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I-T.ITRODUCTIQN 1

Considerations of the combustion of gases are essential to
progress in varied scientific and technicel 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 pheaneﬁa 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 geses 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 backeground; {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 eritical study of published
data; contradictions of some of these inferred regularities were also dis-
c¢losed, It was thought, therefore, that experimental investigation of an
apparently fundamental characteristic of the propagation of flame might
prove useful by establishing whether or not such regulerities exist. TFur-

ther, it seemed possible thaet on the basis of the data thus developed,



some 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,

FofeopaksfeRokdoRk



II - HISTORICAL

CHAPTER I - INTRODUCTORY

The formulation of a background for this investigetion necessi-
tated a critical examination of the literature in addition to extensive sur-
vey. Recent writings ;/ 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 prasctical 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 §/ and of Mallard and Le
Chatelier é/ disclosed the existence of several distinct modes of propagation
of combustion in gaseous mixtures. The propagetion of flame in the initial
phases of gaseous explosions takes place in general with low uniform veloci-
ties not exceeding e few meters per second, and this propagation is distinct
from subsequent phases involving irregular movements apnd detonating processes
witk 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 aspplication of this mode of combustion in
A

17 - see references Bl, Cl, L1, Tl, and B2, 02, end F1 (Symposia) for exem=
pless 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 amnd more advanced views seem absent in several in-

stances, Of possible general interest is reference P4,
2/ = See reference Bl. page 24, for an account of Davy's early work.

%3/ - See References B3, B4, BS5, B6, B7, and B8,

4/ - See references M1, M2, M3, M4,
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chemical engineering. The effects of several factors on the rate of the slow
propagation of fleme, the existence of a maximum in this rate, the coordinates
of this maximum and the effects of important variebles on these coordinates
will be considered, together with & treatment of the practical aspects of the

data developed,



CHAPTER 2 ~ ON THE THEORY OF THE SIOW PROPAGATION OF FLAME

General:

Analyses of the slow propagation of fleme in mixtures of combus-
tible gases may be divided into two types according to whether they are based
on & 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 thermel theory represents the clessical epproach and has been
widely accepted and elaborated. This theory, in its early qualitative form,
was the bagis of the reasoning that led Davy to develop his renoﬁhed gafety
lamp, The fundamental concepts were more clearly indicated much later by
Vicaire in a work (V1) 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
thrbughbut; in modifying his equations for the actusl phenomenon involving
the spread of combustion at a finite rate, he made the following observations
§/ that epitomize adequately the fundamental tenets of the theory and indi-
cate its state in 1870:

"En ralité!les choses se passent autrement: la combustion com-
mence dans une &tendue limitée, portée a l'incandescence par une cause exXw-
térieﬁﬁe, et se propage successivement dans le masse suivant une sorte d'onde;
elle ne commence en chaque point dque lorsque, par le voisinage des points en

/ . 4
combustion, la temperature y est devenue suffisamment £levée."

5/ Page 126 of reference Vl.
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The initiel systematic analysis of the slow propagation of flame in
combustible gases was published by Mellard (M5) in 1875. This author assumed
that the controlling factor in this p@ﬁnomenon was the transfer of heat by ¢on-
duction from the burned to the unburned geses; he 21lso assumed & linesr rela-
tionship between the tempersture and distance coordinates in this process,

His derivation mey be summarized briefly as follows:

——— Nomenclature:

initial temperature of the mixture.
temperature of inflemmation,
varietion in temperature.

temperature after combustion.

velocity of inflammation.

distance.

rate of cooling of a layer of burned gas by the
neighboring unburned gas.

time,.

perimeter of tube,

cross—section of tube.

f=1
g < oot O

nieeswwny

{ll it

coefficients of thermal transfer

{

A X0 PR W

t

a constant.

Developmﬁnt:

dt= kdl (2)

dt = udr” (v)

dl SV el (1)
at k

u = & (T-t) (e)

K =dt o _ (d)

= a{t-9)
a = m (e)
cs

Final egnation:

From substitution of the values from eguetions (e}, (d),

end (o) 1n (1), v = 224} _,,q[" R x I-t (2)

a(t-6 s t-6



1
Mellard stated that in this eguetion the coefficient\’ p depends
s

only on the shape of the tube, thet Y depends on the nature of the ges and
of the tube, thato(vc; depends uniquely on the nature of the gas, and that
these values for most gases, excepting hydrogen, are nearly the same. Egua~
tion (2) therefore reduced to sn expression of the approximate proportion-

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

T~ % (3)
Vv =5

This author noted the indicstion 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 expleined 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 detalled treatment, essentially similar to that
just discussed, was given by Mellