the practical aspects of the 
data developed*



CHAPTER 2 - ON TEE THEORY' OF THE SLOW PROPAGATION OF FLAME
5

General:

Analyses of the slow propagation of flame in mixtures of combus­

tible gases may be divided into two types according to whether they are based 

on a simple thermal theory or on more modern concepts* This section will re­

view these theories in some detail, and summarize the present outlook in this 
field*

Classical Developments:

The thermal theory represents the classical approach and has been 
widely accepted and elaborated. This theory, in its early qualitative form,

yt/was the basis of the reasoning that led Davy to develop his renowned safety 

lamp* The fundamental concepts were more clearly indicated much later by 

Vicaire in a work (VI) relating to the temperatures of flames* This author 

considered the temperature developed in the combustion of a gaseous mixture 
and assumed for an initial treatment that the mixture burned simultaneously 

throughout; in modifying his equations for the actual phenomenon involving 
the spread of combustion at a finite rate, he made the following observations 
5/ that epitomize adequately the fundamental tenets of the theory and indi­
cate its state in 1870:

"En r^alit^les choses se passent autrement: la combustion com­

mence dans une e*tendue limitee, portee a 1Tincandescence par une cause ex- 
teriefeQ.e, et se propage successivement dans la masse suivant une sorte d^nde; 

elle ne commence en chaque point que lorsque, par le voisinage des points en 
combustion, la temperature y est devenue suffisamment elevee*H

5/ Page 126 of reference VI



The initial systematic analysis of the slow propagation of flame in 

combustible gases was published by Mallard (M5) in 1875. This author assumed 

that the controlling factor in this p(§flnomenon was the transfer of heat by con­

duction from the burned to the unburned gases; he also assumed a linear rela­

tionship between the temperature and distance coordinates in this process.

His derivation may be summarized briefly as follows:

—  Nomenc latur e:

6 £ initial temperature, of the mixture.
t a temperature of inflammation*

dt s variation in temperature.
T temperature after combustion*
V m velocity of inflammation.
1 m* distance*
U a rate of cooling of a layer of burned gas by the

neighboring unburned gas*
't r = time*
P perimeter of tube.
S~“S cross-section of tube*
<*?1
a l
c

coefficients of thermal transfer
Y-
k
/

a constant#

Development i

dt- kdl (a)
dt » udr— ----------------- ^
i l S y *  B__________________________ W
dT k
u - #£(T~t)------------------- ^

k 2 d£ s aft-©)-------------- ^
dl

^ = J W  ___________________ (e)
I cs

Final equation:

From substitution of the values from equations (c), (d),



dependMallard stated that in this equation the coefficient
f

depends

only on the shape of the tube, that "'f depends on the nature of the gas and 

of the tube, that depends uniquely on the nature of the gas, and that

these values for most gases, excepting hydrogen, are nearly the same. Equa­

tion (2) therefore reduced to an expression of the approximate proportion­

ality of the velocity of propagation to the ratio of temperatures, i. e.,

This author noted the indication that flame propagates in a gaseous mixture 

exposed to the action of a local electric spark or of an ignited body only 

if the temperature of the combustion is greater than the temperature of in­

flammation. Also, he suggested that the loss of energy in free expansion of 

flames in open systems explained the observation of Bunsen that certain mix­

tures which are non^explosive in free air may be exploded in a closed vessel* 

A somewhat more detailed treatment, essentially similar to that 

just discussed, was given by Mellard and Le Chatelier (Ml) in 1885, These 

authors considered the possibilities of the transmission of heat energy by 

radiation, by a compression wave, and by conduction. They concluded that 

the last is uniquely applicable to the slow propagation of flame because of

(1) the limited quantity of radiation, (2) the very low absorptive power of 

the cold gas for this energy, and (3) the patently unique applicability of 
propagation by compression to movement# with velocities of the order of the 

velocity of sound. A brief summary of their development follows:
—  nomenclature:

d a initial temperature of the mixture* 
t » temperature of inflammation*
T*» temperature at the instant of combustion*
T - temperature after combustion.
C s mean specific heat of the burned gas between tempera­

tures 0 and T*
C*» mean specific heat of the burned gas between tempera­

tures t and T;f.
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Nomenclature; (Qont.)

s = distance 
X  = time.

F(T,t) = a function representing the quantity of heat lost in 
unit time by the burned gas, which is proportional 
to L and vanishes only when T = t.

L = conductivity of the unburned gas.
= a constant.

Development; ^

Q, = c(T~G), 1 = 3  ---------------- (f)
A c

T1= t + ^  ------------------ .(g)

If c^= c and G = 0, then T^ = T t ---   (k)

cl(t-0)ds 3 d"? F(T,t)— ----------- C1)
ds g y _ F(T.t) ____________________________ (U)
dr ^rrt=©)

Final. Equation:
y  - i-(y-t). x. f d . t ) _______________________ (5)cMt-9)

in which f(T,t) is a constant.

These authors recognized the incompleteness of this analysis but 
noted six deductions of particular interest;

(1) The zone of reaction is at a temperature higher than that of 
the hot burned gases. (Compare with Vicaire on page 12o of 
reference VI.)

(2) Two limits of inflammability exist corresponding to I = t in 
Equation (5) for lean and for rich mixtures*

(3) The velocity of propagation is inversely proportional to 
(t-G)in Equation 5» so that it increases with increase in 
initial temperature G*

(4) Effect of the diameter of the tube; an equation
T = © + __%__   (6)c 4- k 

rV
was developed in which k is a constant coefficient of con­
ductivity and r the radius of the tube, the other symbols 
having the significance previously noted. If r and V are 
large, k/rV is small compared to C, and T is unchanged. The 
meniscus-like shape of the flame surface was also e:q>lained



on the basis of the distribution of temperature caused by 
the cooling action of the walls*

(5) Agitation increases the velocity of propagation by facili­
tating the transfer of heat.

(6) The effectiveness of the igniting source increases with 
its temperature and volume.

This classical treatment was thus shown to be capable of explaining cer­

tain observed phenomena*

The inadequacies recognized in this treatment related chiefly to 

the temperature gradient and to the role of the reaction rate and elabora­

tions were made by several workers 6/* A review of these rather involved 

mathematical treatments indicates that they are fundamentally-identical and 
that they retain the essential tenets of the theory as proposed by Mallard 

and Le Chatelier. Their inadequacy is now recognized, and they represent 

only a more nearly completed mathematical treatment of the classical theory. 

2/. Therefore, a detailed review of all of these elaborations will not be 

made here. The development of Nusselt (Hi), continued by Jahn (Jl), will 
be discussed in some detail because this alone has led to numerical results.

Nusselt (Nl) attempted to relate the slow propagation of flame to 

fundamental physical and chemical laws in a derivation which may be epito­
mized as follows:

Nomenclature:

X - mean thermal conductivity of the mixture 
Po - initial pressure 
To - initial temperature 
Tc - ignition temperature 
Tv - temperature after combustion 
T - temperature at any time 

H2$ - partial volume of hydrogen before combustion*
O20 " partial volume of oxygen before combustion*

6/ See reference Dl, J2, J3» Nl, Mo, and SI. 

j J  See appendix of reference LZ for discussion*



nomenclature, Cont. 10
Op - mean specific heat per unit volume "between tempera­

tures Tc Ty 
R - gas constant 
w - ignition velocity
x - distance coordinate in direction of flow.
Ci- a constant
X - partial volume of any species X 

y£x] concentration of any species X 
« heat content (enthalpy)

Q,q - quantity of heat.
h - net heating value of hydrogen per cu. m. at 15°C» 1 atnn

Development:

It was assumed that the maintenance of a stationary sur­

face of combustion at constant pressure wan conditioned by heat flow by con­

duction from the burned to the unburned gas, and this was expressed by

Q = w (^(To-T o) •^6°° = k —  ____________^“P' o To « 10000 /' dx

which would allow calculation of w if the distribution of temperature were 
known.

Prom the equation

2H2 + o2 2H20
the velocity is \J

^ftT = kl P p  (H2°- H2°)2 (°2° “ iH2°) + H20 x -4^1-  (k)

Transformation of this by dx= w £ (l-l̂ HoO) gave
dt To “ *

^  X (H2° ^ 2 0 ) 2(02M h 20) H- H20 d£j---------(7)

which contains the temperature and the concentration of steam as dependent 

variables*

By ,7= KiiHgl2^^- ̂jfcpo]2 K3/H2I2 ITôIs since Th21 = |t x h2
sinceIxJ = E x  X,aA"420+H2+ 02+H2=l, ^ 2  = K ^ h / o ^ O

but S2= H2°-H20, 02=02°w3'H20i therefore

^  Kl ^ ( H2 °-H 20 )2(0 2° ^ H 20 ) -H 20 ^ | _  w h ich  i s
dt

identical with equation (X) when P is constant.
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The increase in enthalpy i in a volume element of thickness dx,

di _ w.Po.288.^600 afc vfit-'iBsO'fl, ___________ (1)
10000 T0

is accompanied hy a heat flow
a / i aa\. (m)d b  A fe)ax -----------------------------------

C  r  ' 2 ' -'v' 11and hy heat of combustion
aa = W pq . 288.3600 (1 _ iHpo ) ^ H 5o ________
' 10000 To 2 ^ 2

These three quantities are related hy the law of conservation of energy so that

 —    < s >

- - o ! f c 300C dx[°pT(1“^H2°)J + • h(l-|H20)

= o*-------------------- (9)
To enable an approximate solution of this equation which will 

give the course of temperature and of the concentration of steam, Uusselt 

assumed (1) that the conductivity and specific heat remain constant, (2) thal 

the contraction accompanying the reaction may he neglected, and (3) that the 
heat developed from unit length (i.e., unit of distance coordinate X )  is 

constant and equal to the value a t 0.
Then

^k/>= klPo32gg^600 h 0 i„ 0 .
R2t3. 10000  ̂ 2 ~ 3 2  ̂  ̂ 2 ’̂sh 2°) +

Q 2 t̂3J?P.9., l-gaS) d^4 T /n\ 
10000 To 2 2 as--- — ' }

- Po3.2SS.3oOO.h . « o  (p)
"3?.loooo oids0) ^ .  ----------------

J’rom: i = w»36qQ*28%Fq (l ~ H 0) * T 
To .10000 -f-

1 + di = w ^ a B P .  .. £  TOpCl-HPO) + d[-TCp(1-te20)]]
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If a » wPo . 288 . 5600 cp , the equation for the temperature becomes 

10 000 T0

A d^T _ a dT + b s 0,____________________________ (10)
dx^ dx

the solution of which is

T - Aq +
a

The constants and A% are found 10/ to be Aq- Tc-Agj and

A2 * a'^l, and vihenXs X ± m must equal zero for a_
< ? * ■ - /

continuous curve so that

[

a (Tv-Tc) - Jb/i + b 7 a/q  
A A a / ffTT" -b = o  (a)

fallen X = 0, A ~  = a(Ic"T0), so that the equation may be solved for w.7 dx —
Final equation: 

aXi
Using « 1 + “ S. and ̂ b(Tv-Te) = a2(TT-T0) (T0_t0),

A

and remembering that (Tv-T0) Cp = bHg0 as well as the values given for s_
and Ja, the final equation for the ignition velocity becomes:

w = ClA?0 T02 (Tv -Tc > H2° 02° m/sec______ (12)
103.7 E2 Cp (T0 - T0 )

Nusselt made numerical calculations with this formula and found 
that if Cq were chosen to make a calculated value agree with some experi­
ments! value the accord between observed and calculated values of w for mix­

tures of hydrogen and air was rather good over the entire explosive range.
He also gave equations for the combustion of carbon monoxide, producer gas,

10/ From conditions,^” 0, T = T0
X = / l , T = Tv
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and mixtures containing inert gases* He noted some indications from these 

equations which are representative of the elaborated thermal theory:

(1) a  maximum ignition velocity is demanded by the formula
with a mixture containing an excess of combustible, at 
a value agreeing with that from tests with mixtures of 
hydrogen and air*

(2) The thickness of the reaction zone, computed from
£.(TV-T0) is shown to be of the order of 10~2em,

(3) Two inflammable limits exist for Tv = TQ and w = o*
These limits should be independent of the pressure P0,

(4) Preheating the gases should extend the explosive region,

(5) Preheating the gases should produce a large increase in
'the ignition velocity,

(6) The ignition velocity should increase in proportion to the
square root of the pressure,

(7) Substitution of oxygen for air in the mixture should increase
the ignition velocities in proportion to 1: 1_ or 2 ie*l

While some of these observations are supported by experimental evidence, 

others are not; this suggests inadequacy in the basic assumptions of this 

type of enalysis,

Jahn (il) has pointed out that Husseins use of the equation

(Tv -Tc) Cp = h x Hg is admissible only when there is no more hydrogen

present in the mixture than corresponds to the theoretical proportions for 

complete combustion; as soon as the mixture contains an excess of hydrogen 

only as much hydrogen can burn in the reaction zone as corresponds to the 

oxygen present, so that equation (12) applies only when combustible is in 

defect* Accordingly, Jahn deleted this simplification and obtained an

equation valid for the entire explosive range*

* * =  / ~C"l hiT0S 0  (13)
V Cp2 (Tv-T0) (Tv-Tc) 103.7R2

This author further designated the volume-fraction of oxygen in the atmos­

phere as a and the volume-fraction of inert in the atmosphere as _b so that
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H2 ♦ <1 - Hg) (a + b) = 1 

and O2 a (1 - Hg)a .

A final generalized equation, grouped advantageously, was given by Tahn as

u = l/cjHp. (1 - Hja AI h (Ty - To.) hi t f Tna _________(14)
^ C p2 T0<TV - T0) (Tc-T.) V 105.7P0

in vfcich C]_ * kl^o2 
R2TC'2*

The first two radicals represent the effects of the reaction velocity and 

of thermal factors, respectively; the value of the last radical is constant 
for given initial conditions of temperature and pressure.

Recent advances:

There have been many recent developments that have stressed the 

necessity for revision of this classical approach to the problem of the slow 
propagation of flame. The inadequacy of this approach has become obvious from 

various experimental studies, and the importance of factors such as the re­
action rate, or of chain carriers or active particles in this process has 
become evident.

For example, the qualitative effects of the thermal conductivity 

and specific heat as predicted by formulas based on the thermal theory 

are verified experimentally, but the results are not at all in quantitative 
accord with these predictions. Tests of this have been made by substituting 
argon or helium, of widely different thermal conductivities but identical 

low heat capacities, for nitrogen in the air or natmosphere" from which com­
bustible mixtures were prepared. The measurements first recorded (C3) were 

for special speeds of flame in tubes, but nevertheless indicated the 
conclusion noted above. Subsequent series of measurements in tubes of fleme 

velocities referred correctly to the unburned gas (Hi) showed a ratio of 

1.67:1 for these velocities in mixtures containing helium or argon, respect-



15ively, while the ratio of the thermal conductivities of these mixtures is 

several times this figure* Other measurements of flame velocities in

initial stages of combustion in bombs of constant volume (L5) and in soap 

bubbles 12/ have led to the same conclusion, Lewis and von Elbe 15/ have made

the interesting observation that reasonable postulates of changes in other

quantities in the equation of Mallard and Le Chatelier could be made that 

would account for these effects, which postulates stress the importance of 

diffusion phenomena in the flame front.

The importance of considerations of other than purely thermal

factors has been emphasized adequately in the literature 14/.

Recent developments have shown the importance of reaction velocity, 

chain reactions, and diffusion in this problem and have suggested that the 
propagation of flame may be as influenced by the diffusion of active particles 

as by the transfer of heat. A further weakness of the thermal theory, re­

cently stressed by Lewis and von Elbe (L4), lies in uncertainty as to the 

concept of ignition temperature. It has been recognized ever since measure­
ments of this quantity were attempted that it is not a true property of 
gaseous mixtures but is affected by the properties of the system as a whole 

and by time, 15/ Perhaps the most cogent results showing the inadequacy 
of purely thermal concepts have been obtained from studies of the electrical 

ignition of gases, in which this ignition temperature figures as a funda­
mental in the thermal theory. These studies, reviewed recently by Bradford 
and Finch (B15), have furnished additional evidence that indicates the minor

ii/ This ratio is roughly 10 at ordinary temperatures.

12/ See references F2 and page 374 of reference F3.

13/ See P, 350 of reference L4.
14/ For examples see references B9, BIO, Bll, B12, B13, B16, G4, H2,

J5, 16, and L4*
15/ For example see reference Bl, pages 59 and 80, and reference 01, page 88.
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importance of temperature and shows that it may be considered only as a 

measure of collision frequency 16/„

The first analysis of the slow propagation of flame from this 

modern viewpoint was made by Lewis and von Elbe (L2) for explosions of ozone* 

This analysis, while relatively simple in essentials, involved a mathematical 

treatment that was extremely difficult and possible only through rather vigo­

rous approximations and assumptions. Only the general tenets of the develop­

ment will be mentioned here; a helpful abridgement was given by the same authors 

in a recent review (L4) and the original paper should be consulted for further 

details. Lewis and von Elbe recognized that the slow propagation of flame might 

be controlled by diffusion of active species rather than by the flow of heat 

and that the concept of ignition temperature was uncertain. They based their 

analysis on the concept that the rate of change of concentration of the various 

constituents in an elementary layer due to mass flow, diffusion, and chemical 

reaction is zero, and they avoided reference to the ignition temperature. 

Equations were supplied by relationships of continuity, by the gas law, and by 

the plausible postulate that the total energy per unit mass of mixture remains

16/ A convincing experimental test (B13) of the purely thermal theory of the 
electrical ignition of gases proved the necessity for other consider­
ations by showing that the igniting power of a spark is not a function 
of peak current but is more uniquely stipulated by frequency. The 
thermal theory implies that the igniting power of a given quantity of 
energy lies dormant until conversion into heat is effected, and thus 
igniting power increases with increasing entropy. The ratio of entropy 
to energy would then be at a maximum for ignition by a source of least 
igniting energy. However, the results reported by these authors indi­
cate that despite possible decrease in igniting power from decrease in 
either the amount or the rate of energy dissipation, a suitable de­
crease in frequency may overbalance this effect. Entropy being an ex­
tensive property, these results indicate that igniting power increases 
with decreasing entropy (decreasing peak current and frequency); this 
obviously contradicts the thermal theory. The authors advance an 
’’excitation theory of electrical ignition" which stipulates that the 
condition for ignition is the production of a suitable concentration 
of specifically activated species*
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constant throughout the process 17/. The six equations obtained were 
formally insoluble because of uncertainties of the reaction mechanism and 

lack of knowledge of processes of multiple diffusion. Reasonable simpli­

fying assumptions and approximations were therefore made, and these authors 

were successful in obtaining an equation which allowed calculations of 

burning velocities. These calculated values agreed roughly with experimen­

tal values (i.e. within about five-fold). The agreement was viewed as sat­

isfactory because of the approximations and assumptions made. The theory 

also furnished interesting information relative to the structure of the 

flame front.

A recent application of these modern concepts to the results of 

a study of the propagation of flame in mixtures of hydrogen and oxygen at 

low pressures (G-2) has produced interesting evidence showing the importance 
of various factors in the propagation of flame.

A recent paper (Zl) has considered the general mathematical 

treatment of this problem in detail, and has raised numerous objections to 

the work of Lewis and von Elbe. Some of these objections are apparently 

urged as basic in character. However", this treatment is of interest chiefly 
from a mathematical standpoint. The paper apparently contributes little to 

the basic concepts noted above and exemplified by the work of Lewis and von- 

Elbe, and is admittedly incapable of producing any general solution of the 

pr-oblem. "While forthcoming publications by the authors of this recent treat­

ment (Zl) may be of more pointed interest, this paper will not be given de­
tailed considerstion in this place for reasons noted and because such review 

would add nothing to a perspective of the problem in view of rapid develop­

ments in this rather highly controversial field.

The thermal theory requires an excess of energy in the unburned gas 
immediately ahead of the flame; in the present theory this excess may be 
rendered vanishingly small by the possibility of a few active oarticles 
initiating reaction in the unburned gas at a rate much greater than that 
of initiation by thermal means.
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Summary;

The Slim of the experimental evidence has indicated that purely 

thermal considerations are definitely inadequate for the complete analysis 

of the slow propagation of flame in gaseous mixtures* A recent treatment 

based on modern concepts involving chain reactions and the diffusion of ac­

tive particles and avoiding reference to the uncertain ignition temperature 

has shown for the particular case of ozone-oxygen flames a rough agreement 

between theoretical and actual burning velocities; this adds weight to the 

aptness of these revised considerations*

However, the success of the elaborated thermal theory in ex­

plaining a number of observations and in fitting experimental results places 

a fundamental question as to the degree of its applicability to the gross 

features of the propagation of flame* It has apparently been widely held 

abroad that the classical theory has been so strengthened by experimental 

data that its interest is indisputable* The view has been expressed m/ that 

the chemistry of the intermediate reactions in the combustion of gases and 
the multiple mutual effects in reactions in mixtures may be assembled as a 

constant in an expression derived from the law of mass action involving only 
the initial concentrations of the reacting gases. The further examination 

of this question represents broadly the interest of the present investigation.

/ej See reference Jl, page 69.
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CHAPTER 3 - ON THE NEA3UEE3NENT OP THE PROPAGATION OP ELaME

General:

Recent literature •2/ lias treated in detail the various methods 
for determining flame velocities, so that an extensive review would seem 

out of order in this place. However, a concise report of a critical exami­

nation of certain of the fundamental literature may be given*

Terminology:

Considerable confusion has been caused by lack of explicitness in

the terminology used to describe the slow propagation of flame. In English,

terms such as "normal velocity of flame movement," "velocity, or speed of 
propagation," "velocitjr, or speed of combustion," "speed of uniform movement," 

"fundamental speed," "flame speed," "flame velocity," "ignition velocity," 

"transformation velocity," and "burning velocity" have been used, and the 
equivalents of these in Prench and German have appeared, as well as other 

expressions. There is an evident need for consideration of these terms.

This situation has apparently led some recent writers to coin new phrases 

which only add to the extant confusion.

A scrutiny of the meanings intended for the various terms shows 

that despite the numerous expressions only two basic concepts are involved 

and that of these only one is of interest in the present work. These con­

cepts are (1) the linear rate of movement of flame in space and (2) the ve­
locity of flame movement perpendicular to the surface of the flame and relative 

to the unburned gas. The first quantity, of which outstanding common exam­
ples are the "speed of uniform movement of flame" and "flame speeds", is of 

interest but is not a fundamental tool for study of the transformation of

/?/ General treatments may be found in references Bl, C5, E3, LI, SI, and 
S2.
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gaseous mixtures. This is a consequence of the geometry of the propagation 

of flame: this propagation is in a direction normal to the flame front, and

a fundamental necessity is reference of the movement to the unburned gas in 

order to measure the rate of transformation of the unburned mixture.

There seems little reason for preference among the various terms*
The term "flame velocity" will be used herein to express the rate of trans­

formation mentioned, i.e. the rate of movement of flame in a direction normal 
to the flame surface and relative to the unburned gas. This quantity is not 

a property of combustible mixtures in the strict sense, since it is affected 

by the properties of the system in which the flame movement takes place.
Burner methods:

In a classical work on the temperature of the flames of carbon monox­

ide and hydrogen, Bunsen (B14) had occasion to measure the pressures produced by 

the explosions of these gases, and recognized that measurements in a closed 

system of any size might be completely invalidated by a slow propagation of 

flame through the mixture. In order to determine the magnitude of the velocity 

of this propagation and thus the suitability of his apparatus, he devised an 

original method which consisted essentially of producing a Bunsen flame by 
passing a homogeneous stream of a combustible mixture through a small orifice 
in a plate and then reducing the pressure behind this stream until flashback
occurred. Calibrations established the relationship between the velocity of

to
efflux from the orifice and the pressure, and Bunsen stated that the velocity

Referring to this, Bunsen stated: "Dieser Rtckschlag musst n&mlich ein- 
treten, wenn die Greschwindigkeit mit der das Gasgemiseh die AusstrCmung- 
soffnung passirt, urn unendlieh wenig geringer ist, als die Geschwindigkeit, 
mit der sich die EntzHndung von den Oberen brennenden Gasschiehten nach 
der unteren noch nicht brennenden hin fortpflanzt. Man hat dann nur die 
Ausflussgesehwindigkeit des nicht brennenden Gasgemisches bei dem Drucke, 
unter welchem die Flamme zuruckschlug, direct zu messen, urn die Fortpflan- 
zungsgeschwindigkeit der Entzllndung, welche dieser ilusflussgeschwindigkeit 
gleich ist, mit annahernder G-enauigkeit zu erhalten."
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of the flame was essentially equal to the velocity of efflux at the instant 

of flashback, thus introducing the fundamental concept of the dynamic equi­

librium in Bunsen flames. His measurements were basically in error because 

of the implicit assumption that the velocity of the unburned gas was uniform 

across the section of the orifice and because of influences of the apparatus; 

the method nevertheless was in itself a useful tool and laid the foundation 

for the burner methods,

Gouy (G-l) improved and modified this method in connection with 

studies of the photometric properties of colored flames. The innovation of 

his work rested in recognition of the aptness of the dynamic equilibrium des­

cribed by Bunsen for every point of the surface of the inner cone of the 

Bunsen flame 21/; this fundamental advance is termed the "Gouy postulate".

Gouy derived a fundamental equation expressing this equilibrium by considering 

a filament of unburned gas of cross-section and vertical velocity y_ striking 

under an angle p( an element of the cone surface of area w to which the flame 

velocity Y was perpendicular; velocities were related by

and areas by

so that

V = v sin oC ----------------------  1-16)

= w sin o<

w = av 
V

and
£  w * £&y , ______________ ____________(17)

Y ’

this last equation states that the surface of the inner cone (£w) is equal

21/- Gouy stated: "*.,1’inflammation se propagerait ei partir de chaque point 
de la surface du noyau et normalement a cette surface avec une vitesse 
V, Puisque, dans lfetat de regime, la surface du noyau demeure immobile, 
il y a, en chaque point de cette surface, ^galit£ entre cette vitesse V 
et la composante normale a la surface de la vitesse v du filet gazeux qui 
y arrive sous un angle Y = v x sinbt,"
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to the discharge (£av) divided by the flame velocity (V). To test this re­

lationship Gouy made the experiments listed in Table I, translated from the 

original, by varying the orifice while maintaining constant the flow and the 

composition of the mixture. He considered the results proof of the validity 

of the equation. The small variations noted are of doubtful significance, 

because no details of the procedures employed are available. It should be 

observed that Gouy's work suffered from the same misconception as that of 

Bunsen, i.e., that the velocity of the stream of unburned gas was uniform 

across its section*
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TESTS or VALIDITY Off EQUATION FOR BUNSEN CORE, 

FROM C-QUY, ANN, CHBJ. RHYS. (5) 18, 27(1879). 3/

First Condition Second Condition

Diameter of or­
ifice, meters Surface

A - Excess of gas in mixture.

0.019
0,019
0.019
0.019
0.030
0.019
0.030

B - Neutral mixture,

O.OOo
O.OOo
0.006

16.96
15.2522.20
33»S513.80 
9.2U
17. Z\

3.U2
1.89
0.93

Diameter of or­
ifice, meters

0,030 
0.030 
0.030 
0.030 
0.0301/ 
0,0301/ 0.0302/

0.009
0.009
0.009

Surface

16.73 
15-19 
22.60 
30.81 
13.18
9.89 
18.20

3.21
1.92
0.86

l/ A wire was placed in the center of the orifice.

2/ A disc 0.012 diameter was placed in the center of the 
orifice.

3/ Tests made with discharge and mixture constant, 
orifice varied; flame^projected on screen and 
a.rea of inner cone obtained from trace hy con­
sidering it a solid of revolution.
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Many later workers have used the burner method for studies of com­

bustion pehnomena, and while the Gouy postulate has been retained there have 

appeared various methods for obtaining the area of the surface of combustion 

or^ of treating the results* Thus, while Kichelson (M7), Corsiglia (C6), 
Khitrin (Kl), and Tammann and Thiele (T2) have retained GuoyTs original method 

of obtaining the area mentioned from the projections either of the flames or 

of photographic negatives of these, Bunte and Semlanizin 22/ weighed cut-out 

figures prepared from photographs of the flames, several workers at Karlsruhe 

25/ have measured only the height of the inner cone, or determined its actual 

area by probing with thermocouples (U4), and Stevens (53) measured the slant 

heights of cones on photographs. Smith and Pickering (S2) measured the slope 
of the flame surface at the diameter corresponding to the mean velocity of the 

unburned gas and calculated flame velocities directly from the equation for 

velocities in the Gouy postulate. All of these methods would yield identical 

results if the inner cone of the Bunsen flame were a true right cone; the 

differences in the results of the several methods originate in deviations of 
the shape of the inner cone from a right cone. The detailed discussion of 

these deviations is beyond the scope of this treatment; the^field was summar­
ized recently by the writer (D2) 24/. These deviations consist of a rounding 
at the apex of the inner cone and of a flare at the base of this cone, with

22/ See reference Ul, footnote on page 1227.
23/ Examples are references Bll, B12, Jl, H3, U2, TJ3, TJ4, and U5.

24/ A complete review was made in 1937 (D2) and a subsequent pertinent
paper (K2) was discussed in a brief review in 1938 (page 6 of reference
D3); a general treatment may be found on pages 193-205 of reference 
LI.
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an accompanying elevation of the flame above the port of the burner. The 

effects have been considered in detail by various workers, and it has been 

found that their sum passes through a minimum for mixtures in nearly stoi­

chiometric proportions for various gases when burned with air. Thus, Ubbelohde 
U

and Hofsass (^T) stated that the original work of Ubbelohde and de Castro es­

tablished that if too great an excess of combustible gas were avoided, maximum 

variations of 5 percent existed between results for flame velocities based on 

measurements of the heights of the inner cones or of the surfaces of these cones 

by the method of Gouy and Michelson; errcas with large excess of combustible 

were many times this figure. These authors also stated that the tg/w' methods 

agree for mixtures in the neighborhood of the maximum of flame velocity. They 
also mentioned the error introduced in readings of the height of the cone by 

the diffraction of light by the outer flame, and considered it negligible. 
Ubbelohde and Dommer (U4) verified the conclusion of Ubbelohde and de Castro 

for mixtures of methane and of carbon monoxide with air by comparing the 

results for flame velocities obtained from simple measurements of the cone 

height with the results based on the actual area of the surface of combustion 

as determined by probing with thermocouples. They found that for mixtures 

containing up to approximately 13 percent methane or 65 percent carbon monox­

ide the difference between the results by the two methods was never more 

thsn 4 percent and passed through zero in this range; richer mixtures gave 
much greater deviations. Khitrin (Kl) made similar studies for mixtures with 

air of benzene and of ether and obtained jloraewhat greater differences that 

passed through a minimum near the stoichiometric mixture; this minimum was 

of the order of 8 percent in tests with benzene at atmospheric pressure.
It has apparently been accepted abroad, and particularly in Germany, 

that the burner method is on the whole independent of effects produced by

the apparatus used. Thus, Bunte and Litterscheidt (Bll) in an important work
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involving measurements of flame velocities in complex mixtures of the chief 

constituents of technical gases considered the accuracy of the method in 

some detail and came to this conclusion. These authors advanced experi­

mental evidence in support of the uniqueness of the dependence of the flame 

velocities obtained on the composition of the mixtures, including (1) ex­
cellent agreement between measurements of flame velocities using normal and 

divided Bunsen flames for mixtures giving flame velocities near the maximum, 

(2) independence of the results for flame velocity of the velocity of flow 
of the unburned gas for large reductions of this (two- to three-fold) below 

the limiting critical velocity, (3) independence of results of the diameter 

of the burner for values between about 4 and 7 mm., and (4) independence of 

the results of the nature of common materials used in constructing the 

burners. The more recent detailed work of Smith and Pickering (S2) has 
advanced the measurement of flame velocities by burner methods and has de­

fined more clearly the limitations of the methods and the degree of admissible 

acceptance of the general conclusion noted. This work was reviewed recently 

(SI). It has been found that the most consistent results may be obtained 

with the widest range of variations in experimental conditions through 

measurements of the slope of the flame surface at the diameter corresponding 

to the mean velocity of the unburned gas by application of a fundamental 

equation of the Gouy postulate.
In sura, it has been found that the shape of the flame surface must 

not differ markedly from that of a true right cone for the successful appli­

cation of any method of computation for measurements by the burner method.

So long as the flow of the unburned gas is laminar, the f̂ ffine velocities ob­

tained by these methods are independent of this flow over the extreme range 

giving s t a b l e s e c o n d a r y  combustion has no effects on the results 

when the flame velocity is near its maximum; the results are independent of
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the diameter of the burner port if this is not much less than 4 mm.; on 
the whole, the effects of extraneous variables and apparatus as reflected 

in distortions of the inner cone are minimized or eliminated by the use of 

mixtures giving flame velocities near the maximum.
Bomb Methods;

These methods are of tvo types that utilize either the propagation 

of flame under conditions of constant pressure or of constant volume. Only 

the principles and general aspects of the methods will be mentioned here.

The spherical propagation of flame forms the basis for measurements of this 

type, generally, and this may be analyzed somewhat more rigorously than the 

propagation of flame in stationary Bunsen flames or in tubes, despite com­

plications introduced. It has been shown by various workers 25/ that the 

propagation of flame may be quite accurately spherical.

A first method was developed by Stevens (S4) for investigation of 
flame propagation under constant pressures and was used by this author in 

several studies, 26/. Subsequent detailed studies of the method by Fiock 

and Roeder (F4) resulted in improvements and in recognition of its limita­

tions. In essence, the measurements are made by recording photographically 

the movement of flame in a mixture of combustible gas in a soap-bubble, the 

mixture being ignited at the center by an electric spark. A relatively 

simple analysis of the data allows deduction of the flame velocities. How­

ever, it has been found that certain of the earlier results must be ques­

tioned because of the rapid rate of interchange of water vapor between the
Ctffica f

mixture and the atmosphere surrounding the bubble. This effect is of Ainitia-3:

25/ For example see references F3, K3, and El. 

26/ See references 34, S5, S6, S7, and S8.
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importance in studies with mixtures containing carbon monoxide, as is well 
known.

The constant-volume method has been discussed recently by several 

authors, 27/. It involves the measurement of pressure as well as the photo­

graphic recording of the movement of the flame and possesses certain advantages 

over the method just mentioned, as will be indicated in the following discus­

sion. Both methods require that the explosions emit sufficient light for 

photographic purposes. Extreme flame velocities may not be measured because 

of convective effects in mixtures with low flame velocities and of pressure 

effects and vibrations in mixtures with extremely high flame velocities. 

Further, the constant-pressure method suffers from the limitations that only 

moist, non-corrosive gases may be used, that water vapor is always present 

at a partial pressure which is determined not only by temperature but by the 

composition of the soap film as well, and that relatively restricted ranges 

of temperature and pressure are available for study; it possesses the advan­

tages of high accuracy and relatively simple analysis, together with freedom 

from vibrations in the gas and from the necessity, common in the constant- 

volume method, of restricting the studies to a limited part of the process.

The constant-volume method suffers from inaccuracies inherent in the difficult 

problem of measuring pressures which vary rapidly and over a wide range, but 

is capable of ready adaptation to studies of the effects of variables such 

as temperature and pressure. Lewis and von Elbe have indicated 28/ that a 

combination of procedures involving the simultaneous records of pressure and 
of flame travel by photographic means leads to an optimum procedure which

27/ See references F3, LI, and L6.
28/ See pages 180-183 of reference LI.
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should give very useful results. Work in this field is now active.
Tube Methods;

The propagation of flame in tubes used in classical experiments 

by Davy and by Mallard and j?!e Chatelier and was employed extensively by 

Dixon and folloivers in the British school in studies of combustion phenomena. 

These early results, which have been adequately summarized by Bone and Town­

send £9/, were only for spacial speeds of flame and hence are of limited in­

terest. More recent developments (C5, C8) have led to interesting fundamental 
results through modified procedures including provisions for obtaining in­

stantaneous photographs of the flame front during its travel through the tube. 

These photographs allow the deduction of the area of the flame front and with 

the spacial rate of movement allow deduction of the flame velocity. Data

obtained by this new method have been published for mixtures with air of 
mJfethane (C5), carbon monoxide and benzene (K4).

Correlations:

At present the exact correlation of the results obtained for the 
flame velocity by these various methods is not possible because of the lack 

of data. However, there are cogent indications that these methods are cap­

able of giving values for flame velocities which are in substantial agreement. 
Until comparatively recently the true relationship between the spacial speed 
of flame and the flame velocity as herein defined was not generally appre­

ciated, and it appeared that the burner method gave much lower values than the 

tube or bomb methods. The recognition of the distinction noted above has 

essentially removed this divergence.
The burner method was originally compared with the constant-pressure

29/ See pages 103-133, of reference Bl.
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bomb method by Stevens (S3) whose data show very good agreement between the 

two methods for mixtures of carbon monoxide with air. Other agreements have 

been noted between these two methods for mixtures with air of benzene and 

of carbon monoxide (K4, K5). Further comparisons for other gases are not 

possible because of limited data* However, it may be observed that while it 

was first believed (Bll) that an agreement also existed for mixtures of 

me thane and oxygen between the data of Stevens (S3) and of Ubbelhode and 

Dommer (XJ3), more recent values (Jl) have introduced a descrepancy which has 

not as yet been explained or verified by other data.

Results have been attained in initial stages of explosion in bombs of 

constant volume that agree with those obtained in bombs of constant pressure^ 

30/.
The modified tube method was originally compared with the results 

of other workers using the burner method by Coward and Hartwell (C5) and 

their results indicate an agreement in order of magnitude between the two 

methods for mixtures of methane and air. The results from ,the modified tube 

method seem somewhat lower than the most reliable data from the burner metnod, 

however, which may be due to the role of the walls in the ca^e of propagation 

in a tube. A similar correspondence has been reported (K4) for mixtures with 

air of benzene and of carbon monoxide.
In general, therefore, it seems admissible to accept, in the abscence 

of further data, the equivalence of these methods for measurements of the same 

fundamental quantity.

Conclusions;
The choice of a method for a particular study of flame velocities 

involves detailed consideration of the nature of the data desired and of the 

effects to be studied. Thus, for fundamental data involving the effects of

30/ See reference S8, p375 of reference F3, page 7 of reference ?4, and 
•page 5 of reference F2>
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wide variations in experimental variables such as temperature or pressure, 

which are of particular interest in connection with studies of the combus­

tion process in internal combustion engines, the new methods of Fiock and 

Marvin (F3) or of Lewis and von Elbe (LI) are undoubtedly of unique interest. 

In contrast, the studies of the propagation of flame in cases in which a 

constant pressure obtains may be made most simply, perhaps, by one of the 

other methods described. Simplicity is highly desirable because of the con­

sequent minimization of errors.

The burner method seems simplest of those available and is appli­

cable with certainty to the measurement of the flame velocities in mixtures 

producing flames that approximate closely a geometrical cone. Also, this 

method would seem of particular interest in applications of gaseous combus­

tion because of the patent close relationship of the results to problems 

of the utilization of gases in Bunsen burners.
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CHAPTER 4 - ON PERTINENT RESEARCHES ON THE COMBUSTION PROCESS IN GASES

/

The Nature of the Relationship of the Flame Velocity and Mixture Composition: 

Perhaps the first systematic series of measurements showing the 

effect of the composition of the mixture on the flame velocity mere made in 

1875 by Mallard (M5) with mixtures of methane end air using the original 

method of Bunsen* The data are summarized in Table II and Mallard's original 

curve is reproduced in Figure 1* The curve of Figure 1, although question­

able because of the method employed in its derivation, shows the general 

nature of the relationship between the flame velocity and the proportion of 

combustible in the mixture burned* The outstanding characteristics of this 

relationship are the' existence of a maximum in the flame velocity and the 

apparent indications of zero flame velocities in two mixtures corresponding 

roughly to the two limits of inflammability* The maximum flame velocity is 

seen to be attained with a mixture containing approximately 11 percent me­
thane, while the mixture in stoichiometric proportions contains only 9.47 

percent methane; maximum flame velocity is attained therefore in a mixture 

containing an excess of combustible* This divergence 51/ was noted by 

Mallard 52/.
The subsequent work of Mallard and Le Ghatelier (Ml) introduced 

a basic question regarding the nature of the dependence of the flame velocity

31/ This divergence of the mixture giving maximum flame velocity from the 
mixture in combining proportions will be referred to as the ’'displace- 
ment D̂ ." or simply as the "displacement.*'

32/ Mallard stated:
"II est a. remarquer que la proportion qui donne la vitesse maxima 

ne correspond point exactement a celle pour laquelle le grisou trouve, 
dans I’oxyg^ne de I'air, la quantite necessaire jour se combustion. En 
effet 1 volume d'air contient la quantity d'oxygene necessaire pour bruler 
theoriquement 0*148 vol. de grisou, tandis que la vitesse maxima est 
obtenue avec 0.122 vol. de grisou seulement.

Ce fait singulier tient sans doute a cot equilibre chimique si remar- 
quable et encore si mal connu que M. Deville a signsle sous le non de
tension de dissociation, et qui nose une limite uux combineisons qui peu- vent s'effectuer entre lee gaz melanges.1'
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TABLE II

FLAME VELOCITIES IN MIXTURES OF METHANE AND AIR AS DETERS XilED BY 

MALLASD. ffl, CHIM. PHYS, (7) 7, 355 (1875) BY BTJHSE3PS METEOPi/

Volume percent methane 
in the mixture

7-9

9-3
10.3
io.6

11*3
11-5
n* g
12-3
13.8

Flame velocity, 
meters per sec.

0.0U1

.325

.505

.550

.52U

.515

.375

.139

.1/ Values based on flashback of a Bunsen flame through 
an orifice.
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on the composition of the mizture by indicating that this relationship could 

be represented by two oblique straight lines intersecting at an apex corre­

sponding to the maximum flame velocity. Early cogent indications that this 

was not the case are to be found in the work of Michelson (M7) who derived 

curves from measurements of flame velocities by the improved burner method 

that showed the pronounced curvature indicated originally by Mallard, This 

type of curve is now accepted as a true representation of the relationship.

A feature of these curves that is of incidental interest here is 
the nature of the lower extremes and the velocity of propagation in the 

"limit” mixtures. Observing the difficulties of the direct measurement of 

these limits, Mallard and Le Chatelier suggested that they could be obtained 

by extrapolation of each branch of curves for the flame velocities to the 

axis of abscissas where the speed would be zero. This question was the sub­

ject of further work by the later school of English investigators 33/, who 

concluded that the speed in a limit mixture is finite and far from zero. How­

ever, as these latter deductions were based on measurements of the spaciel 

"speeds of uniform movement" in tubes they are not acceptable. It now seems 

generally agreed 34/ that the extrapolation of the curves relating flame 
velocities and mixture compositions, with suitable allowances for the effects 

produced by secondary air in normal Bunsen flames, may furnish useful indica­
tions of the limits of inflammability 55/. This subject has recently been 
considered in detail by Bunte and Jahn (B15). The direct measurement of these

33/-8ee page 109 of Report Bl.

54/-3ee references J1 for example.
55/-j?or example, Extension of the curves given by Coward and Hartwel^f (C5)

for flame velocities in mixtures of methane with air from the modified
tube method to the exis^ra-ea limits of inflammability of 5 to 15 percent
methane, in close agreement with results of direct measurements (C7).
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limits may be accomplished accurately and. conveniently by other means 36/,

The General Existence of the Displacement Dy: 37/

Returning to the other outstanding feature of the relationship of 

flame velocity and mixture composition, many investigations of the combustion 

process in gases have led to a general recognition of the displacement Dy as 

a general, outstanding characteristic of the slow propagation of flame. This 

has been expressed by many writers, and the few data listed in Table III, taken 

at random from recent measurements of flame velocities, emphasize this for 

several types of combustible gases and vapors burned with air or with oxygen. 
Although this conclusion has been widely recognized and was indicated even by 

the results of measurements of spacial flame speeds in tubes, it is emphasized 

here because of the existence of some misstatements in recent reference works 

58/. The divergences among individual results noted in Table III probably 

originate in large measure in scattering and sparsity of the data, and in es­

timations of the positions of the curves and of their maxima.

36/ -See references C7 and 17 for examples.

37/-See footnote 31, page 32 for definition.
38/-Thus, on page 268 of reference H4 there appears the following statement: 

"The maximum flame speed in tubes is usually obtained in mixtures con­
taining about 15 percent more combustible gas than is required for com­
plete combustion. With methane, however, maximum speed occurs when the 
methane and the oxygen are in their combining proportions.” This state­
ment, aside from being based on spacial speeds of flame rather than on 
flame velocities, is not supported by experimental evidence. Further, 
while the general existence of the displacement Dy is recognized by 
specific reference on p.89 of reference Cl, the following inaccurate 
statement appears on p.92 of the same reference: "It will be noted that
the maximum speed mixtures do not correspond with perfect air-gas mix­
tures. The small vertical cross line on the charts marks the perfect 
air-gas mixture, and it will be seen that this does not coincide with 
the maximum speed mixture exactly, but may be either on the air-rich or 
gas-rich side of the perfect mixture."
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Pertinent Data for the Displacement IV:

The definition of the maximum of flame velocity in the usual curves 
is a matter of considerable difficulty because many of the data published in­

clude very few points for mixtures giving close to maximum flame velocities. 

However, the data listed in Table III illustrate several widely recognized 

general points: displacements are largest for mixtures of carbon monoxide

with air, mixtures containing hydrogen also give large displacements, and hy­

drocarbon* and combustion with oxygen in general give low displacements.

Within limits warranted by the data, several investigations have 
indicated that pressure has no marked effect on the displacement. Thus, 

Ubbelohde and Koelliker (UZ-) measured flame velocities by the burner method 

for mixtures of carbon monoxide and air under pressures of from 1 to 4 atmos­

pheres in 8 steps; although their curves show maxima which disclose an irregu­

lar relationship between the displacement and the pressure, the data are badly 

scattered and these authors concluded (page 84 of ref. U5L) that the maximum is 

not noticeably shifted in the direction of the abscissa. Measurements were 

also made by Ubbelohde and Andwandter(US) for these same mixtures under pres­

sures of from approximately ̂  to 1 atmosphere in 6 steps; these also showed 
the abscence of any effect on the displacement (p.231 of ref. 75), More recent 
works studying the effect of pressure on the flame velocity by various methods 
have shown no effects on the displacements for pressures from 1 to 3.5 atmos­

pheres for mixtures with air of benzene and ethyl ether (Kl) 39/
Other measurements have indicated that the character of an inert 

in the mixture has no marked effect on the displacement 40/.

39/-A reserve is required in some cases because of sparsity of the data. It 
should also be noted .that measurements in soap bubbles, see references 
310 and K5, are not cited because, as noted by Fiock and Roeder (F4, pages 
11 and 12);the results of such tests show combined effects of changes in 
partial pressure of water vapor and total pressure rather than unicue ef­
fects of the latter factor alone.

4Q/ For example see reference Bl, pages 116-118, and reference C3.
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The effects produced by preheating the gases before combustion 

seem to be somewhat irregular. Thus, the measurements of Ubbelohde and 

Dommer (U3) indicated a progressive increase in the displacement Dv as a 

consequence of increasing the temperature of preheating up to over 400 deg. 

C for mixtures with air of carbon monoxide and of methane. This is indi­

cated by the data of Table IV, A, which show a progressive increase in the 

amount of combustible required for maximum flame velocity with increase in 

the temperature of preheat. (The equivalent mixture is not affected by pre 

heat, of course.) The later mea nrements of Passauer (PI) were made with 

a variety of gases and disclose a variety of effects. The data of Table 

IV, B, suggest rather definite and regular increases of the displacement 

with increasing temperature of preheat for mixtures with air of dry and 

moist carbon monoxide, of methane and of Weiner city gas, while the data 

for the mixtures of hydrogen and ethylene show relative independence of 

these two factors. The irregularities in certain of the data may originate 

in scattering in the neighborhood of the maxima. Other corroberative evi­

dence is given by Tammann and Thiele (T2J.
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TABLE 17

EFFECT OP PREHEAT OH THE LI SPLACEMENT OF THE MIXTURE GIVING MAXIMUM

m >  PASSAUER, GAS U. WAS SERFAGE. 7 3 , 313 ( I 930) i /

Preheat. Volume Percent Combustible for
OQ, Maximum Equivalent Displace

Flame Velocity Mixture Dv
A - From Ubbelohde and Dommer:

1 .  Mixtures of carbon monoxide and air
20 US 29-5 i s . 5

150 33 N 3 3 .5
350 51 ft 2 1 .5
b6o 53 II 23-5

2. Mixtures of methane and air

20 9*U 9 .k8 0
1 S5 9 .7 It P -2
U30 1 0 .2 II 0 .7

B - From Passauer:

1 . Dry mixtures of carbon monoxide and air
¥

20 bo 29-5 1 0 .5
85 k) II i o i 5

180 Uo n 1 0 .5
305 U3 H 13-5
U35 U5 II 15*5
$bo 50 II 2 0 .5

2. Moist mixtures of carbon monoxide end air
20 b& 29 .5 16.5

100 U9 n 19.5
230 U9 it 19.5
350 U7 it 17.5
U60 U9 11 19-5
550 52 11 00 c:

3« Mixtures of methane and air
20 10 ,5 C.P 1 .0
95  10.7 It 1 .2

200 10 .5 II 1*3
350 11.0 II 1 .5
U70 11.0. H 1.5*
520 11.2 II 1*7
510 ■ 1 1 .0 II 1*56 so 10.,s II 1*3

U. Mixtures of hydrogen and air
20 bo 2?-5 16 .5
130 Uo It ii

310 bo II 11
U30 bo It tt

5* Mixtures of ethvlene and air

20 6.9  ̂p*0.5 o.U
n o  7 .0 It 0 .5
loO 7-0 II 0 .5
230 7-0 It 0.5
U35 7 .0 II 0 .5
515 6.6 It 0 .1

6 .  Mixtures of Weiner city a:as and air
20 22.0 21.6 O.U

120 23.0 If l . u
250 23-6 II 2.0
510 23 .7 II 2.1
6U5 23.0 II l A
720 23.6 II 2.0

1/ All measurements of flame velocities by the burner method*
2/ Displacement of mixture giving maximum flame velocity from the equivalent 

mixture.
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/

Some interesting effects were developed by further scrutiny of

available data. Thus, tabulations such as Table V were prepared from pub­

lished studies of the combustion of binary mixtures of various combustible 

gases, and the results plotted as in Figure 2. The volume-percents of com­

bustible giving maximum flame velocity for these mixtures when burned with

air were judged from the published data and curves. The displacement Dy
thus found was reduced to a "percent displacement" by division of the actual 

displacement by the volume-percent of combustible in the equivalent mixture; 

this placed the results on a better basis for comparisons. The similarity 

of the curves representing this percent displacement as a function of the 

composition of the binary combustible mixture was striking. In general, the 

curves of Figure 2 indicate three distinct phases in the effects produced 

on the percent displacement by progressive addition to the binary mixture 

of combustible gases of the constituent with the smaller displacement: (1)

rapid decrease, (2) relative constancy, and finally (3) slow decrease of 

the percent displacement for the mixture. Only the curve for mixtures of 

carbon monoxide and acetylene with air shows marked divergence from this 

general nature. Another regularity suggested by Bunte (S12) that has ap­
parently been given credence abroad 41/ states that for hydrocarbons the 

displacement decreases as the size of the molecule increases.

ii/ - See page 123 of reference B16.
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0 .9 P • P p. 1 - 0 .1 11 .33 1 .2 J % ̂  y 29 .0 ; P 13 .0 50.0
0 .8 2.33 1.91 0 .2 11.75 P 7 Q - ... U.30 18.3 27 8 .1 lip. 6
0 .5 O 7 3 _ • 1 .20 O.5 11 .35 5-98 7.18 1 2 .2 1R^  j P. 8' 22.3
0 .3 P .po 0 .72 0 .7 I? . 35 S .37 9 . 0° 9 .18 12 .5 3-3 36 .2
0 .0 2.33 0 .0 0 1 .0 11.95 11.35 11.95 7 .72 10 .0 2-3 29.5

Series A= (JO, 3 - CH 1l :

1.0 2.39 2.33 0.0 0 .7 9 > • 0.00 2-39 29.5 53.0 V7 s p; 79.7
0.3 2.39 2.15 0.1 9.56 0.96 7 1 1

y * — 2U.3 3 7-0 12.7 52.30.8 2.30 1.21 0.2 9.55 1.91 8.82 20.7 28.5 7.8 37Po.l 2.39 1.67 0.3 9.5o 2.87 U-5U 1S.1 23.2 O.l 28.2
0.6 2.39 1.U3 O.U 9.56 3.82 4.25 16.0 20.0 £.5 28.1
0.:- 0 70- • J  J 1.20 n p;\J 9 : 9.56 U.78 5.48 1U.3 is.6 3-7 20.9
0.3 O 7 0 0.72 0.7 9 • 56 6.69 7.U1 11.3 lU.S 2.9 pU , 1.
a r.P m 'U 2-39 0.00 1.0 9.54 9.56 9 • 54 3.U7 10.5 1.03 10.Q

Series 82/ A==Hp, B=0Khi
1.0 2.39 P 70y-. 0.0 9-56 0,00 2.39 PC . K U2.5 17 Itu ^
O.o 2-39 2.15 0.1 9.56 0.96 3.11 28-. 3 32.6 7-7 31.0
0.8 2.99 1.41 0.2 3.56 1.31 9.82 20.8 2 4. U .7 22.6
0.7 2.39 1.67 0. l 9.5b 2.87 U.5U lo.l 21.4 3»k 18.8
0.6 2-33 l.U-3 O.U 9.06 3.82 4.25 16.0 19.0 3.0 18.70.5 2.33 1.20 0.4 9.56 k.J8 5-98 1U.3 17-0 2.7 18.3
0.3 2.39 O .72 0-7 3.56 0 • 09 7.U1 11.9 18.0 2.1 17.6
0.0 2-59 0.00 1.0 9.5o 9.56 9.56 9.U7 IO.5 1.0 10.3

Series 6^0 -0=00, L=Ĉ H]_lj.:

1.0 2.74 2.39 0.00 U5.U 0.0 p 70
J.J 29-5 53 23-3 73.7

0.99 2.39 2.37 0.01 U5. k 0.85 2.32 26.2 ii-0,6 lU.lL 5U.9
O.475 P 7 0

- •  J  J 2.33 0.025 U5.U l.lU 3-U7 22. k 30.6 8.2 36.6
0-95" 2.34 2.27 0.05 Ur- # li. 9.27 U.5U 18.1 22.O 3-9 21.6
0.9 p 70 2.15 0.1" 85! h )+. ■ -)l n«oP 13.0 16 3.0 23.1
0.8. 2.3: 1.91 0.2 U5.U 9.08 10.9D 6.5U 10 T r r1.00 1943
O.5 2.39 1.20 0.5 U5.I* 22.7 23.3 U.02 U-5 O.Ug 11.9
0.0 P. -Q 0.00 1.0 85. k U5.U hP.l! P.lo 2.5 0.3U 15-7

iy Computed from dot® given cy Bunte end Litterscheidt end By Bunte in Las <y-& und Orsserf ach, 73. 837 (1930) an(̂- 
70, 213 (1932), and lifted in columns 1, U, end D.

2j Bi sola cement l)v divided Ly gas in theoretical mixture and multiplied by 1.O0,

2/ Lata for gas at maximum fl^ne velocity f r o m  Bunte and Litterscheidt, footnote 1.

'kJ Bata for’ 0 gas at maximum flame velocity from Bunte, footnote 1.
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Figure 2. Relations between the Displacements 
of Mixtures giving Maximum Flame 
Velocities and the Composition of 
some Binary Mixtures; Deduced from 
Published Data; see Table V.
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Finally, a striking situation was found to exist that has appar­

ently escaped the attention of investigators and that seemed to demand inten­

sive study in the light of the foregoing. This relates to the effects produced 

"by the oxygen content of the atmosphere usedy for combustion on the displace­

ment Dy for various gases. The first works designed to disclose in a syste­

matic way the effects of the concentration of oxygen in the atmosphere used 

for combustion on the flame velocity characteristics were carried out by 

Mason and Wheeler (M6) and by Payman(P2) and were discussed more recently 

by Payman and Wheeler(P3)* These data were obtained by the early tube method 

42/ for mixtures of methane with atmospheres composed of oxygen and nitrogen 
in various proportions. Figures listed in Table "VT were derived as most re­

presentative of the published results, and the actual and percent displacement 
are represented in Figure 3 as functions of the composition of the atmosphere 

used for combustion. Apparently regular increases in the displacements are 

disclosed as a result of increase of the oxygen content of the atmosphere up 

to 33 percent oxygen, following which an irregular period occurs with dis­

placements of practically zero for atmospheres containing 50 and 100 percent 

oxygen. In a more recent work, Jahn (Jl) has investigatedby the burner method 

these same effects (of concentration/(6f oxygen in the atmosphere used for com­

bustion on the flame velocity) for mixtures of hydrogen, carbon monoxide and 
methane with atmospheres composed of various proportions of oxygen and either 

nitrogen or carbon dioxide. Although detailed consideration was given the 

displacement Dy in this investigation, as noted in the next chapter, no 

general attention was apparently given the interesting relations indicated 

between the concentration of oxygen in the atmosphere and the displacement.

Although the measurements of the special speeds of flame have been 
criticized, there is reason to believe in the utility of^basic indi­
cations derived from such measurements. cprm*
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TABLE VI

EFFECTS OF CONCENTRATION OF OXYGEN IN THE ATKQSPHERE USED 

FOR COMBUSTION GIT THE DISPLACEMENTS OF THE MIXTURE GIVING- MAXIMUM

SFACIAL R'liAi :3 SPEEDsi/

Volume-percent Volume-percent of Methane Displacement Percent 
Oxygen in in Theoretical for Maximum^ IV Displacemen-

Atmosphere Mixture Flame SpeedsJ
A - Data of columns 1 and 3 deduced from results of Mason and Wheeler:hl

1 5 .0 5 7-02 7 -2 0 .2 2.S
17-60 S.OS S.U 0-3 3-7
1S .S 5 s . 61 9 .0 0.1* i*.6
20 .6 9 . 3*4- 3 -9 0 .6 6.H
20.9 3-**7 1 0 .0 0 .5 5-3

B - Data of columns 1 and 3 deduced from results of Dayman;

21 9.H7 i o ; o 0 .5 5-3
33 1U.5S 15 . s 1 .2 S.2
50 1 9 . S** 20 .0 0 .2 1 .0
66 2 5 .0 s 2 5 . s 0.1 2 .8

100 3 3 .0 0 33-2 0 . 2 0 . 6 l

1/ For combustion of methane based on published measurements obtained by 
tube method of spacial speeds of flame*

2/ Column 3 ~ Column 2.
2] (Column b x 100) -*■ column 2.
bj From Trans. Chem. Soc.,111, lÔ l* (1917)*

2/ From J# Chem. Soc., H 7 » (1920).
of Obtained by scaling published curves.



to 40 CO go
l/o/c/me-fenOxype+7/>? /tf*,o?y>Aere

foo

Figure 3* Relations "between the Displacements of 
Mixtures of Methane giving Maximum 
Flame Speed and the Concentration of 
Oxygen in the Atmosphere Used for 
Combustion; Deduced from Published 
Data; see Table VI.



44
Thus, for discussion of the effect of the concentration of the oxygen in the 

atmosphere on the content of combustible giving maximum, flame velocity, Jahn 
constructed the graph reproduced in Figure 4 but apparently overlooked the 

indication of a regular type of relationship between the displacement Dy and 

the oxygen content of the atmosphere. The vertical distances between the 

curves for the maximum flame velocities and those for the equivalent mix­

tures in Figure 4 indicate at once that at least for mixtures containing hy­

drogen and carbon monoxide there is a striking regularity. The computations 

of Table VII are based on Jahn's data; the results are plotted in Figure 5 

43/. In marked contrast to the irregularities shown in Figure 3 for similar 

values deduced from the results of the English workers, regular relationships 

are disclosed in general in Figure 5 between the displacements and the con­

centration of oxygen in the atmosphere used for combustion. For methane, 

the lower curve of Figure 5 suggests a relative constancy of the displace­

ment despite changes in the concentration of oxygen in the atmosphere, and 

some irregularities are suggested in the curve for percent displacements for 

mixtures containing methane. Further, the curves of Figure 5 for the actual 

displacements for hydrogen and carbon monoxide exhibit definite coincident 

maxima that seem absent in the case of methane. Although the data as listed 
in Table 7 suggest some regular variation in the displacements for mixtures 

containing this gas, the differences indicated are of the order of 0.2 percent 
methane on the figure and seem of questionable significance in the absence of 

details of experimental procedures or of precision measures for the results.
In sum, evidence exists of regularities in several respects that 

suggest that the displacement By is a fundamental characteristic of the slow 

propagation of flame in gases that is suitable for investigation. Regular

43/-Jahn (Jl) also gives data for atmospheres containing C02 instead of N2 
as inert that show similar effects.
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TABLE VII 45

EFFECTS OF CONCENTRATION OF OXYGEN IN THE ATMOSPHERE USED FOR 

COMBUSTION ON THE DISPLACEMENT OF QKE i'.lIXTUEE GIVING XAfclMUK EL AIDE

VELOCITIES^

Composition of Atmosphere, Content of Combustible 
Volume Percent for

Oxygen Nitrogen Equivalence Maximum
Elame Velocity

Displacement
IV

Percent
Displacement

Series 1 - Hydrogen:

100 0
9 8 .5 j
90 . 10
80 20
70 30
60 : 1+0
80 .50
40 60
35 65
30 70
25 75
21 79
17-5 82.5
15 83
1 2 .5 87-5

7 93

Series 2 - Carbon Monoxide

100 0
9 3 .5 1-5
80 20
60 1+0
1+0 60
30 70
21 79
17 53
13 37

7 93

Series 3 - Methane:

100 0
98-5 1-5
■80 20
'So 1+0
ko 60
30 10'

: 25 . 75
‘21- 79

. 4L40r. .
86

r r -7OO. 7 
OO. 5
6I+.3
61.0
5S.1+
3^*6
50.0 
4I+.5 
1+1.2 
37*5 
33*3
23.0
26.0
23.1 
20.0
12.3

66.7
66.5
61.6 
5I+.0
1+4,5
37o29.6 
23.4
20.7
12.3

33-3
33.0 
28.6
23.1 
16.7
13.0
11.1
9-5
6.3

71.0
71.0
70.0
05.5
67.0 
64.8
01.5
57*5
55-0
51*5
47.51+3.0 
3s.5
35.0
31.0
20.0

77o
77-5
75*5
72.5 67.0
61.5
52.5 
U7.0 
1+0.0
25.5

33-3
33.0
29 - 5
24.2
18.0
14.2
12.2 
10.4

7-3

1+.3
4-5
5*7
6.9
-.< I'-b.o
9.9
11.5
13.0
13.8
ll+.O
14.2
13.1+
12-5
11.9
11.0
7.7

10.8
11.0
13-9
17.9
22.5
24.0
22.9
21.6
19.3
13.2

0
0
0.9
1.1 
1-3
1.2
l.l
0.9
O.o

0 .1+
6.8
8.9
11.2
11+.7
18.1
23.0
29.2
33-5
37-3
1+2 . 6
1+5.3
1+8 .0
51-5
55.O
62.6

16.2
10.5
22.6 
32.8 
5O.5 
64. 0
77-385.O
93-2

107*3

0 . 
v  0
3.15
1+.70
7.7s
9.23
9.91
9 .1+3
12.8
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relationships have been deduced particularly from published data for mix­

tures containing hydrogen and carbon monoxide between the displacements and 

the concentration of oxygen in the atmosphere used for combustion. In con­

trast, such regularities are not suggested by available data for methane; 

conflicting indications exist in this connection, and include suggestions of 

relative independence and of irregular relationships between these two factors* 

Prior Analyses of the Displacement Dy.

An early observation of this displacement was interpreted by 

Mallard (see footnote 3Z of p.^2 ) as a consequence of dissociation* Mallard 

and Le Cbatelier (Ml), on the other hand, suggested that the marked effect 

they observed for mixtures of hydrogen and air was due to oppJking effects 

of the temperature of combustion and of the high thermal conductivity of 

hydrogen. Although this latter proposal seems plausible for this particular 

case, it must be concluded that no such simple explanation may account ade­

quately for the phenomenon observed: This phenomenon proves entirely general

for many types of gases, and the displacement is greatest for carbon monoxide 

and of considerable magnitude for other gases for which the thermal conduc­

tivities are less than or of the same order as that of air.
A first systematic treatment of this displacement was given by 

Payman (P2) and was later reviewed by Payman and Wheeler (P3); these con­
siderations were based on measurements of the spacial speeds of flame in 

tubes but are nevertheless of pointed interest. The analysis is based on 

concepts of the thermal theory of the slow propagation of flame, previously 
reviewed. These authors concluded that the spacial speed of flame depends 

on the temperature and on the rate of reaction. A major factor in deter­

mining the temperature and the amount of the displacement was given as the 
specific heat of the gas added to an equivalent mixture. The rate of reaction 

was considered to depend on temperature and on the composition of the mixture
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in accordance with the law of mass action expressed in terms of the initial 

concentrations of the reactants. From the law of mass action, Payman noted 

that 44/ for the combustion of methane or of hydrogen with any given atmos­

phere the maximum effect of the mass action factor is obtained with an excess 

of combustible in the mixture except for combustion with pure oxygen vjhen 

this maximum coincides with the equivalent mixture. This displacement de­

manded by the effect of mass action was opposed in Payman’s argument by the

effect of temperature in increasing the reaction rate, and this effect was

assumed to be greatest for the mixture in combining proportions. The cooling 

effect of the excess combustible gas was viewed as determinative of the

amount of the displacement.

Payman and by Payman and Wheeler, and included (l) the establishment of ex­

cess oxygen in the mixture giving maximum flame velocity in a series study­

ing the inverse combustion of oxygen in an atmosphere composed of nitrogen 

and either hydrogen or methane, (2) the absence of any displacement in the 

combustion with pure oxygen of methane or of hydrogen, and (3) the absence 

of the displacement in the combustion with air of a gas such as producer gas 

which contains a high proportion of inert s.

44/-Payman1s deduction involved the implicit assumption of termolecular 
processes, and may be seen as follows: designate as C-̂  the concentration
of any species X, as X  and a_ the percentages of combustible in the mixture 
and of oxygen in the atmosphere, respectively, and as y and z the effects 
of mass action for the combustion of methane and of hydrogen, respectively,

Several experimental verifications of this reasoning were made by

we have
7 = c0fl4 X  c022 = X [ ( 100-* } f00]  s= X U O O -X jf^ )2

*£ - 0 - 100-3x, x= 33-1/3 for methane •

— ■ = 0= 200 -3X; X = 66-2/3 for hydrogen.
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Coward and Jones suggested (C3) that the influence of mass action 

on the rate of reaction in mixtures of methane and air would be obscured by 

the influence of the widely different temperatures obtaining in mixtures near 

equivalence. These authors felt that Payman1s argument was strengthened how­

ever by the data they obtained (mentioned on p./^and indicating the absence 

of any effect on the displacement of widely differing flame temperatures and 

thermal capacities and conductivities) and noted that this argument if correct 

implied a low temperature coefficient for the combustion reaction at flame 

temperatures. There is theoretical support for this last view from the 
Arrhenius equation*

It has been noted that the lucid explanation of Payman is not without 

difficulties, particularly in connection with the effect of the specific heat 

of the combustible gas on the amount of the displacement. For example, Jones 

and others (J8), studying the flame temperatures of hydrocarbon gases, noted 

the slight displacement of the mixture giving maximum flame temperature toward 

excess gas, which displacement is evidently due to the dissociation of the 

products of combustion 45/; they also noted the lack of agreement between the 

mixtures giving maximum flame temperatures and maximum flame velocities. These 

authors observed 46/ that the displacement for propane, butane, and ethylene 

should be less than that for methane, while in fact those for propane and 

ethylene are larger and that for butane of the same order as that for methane. 
The data on which these conclusions are based are not cited; comparisons from 

Table III do not lead to the same specific conclusions but fail to disclose 

any regularity between the displacement and the specific heat of the combus­

tible gas,

45/-The effect of the dissociation on the flame temperature is calculable, and 
—  Jones et al noted good agreement between the computed contents of combus­

tible corresponding to the maxima and those found experimentally.

46/-See p. 879 of reference J8.
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A more recent and extensive examination of this question 47/ has 

been made by Jahn (VI) on the basis of measurements of flame velocities by 

the burner method, mentioned previously. Although a perusal of this paper 

and of the work of Payman and of Payman and Wheeler indicates substantial 

parallels in’important fundamentals, Jahn’s work will be epitomized here.

The analysis is made from the generalized form of Nusseltfs equation for the 

flame velocity as developed by Jahn, equation 14 of page 14 in which the sev­

eral factors in this equation have been grouped into separate expressions re­

presenting the effects of the reaction velocity and of thermal factors. Jahn 

showed, as did Payman, that with the exception of combustion with pure oxygen 

the maximum of reaction velocity is attained with a mixture containing an ex­

cess of combustible gas. Likewise, it was observed that the effect of the 

group of thermal factors was at a maximum at equivalence. The general basis 

for the observed displacements was then given, in common with the earlier 
statements of Payman, as the result of an interaction between these two ef­

fects. Jahn noted from the curves reproduced in Figure 4 that in contrast 

to the theoretical requirement of zero displacement for combustion with pure 

oxygen, the displacements established for both hydrogen and carbon monoxide 

were still large in this limiting ease, and vanished only for methane; for 
the first two gases the displacement was noted to decrease with decreasing 

inert content in the atmospheres. Substitution of carbon dioxide for the 

nitrogen as the inert in the atmosphere was found to cause a regular increase 

in the displacements fdr both hydrogen and carbon monoxide, but did not af­

fect those for methane. Jahn suggested that high thermal conductivity of

-A not very cogent suggestion, pages 73 and 74 of reference T2, is based 
on radiation losses from flames and a proposed shielding effect by the 
gases of secondary combustion.
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hydrogen resulted in attainment of the maximum effect of the thermal factors 

with an excess of hydrogen. For carbon monoxide, this difference in conduc­

tivities does not exist, and it is supposed that the form used for expression 

of the reaction velocity through the mass action law requires revision in 

this case (i.e. the "constant" C of equation 14 varies and may increase with 

increasing content of carbon monoxide) because of the well-known effects of 

the intermediate chemism of the reaction. For methane, any excess combustible 

is assumed to participate in the reaction, at least in part, by an endothermic 

pyrolysis which decreases the development of heat immediately as an excess of 

methane is present, thus lowering the reaction velocity and accounting for 

the very small displacements observed. Difficulties existed in connection 

with the ignition temperatures; values calculated from the formula for the 

limits of inflammability, i.e. for zero flame velocity in the limit mixtures^ 

agreed fairly well for calculations based on either limit (i.e. within about 

on the average) but were from about 450 to 900 degrees 0 higher than 

measured values. Also, while equation 14 demands an infinite flame velocity 

for an initial temperature equal to the ignition temperature, Passauer (PI) 

and Tammann and Thiele (T2) were successful in obtaining measurements of flame 
velocities with temperatures of preheat approximating accepted ignition tem­
peratures. These difficulties introduce questions relating to the adequacy 

of basic assumptions. Jahn next gave detailed consideration to the mutual 

effects of the two factors of reaction velocity and thermal effects. It 
seems unnecessary to discuss these developments minutely as they are well 

expressed in the original paper, but it may be noted that this author evolved 

an interesting graphical scheme involving the construction of curves of equal 
flame velocities using as coordinates the content of combustible for maximum 

velocity and the concentration of oxygen in the atmosphere; a triangular con­

struction allows consideration of several series of mixtures representing in­

verse combustions, (an extension of the type of considerations previously noted
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by Payman), and leads to verification of several predictions based on the 

argument set forth above. Jahn’s consideration of the reaction velocity showed 

such accord between equation 14 and the experimental results that the adequacy 

of the expression of the complex processes of the combustion in terms of a 

constant and of the law of mass action involving only initial concentrations 

of the reactants was considered proven.
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CHAPTER 5 - THE PRESENT INVESTIGATION

The displacement of the mixture giving maximum flame velocity from 

the mixture in combining proportions has been noted as a general characteristic 

of the slow propagation of flame in gases that exhibits regularities suggesting 

its fundamental character. In contrast to these regularities there exist some 

descrepancies in the literature and irregularities that raise basic questions. 

An outstanding question relates to the effects produced by changes in the com­

position of the atmosphere used for combustion. Thus for some gases, regular

changes are produced in the displacement and in the percent displacement by
Cthis factor; for methane, such regularities are apparently absent and indica­

tions of marked irregularities also exist.

As noted previously, the present investigation was undertaken because 

it seemed possible that experimental development of the points mentioned might 

establish whether or not such regularities are general, might lead to a criti­
cal discussion of the importance of various views of the process of the slow 

movement of flame, and produce collaterally data of practical importance.
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III - SSffERIftlENTiX 

CHAPTER I - INTRODUCTORY

The investigation of the propositions noted in the last chapter of 

the preceding section necessitated determinations of the flame velocities in 

mixtures of methane with atmospheres composed of oxygen and nitrogen in vari­

ous proportions. A review of the methods available for such determinations, 

as summarized in Chapter 3 of Section II, led -to adoption of the burner method 

for these experiments. This method is based on the dynamic equilibrium in the 

inner cone of the Bunsen flame between the flame velocity and the velocity of 

flow of the unburned gases. It suffers certain limitations but seemed suit­

able for this work because the range of maximum validity of the results ob­
tained through its use coincides with the range of interest of the experiments 

contemplated. Further, the results of this comparatively simple method are 

closely related to problems involved in the utilization of gases through com­
bustion.

Plans were formulated and apparatus constructed for these measure­

ments using atmospheres containing oxygen and nitrogen in various proportions 

representing the extreme range possible, i.e., from one containing substantially 

pure oxygen to another containing a high proportion of nitrogen that was near 

the limit that prevents the propagation of flame. It was found, however, that 

the characteristic nature of the effects under investigation was established 

adequately by tests made with atmospheres containing between 20 and 80 percent 

oxygen. Troublesome experimental difficulties developed in attempted measure­

ments using the atmospheres representing the extremes in composition; measure­

ments under these extreme conditions were not made because a great amount of 

labor and expense would have been involved which would have made no essential 

contribution to the results.
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From the nature of the proposed, investigation it will be seen 

that measurements of an essentially relative character should suffice in 
answer to the questions raised.

The purity of the gases was not therefore a question of paramount 

importance, provided it remained constant throughout the tests. Consequent­

ly, commercial compressed oxygen and nitrogen which contained 99.5 percent 

of their principal constituents, 48/ and a large cylinder of compressed com­

mercial methane were used without treatment other than drying and filtering.
The specifications supplied for the methane by the manufacturer were as follows

Constituent Volume percent
Methane Not less than 92
Air Not more than 4.5
Ethane Not more than 2
Nitrogen Not more than 2.

Preliminary analyses of this material with an Elliott apparatus indicated 

that it contained practically no carbon dioxide, unsaturated hydrocarbons, 

oxygen or carbon monoxide, and that about 98 percent of hydrocarbon combus­
tible was present which seemed to be substantially pure methane. Subsequent 

analyses with a Bureau of Mines Orsat apparatus 49/ confirmed the absence of 

unsaturates, carbon monoxide and hydrogen, and showed 0.7 percent oxygen 

and 98.6 percent methane when the latter was calculated from the carbon di­

oxide produced by slow combustion over platinum. Hoxvever, a discrepancy 

existed between the contraction observed in this combustion and the carbon 

dioxide produced that indicated the presence of a small amount of a higher

48/-Purity within 0.1 percent on the figure, according to the manufacturer.

49/—Grateful acknowledgment is made to Dr. S. Karrer and staff of the
Research Department of the Consolidated G-as Electric Light and Power 
Company of Baltimore for making these analyses.
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paraffin hydrocarbon. The analysis used for calculations in the work recorded 

in the following pages was therefore based on the amount of air corresponding 

to the oxygen observed, as this oxygen was in all probability from air,and the 

hydrocarbon will be written as methane. The very small amount of ethane which 

was probably present should have no effect on the basic trends disclosed by 

the data. The computed analysis is:

Constituent Volume percent

Methane
Oxygen
Nitrogen

96.7
0.7
2.6



CHAPTER 2 - APPARATUS

The measurement^ of the flame velocity of gases by the burner method 
requires two chief arrangements, namely (1) means for measuring th© flows of 

gases and for proportioning these gases and (2} means for producing and for 

measuring a suitable flame. Detailed descriptions of such apparatus have ap­

peared in the literature 50/, and that used in the present investigation is 

essentially similar to these* A diagram of this apparatus is given in Figure 

6, and a snapshot showing a general view is reproduced in Figure 7,

The gases were taken from pressure cylinders, air being drawn from 

a small holder in cases, and their flows were controlled by two needle valves 

in each gas line. The gases were filtered through glass wool and were dried 

by passage through two tubes 1-1/8 inches in diameter and at least 7 inches 

long which were filled with a granular calcium chloride.

In order that the results might be independent of changes in the 

temperature of the laboratory, all gases were preheated to a standard tem­

perature of 40 degrees Centigrade (104 degrees Fahrenheit). This heating was 

accomplished by passing the gases through coils of copper tubing which were 

immersed in a bath of water the temperature of which was controlled automatic­

ally. The internal diameter of the copper coils ranged from 1/8 to 3/8 inches 

their length from 6 to 13 feet, according to the flow required and to the 

pressure drop that could be tolerated. Attempted calculations, for purposes 

of design, of the thermal transfers obtained were unsuccessful; the substantial 

establishment of equilibrium between the temperatures of the water in the bath 

and of the gases was verified experimentally by immersing a thermometer in the 

stream of gases as it issued from the port of the burner. The water in the

50/ See reference S2 for example



Co// (7T
7u//np

J'/pe C&?PS

erZ?if/?*/ta/c#/£ Coo - 
/av/Ax/ Cast/ra/stZ- 

<&/%

' Or/fvce

'̂̂ evc/a/
fsftjC/Cxf
C/xm/e/

Air-
ifc

Sctr/ie/y*
CJtc/e/Zql

k/oret'

Th*f>/?/rJ{ f r ^ -  | —

7//'&c,-yv'4/ cocAy^ fenC

CCfyz/ctT/dn Z/coc/

C otjfjec /toH j /o  /v7afjc>*>?(*/<=>

figure 6. Schematic Diagram of Apparatus Used for
Determining Plame Velocities bathe Burner Method. v e



57

bath, was heated by immersed carbon-filament electric bulbs; the temperature 

was regulated by a simple bulb-type mercury-toluene regulator activating a 

relay which controlled the flow of current to the heating lamps. Agitation 

from a stirrer and from other circulation produced by an air pump used to pass 

the water through the jacket of the burner, as described later, made possible 

the control of temperature within 0.2 degree Centigrade. A small amount of 

potassium dichromate was added to the water to prevent the corrosion of me­

tallic parts of the apparatus.

The flows of the gases were determined as volume-rates by orifice- 

type flowmeters. The orifices, prepared from capillary tubing of Pyrex glass, 

were immersed in the heated bath to avoid the effects of variations in tem­

perature on their cross-section and resistance to flow. Differential pres­

sures were measured across these orifices by means of slope-gages one meter 

long with a rise of approximately 10 cm. These gages were provided with en­

largements at either end of the "U" to prevent the passage of the liquid into 

the gas lines in the event of any sudden irregularities in the flow or pres­
sure. Dibutyl phthalate was used in these gages to avoid contamination of 

the gases by a volatile liquid. Standard meter sticks served as scales.
In addition to the differential flow meters, manometers were pro­

vided to measure the pressure of each gas before it entered the orifice. Care 

was taken to keep this pressure at all times within reasonable limits of the 

pressure which obtained in the calibration of the orifices, so that errors 

might be avoided and the necessity of a pressure correction eliminated. As 

an additional precaution the effects involved were established quantitatively 

for a critical case in which the rates of flow were near the maximum employed. 

Some orienting tests, summarized in Table VIII, indicated the mutual reactances 

between the gas stream as reflected in the pressures before the orifices and 

defined limits for the variations which might be expected in an extreme case.
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SUMMARY OF ORIENTING- TESTS SHOY/IN& MUTUAL EFFECTS Off THE 
PLOWS IN THE UAS S THE AMS OH THE PRESSURES AT THE SEVERAL ORIFICES*/

Oxygen Nitrogen Methane

Flowmeter Pressure on Flowmeter Pressure on Flowmeter Pressure on
No. Reading orifice, cm HgO Reading

1 - - 27.8

2 60.0 23-9 27.7

3 6o .o 26.1 27-7

b 6o .0 27*1 27.7

5 6o .o  * 28.0 27.7

6 6o .o 29.^ 27*7

1/ Oas Orifice
Number

orifice, cm H^O Reading orifice, cm

S.O
16,2
IS.5 10 16.7
19.5 30 21.0

20.5 55 26.7

21.6 SO 33*^

Oxygen 19
Nitrogen 12
Methane 8
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Other tests, Table IX, established the flows for the several condi­

tions of pressure by means of procedures described subsequently. In these 

tests the pressures on the orifices were arbitrarily varied over the ranges 

established in Table VIII, and the results show the absence of serious effects 

of these differences of pressure on the volume-rates through each orifice.

The data obtained in tbese tests agree well among themselves and with the 

results of routine calibrations, reported later, as indicated in Table IX.

The agreement between Individual measurements of the present series and also 

between these results and those reported subsequently average approximately 

5 parts in 1000 except for the last tests with orifice number 8. These last 

tests agree among themselves but differ from the results of routine calibra­

tions by approximately 3 percent; this divergence is due presumably to the 

short period of flow used in this particular test which magnifies the errors 

both in measurements of volume and of time.



TABLE IX

EFFECT OF PRESSURE ON THE VOLUME - BATES OF FLOW THROUGH SEVERAL TYPICAL ORIFICES

Setting Pressure Conditions of Metering
of on orifice Pressure:Temperature:Barometer

Flowmeter 1/ cm H20 cm

Orifice No. 19. Oxygen:
60.0
60.0
60.0
60.0
60.0
60.0

Orifice No. 12, Nitrogen:

h 2o OF. "Hg

Volume^/ Time 
through for flow, 

meter, cu.ft. sec.
Volume-rate of flow,2/ c.c. dry gas 
at 1400C.(10UOF.) and 30“ Hg per 

second, from 
Present Meas- Soutine Cali-
urements brationsj*/

17.6 0.9 81.0 29.93 0.300 9^.8 90.2
17.6 0*9 81.0 29.93 0.300 95.1 89.9
20.7 0.9 81.0 29.93 0.300 9^.6 90.4
22.5 0.9 81.0 29.93 0.300 9^.7 90.3
25.9 1.0 81.0 29.93 0.300 9^.5 90.538.7 1.0 81.0 29.93 0.300 9^.5 90.5

27.8 7*4 0.4 80.7 29.93 0.100 127.4 22.3
27.8 13.6 o .h 80.7 29.93 0.100 127.1 22. h
27.8 18.0 o .h 80.7 29.93 0.100 126.9 22.4
27.8 20.0 0 .4 80.7 29.93 0.100 126.8 22.5
27.8 23.1 0.4 80.7 29.93 0.100 126.5 22.5
‘ice No* 8, Methane:

10.0 5*3 0.5 80 .h 29.91 0.100 98.2 29.0
10.0 17.1 0.5 m . h 29.91 0.100 97.6 29.2
80.0 20.6 0.6 20 .h 29.91 0.100 43.4 65.5
80.0 35.0 0.6 m . h 29.91 0.100 43*5 65.4

90.0

22*3

29.0

63.6

^ X f  The settings for the meters for oxygen and nitrogen were chosen from typical conditions for a test at, 
higher rates of flow; the settings for the meter for methane were chosen to cover the extreme range 
of values which might he encountered in such a test.

. 2/ Volume by meter, under temperature and pressure indicated.
2/ In computing these flows it was assumed that the gas was substantially saturated with water vapor 

during its passage through the meter.
h j Values read from curves plotted from data recorded subsequently in Table X.
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The orifices were calibrated by determining the times required 

for the passage of a definite volume of the gas to be used, as measured by 

a wet-type displacement meter, for various settings of the slope gages. The 

gas was metered either before or after passage through the heating coils and 

orifices, and was either dried carefully after metering and before passing in­

to the orifices in the first case or cooled before metering by passage through 

coils immersed in a bath of water at the temperature of the room in the second 

case; the latter procedure was used exclusively when the resistance of the 

heating coils to flow required an initial pressure higher than a safe value for 

a wet-type meter. In every set of calibrations it was established by suitable 
tests for leaks before and after each run that the gas passing through the 

meter passed through the orifices. Care was taken to assure a steady state in 
every set of tests. It was assumed that at the relatively low rates of flow 
encountered the gas was completely saturated with water vapor during its pas­
sage through the wet meter.

The two meters used were standard laboratory wet meters which passed 
0.1 cubic feet of gas per revolution; the dials were graduated into 100 equal 

parts. The accuracy of these meters was checked by displacing through them air 

from a standard gasometer. Further routine checks were m d e  at times simply by 

running them in series. These tests indicated for both meters very close agree­

ments with the gasometer, i.e., within 2 parts in 1000. In general, integral 

numbers of revolutions of the meters were used for all calibrations except 

those at the lowest rates of flow in order to avoid errors from possible dif­

ferences in the volumes of the sepsrete compartments of the rotor. For tests 

et the lowest rates of flow, i.e., of the order of 3 cc per sec., fractions of 

a revolution were used and some duplicate tests indicated that the procedure 
used was admissible; also, a general lack of dispersion of the data indicated 

that the volume passed in a fraction of a revolution was practically independ­

ent of the position of the rotor for the meters useidu
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The results of the calibrations of the orifices used in the final 

tests reported here are listed in Table X, and a typical curve representing 

the data for the first of these, orifice No. 3 when calibrated with methane, 
is given in Figure 8.

The gases issuing from the orifices were conveyed through carefully 

insulated lines into a specially designed mixing chamber where intimate contact 

and mixing of the constituents for the gas mixture were provided. The unifor­

mity of the mixture was favored further by the subsequent flow of the gases 

through approximately two feet of 1/2 inch pipe, three ells, a cock, and, in 

most tests, through a flashback trap.

The flames were produced from this homogeneous mixture on burners 

prepared from polished seamless brass tubing and conditions were controlled 

so that laminar flow obtained in all tests. In order to assure knowledge of 

the volume of gas flowing from the burner it was necessary to assure a stand­

ard temperature for this gas; this was done simply by circulating water from 

the constant-temperature bath through a jacket surrounding the burner. Three 

burners were used, with interns.1 dimaeters of 7.92, 4.76 and 3*07 mm. The 

length of the seamless tube in these burners was approximately 60 cm to favor 

a perfected condition of flow in the gases issuing from the port. Two of the 

burners are included in the photograph of Figure 9. They were designed es­

pecially for this work. Suitable shields were provided to protect the flames 

from drafts.
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SUMMARY OF CALIBRATIONS OF ORIFICE -  TYPE PLOffMpTî Rl/

S ettin g  of 
slope gage

Volume
through

meter2/
cu. f t .

Time for  Metering Conditions 
flow , Hressure:Temperature:BarometerIf

cm HgO y
"Hg

O rifice  Ho. 3. Methane;

15.0 
11.2
45.0
63.5
76.3
86.4

0.020 346.1 11.7 72 .2 29.76
0.030 353.2 18.0 71 .5 29.76
0.030 279.5 22.9 71 .2 29.76
0.050 384.8 28.8 71.0 29.76
0.050 336.6 32 .8 70.3 29.76
0.050 321.6 35.9 70.0 29.76

O rifice  No • 7,, Methane:

19.0 0.100 482.9 7 .1 78.0 30.09
34 .4 0.100 376.4 10.3 78.0 30.09
49.8 0.100 318.7 13.3 77 .8 30.09
63.1 0.100 2S3.8 15.9 77.S 30.08
78.1 0.100 255.7 I8 .7 77.7 30.06
92.3 0.110 245-3 23.8 77 .4 30.06

O rifice  No • 8,, Methane:

9 .9 0.100 98.0 0 .4 79.0 30.12
10.0 0.100 96 .5 0 .4 79 .6 30.12
10.0 0.100 99-1 0 .4 79.S 30.12
24.9 0.100 76 .9 0 .4 79 .8 30.12
to .o 0.100 63.9 0 .4 80.0 30.12
55.0 0.200 111.3 0 .4 80.0 30.12
65.0 0.150 76 .9 0 .4 80.0 30.12
79.9 0.150 67.7 0 .5 80.0 30.12
87.8 0 .175 67.6 0 .6 80.0 30.12

O rifice  No . l4 .  Methane:

17.1 0.100 123.2 11 .6 76 .8 29.70
17.3 0.100 123.9 11 .6 76 .8 29.69
23.9 0.100 99.7 13.6 76 .8 29.69
30.1 0.100 101.4 15 .4 76 .8 29.70
30 .2 0.100 101.4 15 .4 76 .8 29.69
45 .2 0.100 86.1 19.9 76.8 29.70
59.S 0.100 76 .1 24.0 76 .8 29.70
73-5 0.100 69.2 27 .8 76 .8 29.70
73.6 0.100 69.1 27.8 76 .8 29.69
87.8 0.100 69.6 34.1 76 .8 29.70
87.8 0.100 ■61.2 34.1 76 .8 29.69
37.9 0.100 61 .2 34 .1  _ 76 .8 29.70

..Orifi'ce No. , .gi. Air:

10.0 0.150 294,3. . - 8*9' ' > 6 .2 29.95
20.0 Oil 210 296 .’IS t l ? > 8  ... '7 6 .3 29.96
20.1 0.210 295.8 76 .0 29.95
30.0 0.200 229.8 18.7 75 .8 29.96
t o . l 0.200 197.6 23.2 75 .8 29.96
50.1 0.200 173.2 27.1 75.7 29.96
57.9 0.200 160.6 30 .3 75 .6 29.97

O rifice  No. 6, Oxygen:

10 .2 0.100 319.2 6 .4 79 .4 29.98
2! .3 0.100 244.4 9.7 7 9 .4 29 .9s
35 .4 0.150 294.8 13.8 7 9 .4 29.98
50.5 0.200 332.7 18.1 79 .4 29.9s
50.7 0.200 331.8 18.1 79 .4 29.98
64.8 0.300 269.4 22.1 79 .4 29.98
78.0 0.200 266.3 26.1 79 .4 29.98

O rifice  No. !?» Oxygen:

10 0.200 122.6 0 .7 76.0 29.87
10 0.100 60.5 0 .7 76.0 29.87
10 0.200 122.8 0 .6 81.0 29.98
10 0.200 122.1 0 .6 81.0 29.9s
20 0.210 105.1 0 .7 76 .0 29.87
30 0.200 86.2 0 .8 76.0 29-87
30 0.300 128.6 0 .6 81.0 29.98
to 0.200 76 .5 0 .8 76.0 29.87
50 0.200 69.6 0 .9 76.0 29.87
60 0.200 64.o 1.0 76.0 29.87
60 o .to o 127.3 0 .8 81.0 29.98

O rifice  No. 8, Nitrogen:

10.1 0.200 332.5 10.0 79 .3 30.00
19.9 0.200 256.0 15 .2 79.6 ■ 30.02
20.0 0.200 255.8 15 .2 79-6 30.00
30.0 0.250 266.4 20.6 79-2 30.00
1J0.0 0.300 271.3 26.8 79 .2 30.00
49.9 0.300 243.1 32.6 79 .6 30.02
49.9 0.300 243.4 32.6 79-6 30.00

O rifice  No. 111, Nitrogen:

13.8 0.200 184.2 22.7 77.0 29.72
23.9 0.200 145.3 34.0 77.0 29.73
33.0 0.200 125.6 43.9 77.0 29.73
t o .7 0.210 119.6 52.8 77.0 29.73
47.7 0.200 103.0 63 .5 77.0 29.73
47.7 0.200 103.1 63 .5 77 .0 29.72

O rifice  No. 12,. Nitrogen: _
15.0 0 .055  * 92.0 0 .4 78.6 30.11
15.0 0.050 s4.o 0 .3 78.0 30.11
15.0 0.050 83.5 0 .3 79.0 30.11
22 .4  ' 0.100 142.0 0 .4 78 .6 30.11
22i5-< 0.100 142.0 0 .4 78.0 30.11
30.0 0.100 142.4 0 .4 78.6 30.11
30 .0 0.100 144.3 0 .4 78.6 30.11
37.5 o .io o 109.5 0 .5 78.6 30.11
37 -5 0.100 109.5 0*4 78.7 30.11
45.0 0.100 90.7 0 .5 78.6 30.11
45.0 0.100 90.0 0 .5 78.9 30.11
45.1 0.100 89-3 0 .5 78 .6 30.11

Hate of Plow, 
cc . of dry gas 
at 104°P., 30"Hg, 

per second.

1.70  
2.52  
3.18  
3.90  
4.47
4.70

6.01
7 .74
9.17

10.33
11.49
13.25

28*3 
29.8  
29.0 
37 A
45.0
51.7
56.1
63.7 
74 .4

23.4
23.4
26.4  
28.6  
28.6
33.5
38 .4
42 .4
42 .4
47.945.2
48.2

1 4 .S
20.7
20.8 
25.7 
29.9  
34.3  
37.1

9.0
•11.8
14.8  
17-5  
17.6
19.9  
22.1

47.0
47.6  
US.  4
46.7
57.566.8
66 .5
75-2
82.7
90.0
89.6

17 .4
22.7
22.7
27.4
32 .5
36 .5
36 .5

£
! .7

47 .4
52.8
52.952.9

17.2
17.1
17.2
20.3
20.3
23.1
23.2  
£6.3
26.3 
31.7  
32.0  
32 .2

1/ Iterative calibrations made as described in text using calibrated 
wet-type displacement meters.
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Figure S% Typical Calibration Curve for 0rifice-2?ype Flowmeter;
Data for Orifice #3, Passing Methane, from Table X.



Figure 9. Burners and Explosion-Heads Used in 
Experimental Work.
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Traps were placed at the bases of the burners in attempts to arrest 

explosions originating in flashback. These were made of fine-mesh brass screens 

or of fine copper wool packed in a short length of pipe and were provided with 

a T-cock jfco divert the gas stream, to a flue. However, it was found impractical 

to arrest by these means certain of the explosions initiated in mixtures con­

taining atmospheres with high concentrations of oxygen, so that provisions were 

ros.de for the release of pressure developed in the event such an explosion oc­

curred, Explosion heads were made of tubular Cellophane, as shown in Figure 9, 

and were effective in preventing the destruction of important parts of the ap­

paratus in nearly all cases.

The measurements of the height of the inner cone of the flame were 
made with an improvised cathetometer illustrated in Figure 10, This device 

consisted of a mounted telescope, containing cross-hairs, which was fitted with 

a level. Its vertical movement was regulated by a screw and measured by micro- 
meter-ealipers graduated to 0*001 inches. Judging from the data -listed in Table 

XI which were selected at random, from iterative routine settings of the device, 
the reproducibility of the readings was of the order of .001 inches; as routine 

readings of the heights of the flame were always greater than 0.300 inches, 
this is reflected in the results as a maximum deviation of 3 parts in 1000.



Figure 10# Cathetometer Used for Measuring Heists 
of the Flames.
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TABLE XX

REPRODUCIBILITY OF SITTINGS OF CATHETOMETERi/

(l) Settings d2/

o .1063 - .0007

.1025 + ,003*1

.1066 - .0010

.1070 - .o o ib

Av. 0.1056 a.d1/= 0.0016

(2) Settings

0.0900 

.0887 

.OS7U

Av, 0.0887

d

- .0013 

0.0000 

*0.0013

a.d.O.0009

(3) Settings 

0.1061 

.101+3 

.102^ 
Av.O .10^3

d

-0.0018 
.0000 

+ .0019
a.d.0.0012

(If) Settings 

0 .0S16 
.0813 
.0810

d

-0,0003 
.0000 

+ .0003
Av.O .O8I3 * a.d. .0002

Average of the a.d.*s O.OOl in.

1j  From routine data, chosen at random.

2/ Deviation d = (Mean - observation) .
y  Average deviation a.d. = inhere n = the number of

observations. ^
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CHAPTER 3 - PROCEDURE

The general procedure consisted of the following steps: (1) esti­

mation of the probable flows to produce suitable flames for each set of ex­

periments contemplated, (2) preparation and rough calibration of orifices to 
obtain these flows, (3) selection and final calibration of orifices, (4) in­

itial tests to determine the suitability of the experimental conditions, and 

finally (5) the conduct of the tests for flame velocities* Of these steps, 

only the first and the last two require treatment here.

In estimating the probable flows required to produce suitable flames, 

the maximum flame velocity to be encountered was judged from values in the 

literature. 51/ A burner was then selected that would permit dynamic equi­

librium in a Bunsen flame by producing a linear velocity of efflux approxi­

mately five times as great as this maximum flame velocity but still sufficiently 

low so that the critical value of the Reynolds criterion was not exceeded.

From the flows of gases thus derived,a combination of roughly calibrated ori­

fices was selected which would produce the conditions detailed, and these were 

carefully calibrated as described in the last chapter.
The compositions of the mixtures produced were computed from the 

flows of the individual gases. This simple procedure made unnecessary innu­

merable analyses of the gases; it has been found capable of accuracies of the 

order of 0.1 percent (S2). Experimental verification of the validity of the 

total flows thus obtained was derived from several tests; in these, the mixed 

gases were metered in the displacement meter and very good agreement found be-

51/ Although widely divergent values appear in the literature for these flame 
velocities, by suitable (graphical)means\ a rough estimate could be made 
of the value to be expected, particularly after the first tests of the 
present investigation*
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tween the observed rates of flow and the rate computed from the settings of 

the slope gages and from the calibration curves for the orifices. It may be 

noted that the presence of the small amount of nitrogen in the combustible gas 

caused a slight variation in the net content of oxygen in the atmosphere in 

each series of tests with a constant initial ratio of oxygen to nitrogen and 

with varying amounts of the combustible gas. Computations showed such varia­

tions to be beyond the limits of experimental error except in extreme cases 

in which the atmospheres were very rich in oxygen; in such cases some signifi­
cant change was introduced. However, the changes could be neglected in general 

in any single series of mixtures because of the relatively small amount of 
combustible used. For simplicity, such small effects on the net oxygen con­

tent of the atmosphere have been neglected in the calculations.

Initial tests of the suitability of the combination of orifices 

and burner were made as follows: It was first determined that no leaks exis­

ted in the apparatus, as this was essential both to knowledge of the flows 

from the burner port and to knowledge of the flows of the individual gases 

from which were computed the compositions of the mixtures. Such tests were 

usually made by closing the system and by determining whether or not a static 

pressure of 10 to 20 cm. of water could be retained for approximately four 
minutes without appreciable decrease, or for approximately one minute when 

the rates of flow to be used were high. If these tests proved satisfactory, 
the flow of the atmosphere was then adjusted by introducing the oxygen and 

nitrogen at the desired rates, and the combustible was admitted. The flame 
was lighted immediately as the mixture reached its lower limit of inflamma­

bility, to avoid dangerous explosions from delayed ignitions. The flow of the

combustible was then increased, and if the flame resulting was a Bunsen flame 

which seated on the port of the burner and which had desirable physical char­

acteristics, the flow of the methane was increased further to the maximum value

required to give the richest mixture assigned in preliminary calculations. If
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this series of changes gave evidence of producing the range of mixtures desired 

with flames that remained stable on the burner and possessed the desired char­

acteristics, namely a shape approximating closely a geometrical cone and heights 
convenient for measurement, the final determinations of flame velocity could be 

made. In the event of an instability of the flame, such as lifting or flash­

back (which resulted in explosions), or if the cones were of undesirable char­

acteristics, it was necessary to repeat these initial tests using new conditions* 

The appearance of the flames produced in these tests formed a basis 
for reasonable alterations in the -conditions of experiment if suitable flames 

were not obtained at first. The oxidizing or reducing character of the mixture 

was of course readily deduced from the appearance of the flame. Further, these 

tests gave a useful qualitative index of the composition of the mixture pro­

ducing maximum flame velocity. Thua*. on progressive increase of the flow of 

methane, the height of the inner cone decreased progressively and then increased; 
since the flow of the methane was in most cases a relatively small fraction of 

the total flow, the point of minimum height in this series was readily indica­

tive of the position of the maximum flame velocity*
As a consequence of the estimates involved in the initial calculations, 

several tests of the type described above were usually required before suitable 
flames were obtained with all mixtures desired. As the work progressed, better 

estimates were possible and experimental arrangements were developed which were 

applicable over a wide range of conditions*
In making each observation in the final determinations of flame ve­

locities, all gas-flows were carefully adjusted, the setting of the cathetometer 

made, the readings of the flowmeters checked, the cathetometer setting checked, 

and the results then recorded. The time required for tnis routine eliminated 

the possibility of inclusion of unobserved errors originating in change in the 

composition of the gas. Such a change might be due (l) to the allowance of an
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insufficient time for the composition of the mixture to attain its proper equi­

librium value after having been changed from a previous test, (2) to poor regu­
lation, or (3) to other effects such as dirt in the needle valves* In each 

series of tests the rate of flow of the methane was increased while the rate of 

flow and composition of the atmosphere were maintained substantially constant* 

52/ After reaching the maximum flow of methane, this flow was reduced to a 

value near that used for the initial observation, and a reading taken. This 

procedure furnished a further check on the constancy of conditions throughout 

the tests; extraneous effects, such as the preheating due to flames of high in­

tensity of combustion which burned close to the port of the burner, were thus 

placed in evidence. In addition, details such as the establishment of the ab­

sence of leaks in the apparatus, precision of the regulation of the temperature, 
and observations of the pressures on the orifices to assure the applicability 

of their calibrations without a correction factor for pressures were carefullj?- 

executed.

52/-In some instances it was possible to extend the scope of the tests by 
advantageous adjustments of the relations of the flows of atmosphere and 
of combustible.



CHAPTER 4 - PRECISION OF THE EEASURH-lEHTS
70

The results for the concentration of the combustible in the mix­
tures burned, and for the flame velocities are of primary interest# 
Composition of the Mixtures:

It was noted in the preceding chapter that the procedure of pro­

ducing the mixtures by proportioning them with flowmeters is capable of ac­

curacies of the order of 0*1 percent. In the present work the proportion x 

of methane in the mixtures was computed from the flows of combustible, oxygen 

and nitrogen designated 0_, and N, respectively, by a simple equation of 

the form

x — f C _________________________ (18)
C f 0 4* N

in which -f is the fraction of methane in the combustible, 0.967 as previously 

noted. Tljis expression may be treated best by setting the total flow C+O+N 

equal to ^  so that

x = -fc __________________________   (19 )
ft *

Now if dC_ and d̂ , are the absolute precision measures of £  and of Q,, the 
relative error in x, written as dx/x, is given by

 ______  (SO)

The values for the solution of this equation follow from the accu­
racies of the several measurements of flow. These measurements depend on 

measurements of volume by a wet-type displacement meter and of time. Other 

factors such as the reproducibility and the regulation of the settings of 
slope gages, and the precision of other observations used in computing cor­

rection factors also enter. It was indicated in Chapter 2 of this Section 

that the meters used were found to be in excellent agreement (i.e., within 2 

parts in 1000) with a standard gasometer. Routine checks of these meters in­



dicated that this accuracy was in general maintained. Scrutiny of the other 

errors involved in the measurement of flow and of the date, from the routine 

checks of the meters makes it seem probable that a constant relative error of 

0*5 percent is an adequate allowance for the total error in any single measure 
ment of flow 55/. The relative error in the total flow £  is then ^3x0.005 

or 0.0087 in the general, case in which three separate gases were used. In 

view of the approximations made this may be written as 0.009.

Substitution of relative errors of 0.005 and 0.009 in equation (20) 
gives the relative error in x_:

dx = 0.01 
x

The values of x in these experiments ranged approximately from 0.10 to 0.30 

so that with the lowest values of x recorded, in which the error above would 

have maximum effect on the absolute error in x, the figures are apparently 

significant to three decimal places.
The values for the displacement D of the maximum of flame velocity, 

being derived from two values of x, are thus significant to three decimal 

places. The precision measure applicable from the foregoing considerations 

would be x 0^01 or 0.014, but this must be amended as will be indicated 
in the next section after the results have been reviewed.

Values of Flame Velocity:
jr.

Errors of the method were considered in Chapter 3 of Section RET.
The basic equation expressing the dynamic equilibrium in the inner cone of 

the Bunsen flame, which equilibrium forms the basis for the resultjs|ierein 
reported, states that if a quantity of gas ^  cm3 per seo. flows from a port 

forms thereon a Bunsen cone with sn area of ̂  cm , the flame velocity is

-The accuracy of these meters is discussed in references B17 and V/l.



72
given by

U - &
s

(21)

Now if dq and dS are the precision measures of q, and of S_, then the relative 

error in U, written as du/u, is given most simply by

Expression of dU/U as a relative error despite the constant absolute magnitude 

of the errors contributing to dS is a convenient simplifying assumption which 
will be justified subsequently.

Of the values needed for the solution of equation if), the relative 

error in ̂  was given previously as 0.009.
S was derived from measurements of the diameter of the burners and 

of the heights of the inner cones. The relationship between these quantities is

The diameters of the burners were measured to 0,001 inches using micrometer 

calipers, so that the precision measure of r_ is

d£ = 0.0013 cm.

The heights of the cones were also measured to 0.001 inches or 0,0025 cm; since

The average .deviation derived previously (Table XI, page 65_) from repeated set­

tings of the cathetometer is approximately one-third of this value. The errors 

dr and dh are reflected in dLS according to the equation

s -irr { ( 23 )

h was derived from two such observations the precision measure of h is jf2x0.0025

dh » 0.0035 cm,
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Differentiation of equation 23 gives

3S r T(Zr2 ♦ h2) 
/r2 ♦

and

3s - TT"rh

so that

dS =

11

± j £ i 2 (25)

The factors dr and dh were, as noted, of constant absolute magnitude in the 

experiments, and it was necessary to consider the effect of the magnitude of 

r_ and h on the relative importance and contributions of these factors to the 

total error in £>, since it was desired to express the final error in U as a 

relative error# Three sets of data representing the extremes of the ranges 

for £  and ii were selected for calculations of dS in equation (25). The re­

sults of these calculations are listed in Table XII end show that in the ex­

treme the value of dS is of the order of 0.9 percent, and that this value is 

not increased by the variations in r_ and Ji over th# ranges encountered. A 

series of approximate calculations based on average values of the heights of 

the cones rather than on the extreme (minimum) values listed in Table XII 

gave a weighted average for the relative error in S of 0.8 percent#
The maximum determinate error in XJ is now obtained by substitution 

of these data in equation (22);

= 0#009

In view of the nature of these computations it seems admissible to modify this
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TABLE XII

. ANALYSIS OF EFFECTS Off ERRORS IE MEASUREMENT OF THE FLME*/

Data_________  Calculated Results
Radius of 
burner, 

dm.
Height of 

cone, 
dm.

Surface of 
cone,
cm.2

Absolute 
Error in 
Surface of 

cone,£/ 
cm2

Percent 
Relative 
Error in 
Surface of 

cone2/

Number of 
Series of test/ 
to vhich the 
data are 
Applicable

0.15^ 1.000 0.^90 0 .00^5 0.92 6

0.238 0.630 0.503 0.00*10 o.so 1

0.396 0.900 0.79^ 0.0050 O .63 1

Weighted average percent relative error in surface of cone = O.SJ

1/ Data selected to show maximum effects of errors of constant magnitude 
in radius r and height h on the precision measure of the surface _s.

2/ From equation (6) .
j5/ Values in preceding column divided by the surface of the cone and 

multiplied by 100*
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Conclusions;

The foregoing considerations indicate a maximum determinate relative

error of the order of 1 percent in the value of x.» the fraction of methane in

the mixtures, and of 1 percent in the values of TJ, the flame velocity. Other

considerations relating to the error of the method of measuring flame veloci-
3ties, as discussed in Chapter ft of Section II, indicate that the latter figure 

should be increased somewhat* It is believed, however, that maximum flame 

velocities as measured in this work should be accurate within 1 to 2 percent.
It will be seen that the reproducibility of the data to be recorded in the 

next chapter is in harmony with such a degree of precision in nearly all cases, 

and it may be noted that particular precautions were exercised in choosing 
procedures and in making measurements to eliminate so far as possible the 

effects of any extraneous variables or of other indeterminate errors.
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CHAPTER 5 - DATA AMP RESULTS

The essential data from the experimental measurements of the flame 

velocities in mixtures of methane with atmospheres composed of oxygen and ni­

trogen and containing between 20 and 80 percent oxygen are summarized in Table 

XIII. The data for each series of tests are listed approximately in the order 

in which they were obtained.

Deductions of the maximum flame velocities and of the corresponding 

concentrations of methane were made from large-scale graphs prepared from the 

data of Table XIII. Rectification of representative curves was attempted and 

it developed that no simple form of equation would represent the data accurate­

ly. Combinations of equations were found which would fit the data satisfac­

torily, but as these were purely empirical, disclosed nothing fundamental re­

lating to the nature of the curves, and required a laborious series of compu­

tations for determination of the constants involved, a more direct approach 

was made which should result in reliable deductions.



TABLE XIII

SUMMARY DATA OF DETERMINATIONS OF FLAME velocities pi MIXTURES Off METHANE V'lTH 
ATMOSPHERES CONTAINING OXYGEN AMD NITBOOEX IN VARIOUS PBQPOF-TIOKS ^

Data
Flows of the Gases5/

Combustible 
Meter Flow
Setting cc/sec.

Oxygen 
Meter Flow 

Setting cc/sec*
Nitrogen 

Meter Flow
Setting 00/sec.

Height . 
of Inner. 
Cone of' 
Flame, °/

Series 1

25.9
23.3
33.s
37-3
4-3.8
41.3 US.lt
52.9
57.3
63 .2
69 .2  
62.s
65.7 
68.6
68.7 
62. 4 
c0.8 
37.5

A: Approximately 21 volume-percent oxygen in atmosphere;
burner 0.792 cm. in diameter^ Orifices used: Methane' Air, Ho. S. A /

Air

2.140 
2.37 
2.67 
2.S3
3.13
3.003.31 
3.50 
3.69 
3.934.13
14.16
14.15
4.15
14.15 
3.90 
3.1+3 
2.23

Meter Flow
35-8 28.1
33.1 27.0
35.2 27.9
34.8 27.739.2 29.6
3I4.S 27-7
39.2 29.6
39.1 29.8
39.1 29-5
38.9 29.1+
38 .8 29.1+
37.3 28.8
33.3 27.1
30.9 26.0
26.8 2*+.l
37.3 28.8
37 .5 28.9
37.7 28.9

Jo . I;

0.809 
0.710 
O .632 0.5152 0.5614
0.522
O.5S9
0.59S
0.692
0.831
1.077
1.143
1 .335
1.1+77
1.688
0.857
0.591
0 .626

Volume 
Fraction of 
Oxygen in 
Atmosphere,

0.309
0.309
0.309
0.209
0.209
0.209
0.309
0.209
0.209
0.209
0.209
0.209
0.209
0.209
0.209
0.209
0.209
0.209

Results —

Volume 
Fraction of 
Methane in 
Mixture,!/
X

.076 

.07 8 .084 

.089 

.092 .094 

.097 
0.102 
0.107 .111+ 
.120 
.122 
.128

:X1
.115
.102

Flame 
Velocity, 

U ,  
cm/sec.

27.2 
29.0
32.9 
36.1
38.2 
37.6 
38.1
37.1 33.!+ 
29-1 
23.5
21.9 
18.0
15.8
13.1
27.8 
36.1+ 3I+.I4

Series 1 - B: Conditions same as in Series 1 - A.
Air

35.9 2.75 88.5 29.3
37.5 2.83 38.6 ‘ 29.3
1+0.2 2.96 38.2 29.1
*+2.*+ 3.06 38.8 29.3
45.3 3.20 38.7 29.4
1+7.9 3.30 38.8 29.4
1+9.3 3-35 38.7 29.4
52.3 3.43 38.9 29.5
53.9 3-55 329.0 29.5
56.6 3.65 39.4 29-7
6l.l 3-85 39.6 29.8
50.6 3.41 39.7 29.8
41.0 3.00 39.7 29.8
36.3 2.7s 39.8 29.9

Series 1 - C: Conditions same as in Series 1 - A.

0.661+ 
0.657 
0 .629  
0 .606  
0.590
0 .613
0,607
0 .628
0.637
0 .668  
0.787 
0.620 
0 .636  
0 .6S9 ,

q>209 
0.209 
o-. 209 
0 .209 
0.209 
0.209
0.309
0.209
0.209
0.209
0.309
0.309
0.209

.083

.085

.089

.091
.095
.097
.099

0.102
.101+
.106
.110
.099.088
.082

33-3
33.7 
3*4.6
35.9
36.9
35.8 
36.3
35.7 
35.1+ 
3>+.5
30.7
36 .2
35.2 
33.0

39.4 2.92 4i.o 30.4
42.4 3.06 4l.l 30.4
43.1 3.10 41.2 30.4
44.4 3.20 41.2 30.4
48,9 3.22 4l.4 30.5
47.3 3-27 41.3 30.5
48.2 3.32 4l.4 30.5
49.4 3.36 41.3 30.5
49.4 8.36 41.3 30.5
50.6 3-41 41.3 30.5
51.8 3.47 4i.4 30.5
53.0 3.50 41.5 30.6
54.3 3.57 41.5 30.5
56.1 3.64 41.4 30.5
58.0 3.72 41.5 30.6
48.0 • 3.31 41.5 30 .6
39.2 2.91 4l.o 30.4

Series 2 - A: Approximately 39 volume-percent oxygen
burner 0.476 1sm. in di ameter .37 Orif i ces
Oxygen, No. 6. No. 8.

0 .722
0 .6 6 2
0.669
0 .658
0 .635
0.636  
0 .638  
0 .632  
0 .635
0 .61+0 
0.628  
0.61+0 
0.61+8 
0.656  
0.701  
0.626  
0.719

Methane, Ho. J j

30.0 6.16 78.0 22.1
27.7 7.08 78.0 22.1
34.6 7.73 78.0 22.1
43.1 8.82 78.0 22.1
50.2 9.19 78.0 22.1
57.1 9.80 78.0 22.1
61.9 10.2 78.0 22.1
69.9 11.0 78.0 22.1
76.7 11.6 73.1 22.1
85.1 12.4 78.0 22.1
89.I 12.7 78.0 22.1
92.0 13.O 78.0 22.1
95-0 13.3 78.0, 22.1
97.2"' ? 13 .5 ■ 7 8’.o ’ 22.1
97.0 ■13.5 69". 8 20.7
79-9 1T.9 ; 77.8 22.1
79.7 11.9 78.0 , 22.1
20.0 6.16 73.0 22.1

1+1+.8 
1+1+.7 l+l+.S 
1+1+.9 
l+l+.s 
1+1+.9
1+U.91+1+.8
1+5.0
1+U.7
1+1+.7
1+1+.9
1+1+.8
1+1+.7
39*9
44.7
1+1+.9
l+l+.s

31+.6
3*4.5
3I+.63H.7
3*4.63I+.7
31+-.7
3*4.6
3j+*7
3*4.5
3*+.53H.7
3I+.6
3I+.5
32.1+
3*+-5
3*4.7
3*1.6

1.329
1.035
0 .905
0 .765
0.735
0.710
0.687
0.51+7
0.61+30.634 
0 .655  
0 .699  
0 .7*4*4 
0.771 
0.819 
0 .628  
0.639 
1.321

0.209
0.209
0.209
0.209
0.209
0.209
0.209
0 .209
0.209
0.209
0.209
0.209
0.209
0.209
0.209
0.209
0.209

0.390 
0.390 
0.390 
0.389 
0.390 
0.3 89 
0.389 
0.390 
0 .389  
.0.390 
0.390 
0.339 
0.390
0.390- 
0.391 
0.390
0 .3S9
0.390

.085

.092

.092

.093

.095

.096

.096
.097
.099
.099
.101
.103
.105
.09*+.08*1

.095

.107

.116

.126

.134

.142

.11+7
.156
.16*+
.173
.177.180
.183
.186
.195
.167
.167
.095

32 .5  
31+.8 
3*1.6
35 .2
3 6 .2
36 .1
56.2 
36.1+
36.3 
36.2
36.7 
36.1+ 
36.0
35.8 
3*1.2
36.8
32.6

6 2 .2
80.2
92.2

10911*+
119 
123 
*•31 
131+ 
136 
133
126
120 
116 10*+ 136 
I3I+ S2.5

Series 2 - B: Conditions same as in Series 2 - A.

65-9 
73-0
79.0
85.1
91.1 66.0

Series 3 - A:

17.5
27.5
33.0
37.8 
1+5.I 
60.3
17.5

Series 3 -
20.2
27.6
55.1
37.5
1+5.1
55.1
19 .8

Series *+ -

25-5
32.5
I10.3
1+5.2
1+9.9
59.7
25.1+

Series *+ -

10.6 78.0 22.1 44.8 34.6 0.644 0.390 ■ .152 131
11.3 78.0 22.1 44.9 34.7 0.634 0.389 .160 134
11.8 78.0 22.1 44.8 34.6 0.626 0.390 .166 137
12.4 78.0 22.1 44.8 34.6 0.631 0.390 .173 137
12.9 78.0 22.1 44.8 34.6 0.664 0.390 .179 132
10.6 77.9 22 4. 44.7 34.5 o.64o 0.390 .152 131

Approximately jjO volume-percent oxygen in atmosphere;
Burner 0.307 cm. in diameter .^Orifices used; Methane, Ho. 14; 
Oxygen, No. Ho. 1 1 .-j/

52.9 1.30552.8 1.319
52.8 1.319
52.8 1.338
52.7 1.368
52.9 1.1+19
52.7 1.27*4

52.8 1.282
52.8 I.27I+
52.8 1 .265
52.8 I.275
52.7 1.308
52.7 1.399
52.7 1.27*+

23 .5 15.6 52.7 40.0
27.7 15.6 52.7 39.9
29.7 15-7 52.8 39.9
31.3 15.6 52.7 39.9
33.8 15.5 52.6 39.8
38.7 15.6 52.7 4o.o
23.5 15.5 52.6 39.8

B: Conditions same as in Series 3 - A:

24.8 15.5 52.7 39.9
27.8 15 .6 52.8 39.9
29.8 15.8 52.9 39.9
31 .2 1 5 .5 52.7 39.9
33-8 1 5 .8 52.9 39-8
37.0 15 .9 53.0 39.8
24.5 15.7 52.7 39.8

A: Approximately 55 volume-percent, oxygen : 
burner 0.307 cm. in diameter,3'Orifices 
Oxygen, No. 1 9 ; No. 11.j/

Nilnyert
27.0 20 0  57.7 

20.4 57.8
32 .2

29.6 32.3
32 .2 20.6 58.0 32.1
33-8 20.7 58.1 32.4
35-3 20.1 57-5 31.9
38.5 33.5 57.9 32.3
26.9 20.0 57.4 32.1

B; Conditions same as in Series 4 -■ A.

Methane, No. ll+;

1+6.9
1+7.0
1+6.8
1+7.1
1+6 .6
1+7.0
1+6 .8

1.1701.11+1+
1 .11+7
1.186
1.198
1.279
1.151

26.4 27.2 20.5 57.8 32.0
32.4 29.5 20.5 57.8 32.3
37.4 31.2 20.3 57.6 32.3
42.6 32.9 20.3 57.6 31.9
47.4 34.4 20.7 58.0 32 .2
57.6 37.8 20.7 58.0 32 .2
25.9 27.1 20.3 57.6 32.0

0 .1+99
0.1+99
0.500
0.500
0.800
0.499
O.ROO

0.500
0.500
0.501
0.500
0.501
0.501
0.500

0.551
0.551
0.553
0.552
0.552
0 .552
0.551

.176

.201

.212

.221

.235

.259

.176

.181+

.201

.213

.221

.23*+

.251

.182

.198 

.212 

.227 
• 235 .2*+*+ 
.259 .198

1+6.8 1.148
1:1
r 0.553 .200

47.0 I.156 0.551 .212
47.0 1.162 ■ 0.551 .222
46.8 1.172 0.551 .232
± 46.9 
46.9

1.I83 0.553 .239
1.290 1 0 .552 .256

46.8 1.146 . 0.551 .199

20*+
208
211
210
209
209
208

309
215
220
221
219
210
210

231
2*41
2*+5
2*+l
239
23023l+

236
239
2*+0
2*+0
2*+2
228
236



TABLE XIII (Continued)

SUMMARY DATA OP DETERMINATIONS OF FLAME VELOCITIES IN MIXTURES OF METHANE WISH
ATMOSPHERES CONTAININ& OXYGEN AND NITROGEN IN VARIOUS PROPORTION% 1/,^

—  Flows of the Gases
Combustible 

Meter Flow
Setting cc/sec. Meter Flow 

Setting cc/sec.
Hi trogen 

Meter Flow
Setting cc/sec.

Series 5 - A: Approximately 60 volume-percent oxygen in atmosphere;
burner 0.507 cm. in diameter, f/brifices used! Methane,
Oxygen, Ho. l̂ jVjjir, Ho. 11,//

14.9
25.0 
34.8
45.0
55.0 61+.9 
75-0 
S3.5 14.7

Series 5-8:

22.3 24.6 61.9 23.1 *40 .ft
26.8 24.5 61.8 22.9 39.9
30.3 24.5 61.3 22.9 39.9
33.8 24.7 62.0 22.9 39-937.0 24.5 61.3 22.9 39-940.2 24.2 61.5 22.9 39.9
43.6 24.3 61.5 23.0 4o.O
46.5 24.1 61.4 23.0 4o.o
22.2 24.5 61.8 23.0 40.0
Conditions same as in Series 5 - A.

Height 
of Inner 
Cone of 
Flame,2/

No. lU;

1.1*49
1.079
1.051I.O65
1.105
1.1*49
1.233
1.37*4
1.132

30.0 28.7 24.5 61.8 23.0 *40.0 1.053
37.5 31.3 24.2 61.6 23.0 *40.0 1.038
45.0 33.8 24.2 61.6 23.0 *40.0 1.055
52.5 36.2 24.2 61.6 22.9 39.9 1.101
60.0 38.6 24.3 61.7 23.0 *40.0 1.126
30.0 28.7 24.3 61.7 23.1 *40.0 1.030

Series 6 - A; Approximately volume-percent oxygen 
burner 0.807 cm. in diameter. i f Orifices 
Oxygen, No. 19;V&±r. No. 11J J  

Hitvojtf

in atmosphere;
Ho. 14;used: Methane,

*40.0 32.0 35.0 71.3 21.1 3S.4 1.13347.4 34.4 35.0 71.3 21.2 38.5 1.138
55-0 36.9 35.0 71.3 21.0 38.3 1.143
59.9 38.6 35.0 71.3 21.1 38.4 1.152
64.9 40.2 35-1 71.4 20.9 38.2 1.152
75.0 43.6 35.0 71.3 21.0 38.3 1.330
4o.o 32.0 35.0 71.3 21.2 38.5 ' 1.130

Volume 
Fraction of
Atmosphere,

0.608
0.608
0.608
0.609
O.608
0.607O.606
0.605
0.607

0.607O.606
O.606
0.607
O .606
0.607

0.690
0.6*49
O.65I
0.690
O.65I

651
•0.6*49

Volume 
Fraction of 
Methane in 
Mixture,!/

.173 .201 . .221 .2*10 

.257 
• 273 .290
.303
.173

.212 

.227 .2*10 
• 253 
.265 
.212

.218

.231

.2*44

.252

.259
•275.218

Flame 
Velocity, U, 
cm/sec.

222
2*44
25S
261
258
253242222
225

254
262263
257
256
259

257
261
263264 
267 
239 
257

Series 6 - B; Conditions same as in Series 6 - A:
39-9 32.0 35.0 71.3 21.0 38.3 1.135
47.5 34'.4 35.2 71.5 21.2 38.5 1.129 0.651 .as 256
53.9 36.5' 35.1 71.4 21.1 38.4 1.138 1 0.650 .230 263
59.3 ■ 38.4 35.0 ' 71.3 20.9 38.2 1.150 I ,’0 .6,50 .241 264
65.1 *40.3 35-2 71.5 21.3 38.6 1.156 0.651 .251 264
69.9 41.9 35.0 71.3 21.0 38.3 1.228 0.649 .259 267
75.0 43.6 35.0 71.3 20.9 38.2 1.326 0.651 .267 253
39.9 32.0 35.0 71.3 20.9 38.2 1.135 1.651 • 275 238

1.651 .219 256
Series 7 - A: Approximately 70 volume-percen oxygen in atmosphere;burner 0.507 cm. In diameter, 3 Orifices used: Methane, No. 8;Oxygen, No. 19;Y«* No. 11. J/
15.1 32.2 42.0 76.3 15.1 33-0 1.09824.9 37.4 42.0 76.8 15.2 33.0 1.107 0.700 .219 265
30.1 *40.1 42.1 76.9 15.1 33.0 1.107̂ - 0.700 .246 273
35-1 42.8 42.0 76.8 15.0 32.9 l.st y . / z 6 0.700 .25s 278
*40.2 45^7 42.0 76.8 15.0 32.9 1.142 0.700 .271 278
50.2 4fT5 42.0 76.8 15.0 32.9 1.255 0.700 .283 27914.9 32.0 42.0 76.8 15.0 32.9 1.093 0.700 .301 261

■ 0.700 .218 266
Series 7 - B; Conditions same as in Series 7 - A.
15.1 32.2 42.0 76.9 15.0
25.1 37.6 42.0 76.9 15.0
30.1 *40.1 42.0 76.9 15.035-4 42.8 42.3 77.0 15.1*40.5 45.3 42.3 77.0 15.149.9 49.3 42.0 76.9 15.0
15.0 32.1 42.2 77.0 15.1

32.9
82.9
32.9
33.0
33.0
32.9
33.0

Series 8 - A:

2 0 .0
30.0
37-0
44.0 
■52.5
60.0 
72-520.0

34.8
*40.1
43.6
46.7
50.7
53.7 
60.034.8

cm. in diameter 
12; Kter, No. 11.

Af/7iixeh
.̂ Orifices used!
JSr

; Methane,

60.0 90.0 27. 8 22.3
60.0 90.0 27.8 22.3
59.8 90.0 27.5 22.2
59.6 89.6 27.6 22.3
60.0 90.0 27.6 22.5
59.7 89-7 27.8 22.4
59.4 89.6 27-5 22.2
59-7 89-7 27.5 22.2

1.08&,
1.0̂ 51.110
1.133
1.157
1.266
1.088

1.026 
1.026 
1.026 
1.050/ 1.0803 
1.124 
1.236 ■■ i’:po5 -

0.701
,0.701
0.701
0.700
0.700
0.701
0.700

Series 8 - B: Conditions same as in Series 8 - A.
30.0
88.145.8

>40.0 59.6 89.3 28.0 22.4 1.0 46
44.1 59.7 89.4 27.7 22.3 lid 60
47.5 58.9 89.2 27.9 22.3 1.082

0.800
0.800
0.801
0.801
0.801
0.7990.8000.801

0.7990.800
0.800

1/ Determinations by the burner method; purity of gases: oxygen and nitro­
gen 99.5 volume percent, methane, 96.7 percent.

2/ All gases dried with calcium chloride and preheated to 40 degrees, C.
Quiescent flames produced by a, perfected laminar flow in all cases.JL-

2/ Data obtained in the calibration of these orifices were given in Table/IH.
4/ Special burners jacketted with water at *40 degreeŝ  C. prepared from seam­

less brass tubing polished internally.
5/ Flows recorded as cm3 of dry gas per sec. at *40 degreeŝ  C., 30 *n« Hg.
6/ Only flames closely approximating geometrical cones were used; heî its 

given above the port of the burner.
y  Corrected for fraction of methane (0 .967) in the combustible gas.

.219

.247

.259

.271.282
•300
.219

.228

.254

.270

.284

.300
•312
•337
.229

.254
•273

268
276
277 
277 276 
259

294
304311310
310
303285
299

298
302
301
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By suitable relation of scales for the coordinates U and x_* previously 

defined as the flame velocity and the volume-fraction of methane in the lixture 

bumea, respectively, a smooth curve which represented closely the experimental 

data could be drawn. These curves were placed so that the sum of the residuals 

for the experimental points was zero; this sura was determined graphically* 54/ 

The values of the maximum flame velocity were read from these curves, and the 

compositions of the corresponding mixtures were likewise estimated from the

points of tangency of horizontal lines drawn across the maxima of the curves.
The latter values, (designated xm ), were then computed from values read from 

the curves for equal increments in composition with the help of the differenti­

ated form of Newton's formula for interpolation 55/. An example ̂ )f this process 

is given by computations detailed in Table XIV which are based on the sample 
curve represented in Figure 11, prepared from the data for series 2-A in Table 
XIII. The detailed results of these calculations are listed in Table XV. In 
Table XVI is presented a final summary of the experimental results. It will be 
noted in these tables that in general the agreement between duplicate tests is 

quite satisfactory. Excellent agreement will also be noted between the computed 

and estimated values of the concentration of methane in the mixture of maximum 

flame velocity.

54/-Divergences (scattering) in the data indicated that the method of averages 
furnished an adequate criterion of the correctness of the representation of 
the data.

55/-See pp. 214-217 and 234-237 of reference L5.



TABLE XIV

SAMPLE CALCULATION OF RESULTS PROM DATA IN TABLE XIII

Data plotted in Figure 11 and a smooth curve drawn so that the sum 
. of the residuals for the experimental points is zero.

Estimated coordinates of the maximum of this curve are
u = 136 cm/sec.» X  m - 0.170.

Computation
X u, Values from Curve Successive Differences

A A ,
0.160 133 _ _

0.165 135 +2 - -

0.170 136 +1 -1 -

0.175 13^ -2 -3 „2
0.180 126 -8 -6 -3

11011■5|£ i f ao + (2n - 1)5®. 21 + (3n2 - 6n H• 2) Co 7
3l J

h =s .005,► 3j0 = 2, "b0 =■ -1. cc> = -2
0 = 1 r 

0.5 L2 + (n - 0*5) (-1) + ^ n2 - 6n + 2 
5 i

H-aJ
6n2 -- 6h - 11 = 0, n = 1,$ 6, or 2.0”

So X jh — 1,l60 + .005 x 2.0 = *.170

Displacement of the maximum:
* Stoichiometric mixture: CKlj. + SOg + 2 (l - 0.5&9) ^2

1 0.3S9
X  = .16U = y~+ 2/Oj^n )
s \ 0 .3291

X m -  .170  

D - .006

Prom the differentiated form* of Newton*s formula for interpolation.



r
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Pigure 11. Eepresentation of Large-Scale Plot Used in
Deducing Coordinates of the Maximum of Plame 
Velocity; Data from Series 2 — A of Table XIII.
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The values for the displacements of the mixtures producing maximum 

flame velocity from the stochiometric mixture as listed in Tsble XVT suggest 

h relationship between this displacement and the fraction of oxygen in the 

atmosphere used* The relationships are indicated by the curves of Figure 12. 

These relationships are qualitative chiefly as a consequence of uncertainties 

in the estimates of the values for Xĵ , but they establish definitely that for 

atmospheres approaching the extremes 56/ in composition the values of the dis­

placement Dy or of the percent displacement are low, whereas with an atmosphere 

containing approximately equal fractions of oxygen and nitrogen the values are 
much higher and pass t tiro ugh maxima.

The primary interest of this investigation is thus answered posi­

tively by data showing for mixtures containing methane a regular relationship 

between the displacement or the percent displacement and the fraction of 

oxygen in the atmosphere used for combustion, in contrast to inconsistencies 

noted in the literature previously cited, and paralleling indications for 

gases other than methane, as cited*

56/-i.e* , approaching pure oxygen or an atmosphere high in nitrogen and barely 
capable of propagating flame.



TABLE XV

DETAILED COMPILATION OP RESULTS PROM TABLE XIII

Number Volume Volume - Praction of Methane___________  Displacement
of Praction in the in Mixture of Maximum Piame of the Mix-

Series of Oxygen Stoichiometric ' VelocityXm ture of
in Mixture, Prom Curve Computed Best Maximum

Atmosphere, Valued Plame
a g-f Velocity, D

1-A 0.209 .095 0 .096 .097 .097 0.002
1-B 0.209 .095 0.097 .097 .097 0 .002
1-C 0.209 .095 (0.097) .097 .097 (0 .002)
2-A 0.390 .163 0.170 .170 .170 0.007
2-B 0.390 .163 (0.170) .170 .170 0.00 7

3-A 0.500 .200 (0.215) (0 .01$)
3-B 0.500 .200 0.216 .215 0.215 0.015

U-A 0.552 0.216 (O.225) .225 .225 (0.009)
U-B 0.552 0.216 0.230 .228 .228 (0 .012)
5-A 0.607 0.233 O.2U2 0.2^3 O.2U3 0.010
5-B 0.607 0.233 (0.2^0) - - -
6-A 0.650 O.2U5 (0.2 5U) _ _ (0.009)
6-B 0.651 0 .2U6 (0.25̂ -) - -

7-A
7-B

0.700
0.701

0.259
0.260

(O .26 5) 
(O.265) O .265 O .265 0.005

3-A .800 0.286 0.288 .287 .287 0.001
8-B .800 — — - •> -
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Maximum
Plame
Velocity,
Um - Notes -

cm7"sec.

38.1 ipnroximate values: initial series of tests.
3 M  —
36.^ Data somewhat scattered; X*m approximate, Um definite.
136 ---
137 ---
211 Data do not establish Y m .
221 .----

2^3 Scant data, in range of>Tm; value for this approximate
2*+2 Data somewhat inconclusive as toXm .

261 ---
263 Data do not establishaccurately.

^265) Xm not conclusively established.
(265)
278
277

Rather flat maximum.

311 ---
302 Incomplete data..



TABLE XVI

FINAL SUMMARY OF RESULTS PROM TABLES XIII AND XV

Number
of

Volume 
Fraction of

Volume - Fraction of 
Methane

Displacement 
of the Mix­

Percent
Displacement,

Maximum
Flame

Series Oxygen in
Atmosphere

in
Stoichiometric

Mixture

* *

in
Mixture of 

Maximum 
Flame Velocity

ture of 
Maximum 
Flame Velocity 

Dv

Dv
~  x 100 
x st

Velocity, 
cm/sec

1 0.209 0.095 0.097 0.002 2.1 36.1+

2 0.390 0.163 0.170 0.007 *+.3 137

3 0.900 0.200 0.215 0.015 7.5 216
k 0.552 0.216 (0.227) (0 .011) 5.1 2^3

5 0.607 0.233 0 .2^3 * 0.010 k.3 262
6 0.651 0 .2^6 (0 .25 )̂ (0 .008) 3.3 265

7 0.701 0.260 0.265 0.00 5 1.9 278
s 0.800 0.286 0.287 0.001 o.k 307

Remarks

Series 1-A omitted

Xm approximate.

■̂m approximate.

noro
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Pigure 12* Relation between the Displacements of the 
Mixtures giving Maximum Plame Velocities 
for the Combustion of Methane and the 
Composition of the Atmosphere Used for 
the Combustion; see Table XVI*
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Interesting data for the effect of the concentration of oxygen 

in the atmosphere on the flame velocities are also evident from Tables XIII 

and XVI. A common plot of these data, Figure 13, shows the nature of the 

family of curves and discloses the general relationships between the three 

variables represented (a_ being treated as a parameter). The values of the 

maxima of flame velocity are represented in Figure 14 as functions of the 

composition of the atmosphere. 57/

57/ For the range 0,2 = & s ,8 this relationship may be represented approxi­
mately by an equation of the type y * -c.
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17 - CONCLUSION

CHAPTER 1 - COMPARISONS OF RESULTS WITH VALUES IN TEE LITERATURE 
Values for the Displacements:

In common with many previous measurements of flame velocities for 

methane, those presented in the last chapter show in general relatively small 

values for the displacement of the mixture giving maximum flame velocity from 

the equivalent mixture. However, the relationships established between the 

displacements and the concentration of oxygen in the atmosphere stand in marked 
contrast to results deduced from previous measurements. Thus, while irregu­

larities are shown for the percent displacement for methane when this is repre­
sented as a function of the composition of the atmosphere both in Figures 3 and 

5 derived from previous measurements, the curve in Figure IE established by 

the present work suggests a continuous relationship exhibiting a maximum. 
Further, in contrast to the irregularities shown in Figure 3 and to the rela­

tive constancy in the displacement Dy except for combustion with pure oxygen 

as shown in Figure 5, the corresponding curve in Figure 12 deduced from the 

present measurements again shows a continuous relationship that also exhibits 

a maximum.
The curves for the displacement Dy represented as a function of the 

composition of the atmosphere as deduced from the data of Jahn (Jl), Figure 5, 

show for hydrogen and carbon monoxide substantially the same type of regularity 

as suggested for methane by the results of the present investigation. In view 

of the emphasis placed in the present series of measurements on the range of 

mixtures giving close to maximum flame velocity, it seems that acceptance of 

the characteristic relationship as shown in Figure 12 is compelled. This rela­

tionship is common then to both types of combustible gases.
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The other relationships for the percent displacements are of collateral 

interest; a significant point is the establishment of a continuous relationship 

for methane in Figure 12, complementing the continuous relationships for hydro­

gen and carbon monoxide in Figure 5* The existence of a maximum in the curve 

deduced from the present measurements and the absence of such a maximum for hy­

drogen and carbon monoxide in Figure 5 is only a consequence of the relative 

magnitudes of the displacements and contents of combustible for equivalence for 

the various gases and of differences in the rates of change of these factors 
with the composition of the atmosphere.
Values for the Flame Velocities:

The value for the maximum flame velocity for combustion of methane 
with air and the relationship of the flame velocity to the composition of the 

mixtures for this case agree well with previous measurements by similar methods.

The maximum value of 36.4 cm per second recorded in Table XVT is in substan­

tial agreement with values recently reported, such as 35 (3318), 37 (Bll), (B12) 

and about 39 (S2) cm. per second.
Other data with which comparisons may be made are those of Jahn (Jl), and 

as indicated in Table XVII there is agreement in order of magnitude between 

these measurements and those of the present investigation. For this comparison, 

values of the maximum flame velocities were read from Figure 14 for convenient 

values of concentration of oxygen in the atmosphere and from a similar curve 

prepared from data given by Jahn. The divergences between the two sets of data, 
Table XVII, are of variable magnitude and average about 15 percent. This agree­

ment seems satisfactory in view of the probable differences in the compositions 
of the gases used in the two sets of tests, of the different initial tempera­

tures of the mixtures (which would make the present values somewhat greater 
than those of Jahn), and of the absence of available details of the apparatus

used by Jahn.
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TABLE XVII

COMPARISON OP MAXIMUM PLAtE VELOCITIES POP METHANE BURKED 

WITH VARIOUS ATMOSPHERES

Volume-Pr action Maximum Plame Velocity, cm, per sec,
of Oxygen in .
Atmosphere Prom Jahni/ Prom Present Measure-

ments

0 .2 30 30

0 ,3 7 S 95

o.U 127 156

0 .5 170 213

o ,6 212 255

0 .7 250 285

o . s 282 305

1 .0 333 3202/

1j Jahn, 0,, Zdndvorgang in Gasgemischen, R. Oldenhourg, Berlin, 193^;
values read from a large-scale curve prepared from data given hy Jahn 
on page 19 of this paper.

2/ Extrapolated for comparison*.
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The data derived in the present work, although not extended to com­

bustion with pure oxygen, produce interesting evidence in connection with the 

divergence in published results for the flame velocities of methane burned 

with oxygen. The original measurements of these flame velocities were made 

by Ubbelohde and Dommer (XJ3) by the burner method. These authors were not 

successful in obtaining data to define the complete curve for flame veloci­

ties because this velocity became so great with mixtures near equivalence 

that even in a 2 mm. burner turbulent effects were encountered that indicated 
that the limiting critical velocity had been exceeded. Nevertheless, flame 

velocities of 6 m. per second with 40 percent methane in the mixture and of 
7.2 m. per second with 35.6 percent methane were obtained. Stevens* measure­

ments were the next reported, and were obtained by the method originated by 

this author, using the propagation of flame in constant-pressure bombs. These 

data (S3) gave a complete curve for the flame velocities showing a maximum of 

about 620 cm. per sec. with a mixture close to equivalence. The rough corre­

spondence between these data and those of Ubbelohde and Dommer has been cited 

as evidence of the equivalence of measurements by the burner method and the 

constant-pressure bomb (Bll). However, the more recent measurements of Jahn 

(Jl) gave in contrast a maximum flame velocity, of 333 cm, per sec. and hence 

introduced .a discrepancy that has not as yet been explained. A comparison of 

the results of the present work with these others adds weight to the results 

obtained by Jahn; in addition to the general agreement of the present data 

with those of Jahn for the range 0.2 £ a £0.8, extrapolation of the curve of 

Figure 14 gives a value of ca. 320 cm. per sec. for the flame velocity of 
methane burned with oxygen, agreeing well with the value reported by Jahn.

The divergence noted between the results obtained by Jahn and those of Stevens 

and of Ubbelohde and Dommer is thus emphasized by the present results. This 

divergence has not been explained. It seems probable that the use of such a



small burner by Ubbelohde and Dommer might have introduced important errors, 

and the correspondence between the values of Ubbelohde and Dommer and of Steven 

is only rough and may be fortuitous. 58/ More data are needed to reconcile the 

divergence but in the absence of this it would seem admissable to accept tenta­

tively a value of approximately 330 cm. per sec. for the flame velocity of 

methane burned with oxygen.

58/-The recent work on the method developed by Stevens mentioned on page £7 
has indicated the necessity for revision of much of the earlier data 
chiefly because of the effects of water vapor on the flame velocities; 
this factor is of minor importance in the combustion of methane, and 
would not per se cast doubt on the results of Stevens.
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CHAPTER 2 - ON THE THEORY OF THE 3L07.' PROPAGATION OF FL 

General:

It was noted in section II that there exist funaamental questions of 

the aptness of various considerations in connection with the details of the slow 

propagation of flame. Crucial experiments are not needed, however, to decide 

between purely thermal considerations and others involving the role of activated 

particles; it is generally recognized that the former considerations are defi­

nitely inadequate in this connection, and that despite the complexities intro­

duced by the latter factors, future advances must take account of their effects.

Although this conclusion may be viewed as definite in connection with 

the detailed mechanism and inner chemism of the propagation of flame, there still 

exists a basic question of the practical utility of results obtained from con­

siderations based solely on thermal concepts. The data developed in the present 
investigation prove rather crucial in this connection.
Discussion of Previous Relationships:

Some interesting facts have been noted in connection with the adequacy 
of purely thermal considerations for practical problems involving the gross fea­

tures of the propagation of flame. As noted in Section II, many experimental
observations are in qualitative accord with predictions based on the thermal 

Qmohj "these
theory and^predictions are some of greatest practical importance, such as the 

limits of inflammability, and the effects on the rates of flame propagation of 
preheating and of the diameters of tubes 59/. More recently, the work of Jahn

interesting
-An additional^observation, noted previously, relates to the absence of the dis­
placement in the case of the combustion of producer gas with air. This was 
advanced by Payman (P2) and elaborated by Payman and Wheeler (P3). The phen­
omenon is particularly striking when one considers that the displacement for 
carbon monoxide, the chief combustible constituent of the gas, is the greatest 
known for common combustibles. An explanation for this important practical 
fact followed considerations of both normal and inverse combustions: consider­
ing the burning of producer gas as an example of the combustion of an atmosphere 
of oxygen and nitrogen with an inflammable atmosphere of nitrogen and combus­
tible, these authors point out that it is readily conceivable that the inert 
present in the producer gas might balance the nitrogen in the air so that a 
very small displacement would be noted. This deductions, of course, in accord
with experiment.
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(Jl) has indicated good agreement between the thermal theory and the ef­

fects produced on the flame velocity by changing the concentration of oxygen 

or the character of the inert in the atmosphere used for combustion# These 

agreements have in general been strictly qualitative; it should be noted 

that the application of the Nusselt equation for flame velocities is a semi- 
empirical process.

In contrast to these verifications, certain outstanding practical 

observations, noted previously, seem at variance with these considerations.

The effects produced on the flame velocity by preheating and by change of 
pressure and the effects of these changes on the content of combustible re­

quired for maximum flame velocity are neither uniform nor in accord generally 
with predictions based on an expression of the type of equation 14 which re­

presents the elaborated thermal theory, as noted in section II, For example, 

an increase in the displacement Dv would seem required by equation 14 as a 

result of increased initial temperature, but while such an increase was noted 
in section II for some gases it was conspicuously absent for others; the 
indication derived seems of little utility#

Dependence of the Displacement on the Oxygen Content of the Atmosphere;

The outstanding observations made in the past of the effect of the 
concentration of oxygen in the atmosphere used for combustion on the displace­
ment Dy were confined principally to indication that this displacement should 

disappear when the atmosphere is pure oxygen,Payman and Wheeler (P3) advanced 

measurements of spacial flame speeds in tubes for mixtures with oxygen of 

methane and of hydrogen as proof of this; subsequent experiments made by other 
methods have verified this conclusion for methane (Jl), (S3) but have not 

been in accord with tnis in the case of hydrogen (Jl),
Other observations of effects on the displacement related chiefly 

to the heat capacity of inerts, and it may be inferred from these arguments
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that as the concentration of oxygen increases there should be a progressive

decrease in the displacement By.

Jahn gave detailed consideration to the displacement By, as noted in 

section II. In common with Payman (P2) this author noted that the factor _a 

representing the concentration of oxygen in the atmosphere appeared in the ex­

pression for the reaction velocity and that it influenced only the absolute 

amount of the effect of mass action or of reaction velocity. Payman stated (P2)

that provided this factor ei remains constant, the composition of the atmosphere

does not affect the content of combustible required to produce the maximum ef­

fect of the factor of reaction velocity. Jahn also viewed this factor a as a 

parameter, but made a statement 60/ for which there seems no a priori reason; 

it seems that this author appends to the statement above an observation that 
the composition of the atmosphere can have no effect on the content of combus­

tible required for maximum flame velocity. This author noted, however, that 
as the inert content of the atmosphere decreased the mixture giving maximum 

flame velocity approached more nearly the equivalent mixture for each of the 

three gases studied; only in the case of methane did these two mixtures coincide.

Some original considerations based on the generalized Nusselt equation 

(Equation 14 of page 14) may be adduced to illustrate a mechanism by which the 
effect established in this investigation might possibly have been forseen from 

the thermal theory. It should be understood that there are assumptions involved 

in such reasoning that seem questionable and hence detract from its cogency; 

examples are the assumption of the applicability of the law of mass action with 

the use of initial concentrations of reactants in the expression for the reac­

tion velocity, and the assumption of the adequacy of the fundamental tenets of

-From page 1£ of ref. Jl: "Die Zusammensetzung der Atmosphere hfttte demnach 
nur Einfluss auf den Absoluten Betrag des Massenwirkungseffektes und damit 
der Reaktionsgeschwingigkeit, nicht aber auf den fhr das Maximum geforderten 
Brenngasgehalt .,r
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the purely thermal theory, as discussed previously. Before presenting a de­

tailed analysis it may be noted generally that an approach may be made through 

consideration of the mutual effects of the factors of thermal effects and of 

reaction velocity as they appear in the generalized Nusselt equation; this con­

sideration must of necessity rest on the evaluation of the respective weights 

of these factors. For purposes of this analysis the effects of the first factor 

(i.e. of thermal effects) may be summarily stated to be of minor importance: 

this is admissible because systematic consideration of the effects of varia­

tions in the quantity -a on the several elements contributing to the factor of 

thermal effects indicates that such variations should have no marked effect on 

the weight of this factor. It might be expected that the magnitude of the dis­
placement By would be least for smallest values of a. in view of the variable 

importance of dissociation in contributing indirectly to the displacement. How­

ever, in any case the mixture giving maximum weight to the thermal factor would 
be close to the equivalent mixture* Coming to the other factor, of reaction 
velocity, it may be noted in common with the conclusion reached by several in­

vestigators that when ja is unity, i.e. when the atmosphere is pure oxygen, the 

weight of the effect of reaction velocity in demanding a displacement Dy van­
ishes, while in general as a. decreases from unity this weight increases. It 

seems conceivable that although the apparent absolute magnitude of the dis­

placement demanded by the factor of reaction velocity patently would increase 

as a decreases because of the indications from the law of mass action, the con­

current operation of the variable a might cause the weight of this effect and 

hence the displacement to pass through a maximum and eventually to decrease 

when a becomes very small. This then would account for the characteristic re­

lationship developed in the present investigation. A more detailed analysis 

follows:
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It will be recalled that the displacement is a consequence, according 

to this theory, of a competition between the factors representing the reaction 

velocity and the thermal effects in an expression such as that given by Jahn in 

equation 14* As noted, it seems that it is admissible for simplicity to con­

cede that the weight of the factor representing thermal effects may be substan­

tially constant, and that the maximum for this factor is attained in a mixture 

near equivalence, regardless of the composition of the atmosphere. Now, fol­

lowing the general reasoning of the proponents of the theory, it seems that the 

magnitude of the displacement will depend largely on the weight of the factor 

of reaction velocity, as noted in the last paragraph. Specifically, for the 

combustion of carbon monoxide or of hydrogen, the mass action product calls for 
a maximum of reaction velocity with a mixture containing 2/3 combustible, while 
for methane this mixture would contain 1/3 combustible. The contents of com­

bustible required for equivalence for these gases decrease, of course, with 

decrease in a* These relationships are indicated in Figure 15,A, and the di­

vergence of the curves for maximum mass action product and equivalent mixtures, 

indicated as d in the figure, is seen to increase for all three gases as a_ 

decreases, contributing a progressively greater measure to the weight of the mass 

action factor. The figure also indicates a greater absolute divergence for 

carbon monoxide and for hydrogen then for methane, suggesting, in the absence 

of complicating factors, larger displacements for the first two gases, as ob­

served experimentally. The other factor contributing to the weight of the 

total factor for reaction velocity is given in equation 14 simply as proportion­

al to the square root of a. in the cases of carbon monoxide and hydrogen, and 

to a for methane. The variations of this constituent with a_ are obvious, but 

are represented in Figure 15, B, to facilitate discussion. Now the total weight 

of the factor of reaction velocity will be given by the product of these two 

effects; it at once becomes evident that as a consequence of the competition



o az 0.4 & 0.6 0.8 /.o
Yo/c/me -fytrcf/os? o f  fxyyo/?/>? tffwospAere

Figure 15. Curves for Discussion of Adduced Explanation 
of the Relationship Established in this 
Investigation; see Test, from Page 91.
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between the values and the effects of a_ in this product, this weight and with 

it the displacement Dy increase to a maximum as a. decreases from unity and then 

decrease when a_ becomes very small. This is the effect observed experimentally 
(Figure 12),

In figure 5, the maxima for the displacements'-for carbon monoxide

and for hydrogen, when represented as dependents of the factor ja, are exhibited

concurrently for these gases at a noticeably lower value of a_ than in the case

of methane as shown in the relation developed in the present work, Figure 12,

That this effect would be expected from the above qualitative reasoning may be

seen from Figure 15. Qualitatively, the contribution of the portion involving

ja to the total weight of the factor for the reaction velocity decreases much

more slowly at first, i. e., following initial decreases in a_ from unity, in

the case of hydrogen and carbon monoxide than for methane, but wove rapidly at
later stages when _a is very small. This would result in a slower decrease in

the contribution to the weight of the factor of reaction velocity from this
*

source, and would account for the attainment of the maxima of the displacements

for hydrogen and for carbon monoxide at a lower value of a_ than for methane.

The same conclusion would be indicated by the relatively greater divergence of

the curves for the first two gases as shown in Figure 15, A. This conclusion

is supported by the following analysis: (A)-For the combustion of hydrogen or

of carbon monoxide the content of combustible for stoichiometric equivalence

in mixtures with atmospheres containing a volume-fraction a_ of oxygen may be
if

siven as x + ® 2a s0 ^kat tiie difference d_ in Figure is _2 _ 0r& st 2a+l 3 2a 4 1
2-2a . since the other contributing factor is proportional to /IT, the weight 
6af3
W of the mass action factor demanding a displacement will be of the form

r—  3/2 5/2 2
2 y a-2a which has a maximum for 12 a * 18a+" 15a+3= 0 or for a value of
6a f 3
a near 0.17 (checked by change of sign of first derivative from 1- to - and by



95
a negative second derivative). (B)-?or the combustion of methane, a[ is

similarly related to a through 2-2a f W is given by 2a-2a2 t ^  a maximum
3a+ 6 3a+ 6 *

exists for a^f4a-2=0 or for _a s 0.45 (second derivative negative). These 

values check the qualitative conclusions noted, and the numerical correspon­

dence of the results for the values of â corresponding to the maximum values 

of Dy in Figures 5 and 12 is striking.
Conclusions:

In the absence of experimental evidence one might have predicted 

qualitatively the effect established in this investigation of the concentra­

tion of oxygen in the atmosphere on the displacement Dy from thermal consi­

derations that are admittedly inadequate in connection with the detailed 

mechanism of the propagation of flame. It is suggested on these grounds that 

despite the inadequacies noted in the thermal theory, and despite the neces­

sity for inclusion of other considerations in the detailed study of the pro­

pagation of flame, the thermal theory is a valuable practical tool and indeed 

the best available on which to base predictions, in the absence of experi­

mental data^of important practical effects in gaseous combustion.



CHAPTER 3 - ON TECHNICAL ASPECTS OF THE RESULTS
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The importance of data for flame velocities in the problems of the 

utilization of gases is now rather generally recognized. However, general ap­

preciation is apparently lacking of certain of the applied fundamental concepts 

in the rating of gases and in the control of combustion. Some outstanding 

points pertinent to these matters were summarized recently by the writer (D2, 

D3). Examples of this lack are undue stress on maximum flame-outputs, and 

lack of thorough exploitation of control of combustion through control of the 

composition of the mixtures burned. Maximum flame-outputs are of unquestioned 

importance but an emphasis on ranges of values attainable would seem proper 

in view of operations such as the heating of coke-ovens in which it is ex­

tremely important to maintain uniformly low flame-outputs to assure even heat­

ing of large surfaces of refractories. Further, it has been common practice 

to pre-mix gases in industrial firing in nearly combining proportions with the 

atmosphere used; this practice is neither logical nor generally productive of 

any optimum condition.
A fundamental approach to the general rating of gases and to the 

control of combustion is afforded by the flame-output function. In viexv of 

the extensive treatment of this concept by Bruckner and collaborators and 

others 61/, and of a recent consideration of essential applied aspects by 

the writer (D3), details need not be given here. The form of the expression 

for the specific flame-output 62/ offers a guide to important effects produced 

by the composition of the mixture burned. Thus, the slope of the branches of

6l/-For examples see reference B19, B20, B18, B21, B22, and G-3.
62/-Js= u * w » in which Js is the specific flame-output, or rate of release 

of k energy per unit of port area, ii is the flame velocity, W is the 
lower heating value either of the primary mixture or of the total combus­
tible fed to the burner, and k is a constant for standard flames, usually 
taken as 0.5, that expresses the ratio of areas of port and inner cone, 
or of flame velocity and velocity of flow of unburned gas from the burner.
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curves representing flame-outputs as functions of the composition of the 

primary mixture and the positions of the maxima of primary and total flame- 

outputs are determined by similar functional relationships for the flame 

velocity and the heating value. These factors determine, then, the range 

of control available; scrutiny of published data discloses very extensive 

possible variations in flame-outputs as a direct consequence of variation in 
the composition of the mixture burned.

The results herein recorded for the combustion of methane are sub­

stantially applicable to common natural gases that are of great technical im­

portance. Although enrichment with oxygen of atmospheres for use in large-scale 

technical combustion operations is not yet feasible economically, the data of 

the present investigation place emphasis on an important phenomenon that is 
now cognizable as common to both types of technical gaseous fuels, namely the 

characteristic relationship between the displacement Dy and the concentration 

of oxygen in the atmosphere used for combustion. Since the displacement Dy 

is a function of the composition of the atmosphere, it would be expected that 

the displacements from the equivalent mixture of the mixtures giving maximum 

flame-outputs 63/ would also vary with the composition of the atmosphere. This 

is of evident importance in technical problems involving the attainment of 

high intensities of combustion. The relationship between the displacement Dy 

for mixtures giving maximum flame velocities and the displacements D-j. for mix­

tures giving maximum flame-outputs may be seen from the form of the flame-output 

function. The displacements Dj. will obviously be determined by the position of 

the maximum of the flame velocity and by the relative rates of change of the 

flame velocity and heating values with change in the composition of the mixture 

burned. The maximum for primary flame output will correspond in general to

T^e 5̂ displacements of mixtures giving maximum flame-outputs will be re­
ferred to as the "displacements Dj.,f
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a content of combustible between that for equivalence and for maximum flame 

velocity, and that for the total flame output will obtain with an excess of 

comoustible greater than that in the mixture giving maximum flame velocity*

These effects are not as evident or striking in the case of the com­

bustion of methane as with other gases giving larger values for the displace­

ments Dy, but values for flame outputs for methane are nevertheless of pointed 

interest. The determination of these values was not a primary object of this 

work, but sufficient data were developed to allow good estimates of the coor­

dinates of the maxima attainable. Thus, the sample calculation for the combus­

tion of methane with air, summarized in Table XVIII and represented graphically 

in Figure 16, illustrates the points noted and discloses extensive ranges of 

flame-outputs available as a result of variation of the composition of the mix­
ture burned.

A summary of similar calculations based on all of the data for flame 

velocities obtained in the present work is given in Table XIX and in Figure 17.

In making certain of these calculations and of those in Table XVIII, more figures 

have been retained to indicate trends than are justified from considerations 

of precision. A striking increase of maximum flame-outputs is immediately evi­

dent from these data, and a summary of interesting results is given in Table XX. 

These show that the maximum specific primary flame-output increases very rapidly 

and approximately linearly with increase in _a and that a range of maximum values 

of about 25-fold is made available by enrichment of the atmosphere up to 80 per­

cent oxygen. Since values are attainable that are mucn lower than the maxims, 
the overall available range is of the order of approximately 45-fold. Similarly, 

total flame-outputs increase greatly with increase in â and the range of inten­

sities of combustion made available in the region 0.2 ^ a ^0.8 is seen to be of 
the order of 50-fold. The displacements of the maxima of flame-outputs are also 

seen to vary with the composition of the atmosphere used for combustion; for the
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TABLE XVIII

SAMPLE CALCULATIONS OP SPECIFIC FLAME-OUTPUTSi MIXTURES OF

METHANE AND AIBj/

Volume 
Percent 

Combustible 
in Mixture

Plame . 
Velocity^/ 

cm, per ft. per 
sec. sec.

Lower Heating Values,
Btu per cu. ft 

Primary Total 
MixtureJi/ Combustible

Specific 
Plame Output 

Btu per sq. ft.per 
Primary Total

7*5 26.8 *879 68.6 68.6 121 121
s .o 30.3 *995 73*1 73*1 ll+5 1^5
8*5 33*7 i.ll t 77*7 77*7 173 173
9-0 36.9 1.21 82.2 82.2 199 199
9.5 38.1 1.25 86 .3 86.8 216 217

10.0 37*7 1.2^ 85*9 91.^ 213 227
10.5 3^*7 1.1U 85.U 95*9 195 219

11.0 31*2 1.02 85.0 101 173 206

11.5 27. s .912 8^.5 105 15l+ 192
12.0 23*6 *77^ SH.l 110 130 170
12.5 20.0 .656 83.6 11U 110 150

13.0 17*0 .558 83.2 119 92.8 133

^  J 51/ Based on a constant k of 0*5 in =s u * w in which Jjg = specific flame out-kput, u = flame velocity, w = lower heating value, and k = constant for 
standard flame, 5 ratio of areas of port and inner cone or of velocities 
of flow and flame.

2/ Taken from smooth curve for data of series 1A of Table 13.

2/ Based on 913.8 Btu per cu. ft. at 6o°P., 30 in. mercury, dry gas, from 
A. Gr. A. Combustion, p. 38 (1932).

U/ i.e. , lower heating value corresponding to combustion of primary mixture.



Vo/c/me- /^reer? /  frfe/Attnis

Figure 16. Sample Curves Showing Relationships between 
Flame Velocity, Heating Values, and 
Specific Flame-Outputs and the Content 
of Methane in Mixture with Air; see 
Table XVIII.
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TABLE XIX

SULC-tARY OF CALCULATIONS OF SPECIFIC FLAME OUTPUTS FOR COMBUSTION 

OF METHANE VITH VARIOUS ATMOSPHERES

Volume
Percent

Combustible

Specific Flame Outputs 
Btu per sq. ft. per sec.
Primary Total

Volume
Percent

Combustible
Specific Flame Outputs 

Btu per so. ft. per sec.
Primary

(1) a = 0.209, X s-fc = 9.14-7

7.5
8.0 # 5
s.5 173
9.0 199
9.5 216
10.0 213
10.5 195
11.0 173
11.5 151+
12.0 130
12.5 110
13.0 92.8

(3) a = 0 .50, = 20.0

18.0 2200
19.0 2*400
19.5 21+90
20.0 2580
20.5 2600
21.0 26ll+
21.5 2610
22.0 2580
22.5 2560
23.0 2530
24.0 21+60
25.0 2380
26.0 2280
26.5 2200
27.0 2ll(0
27.5 2070
28.0 1990

(5) -a = 0.607, ^s4r = 23.3
20.0 29IO
21.0 3150
22.0 3360
22.5 31+90
23.0 3580
23.5 3630
21+.0 3620
21+.5 3600
25.0 3560
25.5 3530
26.0 31+70
27.0 3370
28.0 3270
28.5 3190
29.0 3120
29.5 3020
30.0 2930

(7) a = 0 .800, X c.4.= $U22£

2910
3150
3360
3^90
35^0
3680
3750
38*40
3900
3980
1+030
1+100
kirn
i+iso
1+190
U160
1+11+0

(2) a = 0 .39, xs* = 16.3
121 10.0 1+21
ll+5 11.0 563
173 12.0 708
199 13.0 866
217 ll+.O 981+
227 15.0 1130
219 15.5 1250
206 16.0 1270
192 16.5 1320
170 17-0 1320
150 17.5 1290
133 18.0 1220

I8.5 1120
19.0 10+40
19.5 990
20.0 933
21.0 S3 2

(1+) a = 0.552,_X*fc= 2L.6_

2200 20.0 2800
21+00 20.5 2920
21+90 21.0 3030
2580 21.5 311+0
2670 22.0 3li(0
2770 22.5 3135
2860 23.0 3110
2920 23*5 3060
2980 21+.0 3020
3020 21+.5 2970
3100 25.0 2920
3170 25.5 2830
3200 26.0 2760
3180 26.5 2710
31o0 27.0 2630
3130
3090

(6) a = 0.701. X  s’fc — 26.0
22.0
23.0 
21+.0
25.0
25.5
26.0
26.5
27.0
27.528.0 
29.0
29.5 
30.0
30.5 
31.0

3H90
3720
3930
1+130
1+21+0
*+330
1+270
1+21+0
1+190
1+llJO
1(010
3930
38I+0
3750
3630

Total

1+21
563
70S
86b
98l+
1130
1250
1270te7e-i34o
1380
ll+lQ
1380
1310
1260
1230
1200
1130

2800
2920
3030
31140
3220
3310
3360
31+30
3^70
3500
3530
3530
3550
351+0
3530

31+90
3720
3930
1+130
1+21+0
1+330
1+1+00
1+1+70
1+530
1+590
U660
1+690
1+690
1+690
1+6U0

25.0 1+530 1+530
26.0 1+810 1+810
27.0 501+0 501+0
27.5 5120 5120
28.0 5270 5270
28.5 5360 5360
29.0 5300 51+10
29.5 5270 5510
30.0 5170 5530
30.5 5130 561+0
31.0 501+0 5660
32.0 1+900 5750
32.5 1+800 5770
33.0 1+700 5780
33.5 1+560 5750
31+.0 1+1+30 5720
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figure 17. Relations between the Flame Outputs in the 
Combustion of Methane and the Content of 
Methane in the Mixture, for Combustion 
with Various Atmospheres; see Table XIX.



TABLE XX

SUMMARY Off RESULTS .FOR FLAME - OUTPUTS OF METHANE 

BURNED VITH VARIOUS ATMOSPHERES

Volume-
Fraction

Volxune-
Percent

Maximum Primary 
Flame - Output

Maximum Total 
Flame - Output

of Oxygen 
in Atmos­
phere

Combustible 
for Equiv­

alence

Btu per Volume 
sq. ft, per Percent 

Second Combustible

Displace­
ment
Djp

Btu per Volume 
sq* ft, per Percent 
Second Combustible

Displace­
ment
Dj t

0.209 9 .5 216 9.5 0 227 10.0 0 .5

0.390 16.3 1320 16.5 0.2 11+10 17 .5 1.2
,0.500 20.0 2615 * 21.0 1.0 3200 26.0 6.0
0.552 a.6 3i>JO 22.0 o.U 3550 26.0 k.k

0.607 23.3 3630 23.5 0.2 1̂90 29.0 5.7

0.701 26.0 1+330 26.0 0 ^90 30.0 H.o
0.000 20.6 5360 22.5 0 57SO 33.0 U.U

\

/*
/
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primary flame-output the relationship suggested by the approximate values 

in Table XX is regular and exhibits a maximum, while that for the total flame- 

output s is somewhat irregular but much greater displacements are shown.

These considerations indicate very marked possibilities of variation 

of intensities of combustion by the simple device of enrichment with oixygen of 

the atmosphere used for combustion.
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The literature relating generally to gaseous combustion has been re­

viewed and a critical examination of publications relating to the theory, to 

the measurement and to certain of the characteristics of the slow propagation 

of flame has been recorded. This examination showed some regularities in the 

behavior of the displacement of the mixture giving maximum flame velocity from 

the equivalent mixture that suggested this characteristic as an interesting 

topic for study, from both scientific and technical viewpoints. The effects 
produced on this displacement by important variables were found from published 

data to be regular in some respects but irregular in others. A rather crucial 

divergence was developed for the effects of the composition of the atmosphere 
used for combustion on the displacements for mixtures containing methane as the 
combustible.

Examination of this divergence was rendered difficult by the rela­

tively small displacements for methane. However, measurements of flame veloci­

ties in mixtures of methane with various atmospheres composed of nitrogen and 

of 20 to 80 volume-percent oxygen were made with particular reference to the 
range of mixtures giving close to maximum flame velocity. These measurements 

established qualitatively in contrast to previous measurements for this gas 

a regular relatio .ship between the displacement referred to and the composition 

of the atmosphere with a maximum displacement near 50 volume-percent oxygen in 

the atmosphere. The flame velocities obtained agreed in order of magnitude with 
comparable previous measurements. Similar relationships deduced from reliable 

previous measurements with other gases, hitherto unemphasized, led to the con­

clusion that this relationship is common to both types of combustible gases

of technical importance.
This primary conclusion was shown to be rather crucial in connection

with considerations of the gross features of the slow propagation f flame. An 

original development based on the thermal theory proved capable of explaining
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semi-quant itatively the effect established. This and other considerations em­

phasized the utility of predictions of the gross features of the slow propaga­

tion of flame that are based on the thermal theory, even though this theory 

is recognized as inapplicable to problems involving the details and inner 
chemism of combustion.

The data developed emphasize the importance of the displacement referred 
to in the technical utilization of gaseous fuels in general. Calculations of 

intensities of releases of energy based on these data demonstrated fundamental 

points in the technical aspects of gaseous combustion for methane or qualita­

tively for common natural gases. They disclosed a range of specific flame-
«

outputs of about 50-fold that ma.y be made available in the combustion of methane 

by enrichment with oxygen of the atmosphere used for combustion and by suitable 

control of the composition of the mixture burned. Quantitative estimates of 

these effects were given. Finally, the results produced collateral evidence in­

dicating that despite unexplained divergences in the literature a maximum 

flame velocity of approximately 330 cm. per sec. obtains for the combustion 

of methane with oxygen.
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TABLE XX

SUMMARY OF RESULTS FOR FLAME - OUTPUTS OF METHANE
BURNED WITH VARIOUS ATMOSPHERES

Volume-
Fraction

Volume-
Percent

Maximum Primary 
Flame - Outout

Maximum Total 
Flame - Cutout

of Oxygen 
in Atmos­
phere

Combustitle 
for Equiv­

alence

Btu per Volume Displace- 
sa. ft. per Percent ment 

Second Combustible Djp

Btu per Volume 
sq. ft. per Percent 
Second Combustible

Displace­
ment

0.209 9.5 216 9.5 0 227 10.0 0.5
0.390 16.3 1320 16.5 0.2 1U10 17.5 1.2
.0.500 20.0 2615 21.0 1.0 3200 26.0 6.0
0.552 21.6 3ll40 22.0 o.H 3550 26.0
0.607 23.3 3630 ' 23.5 0.2 ^190 29.0 5.7
0.701 26.0 ^330 26.0 0 ^690 50.0 U.o
0.800 28.6 5360 28.5 0 57 so 33.0 k.k
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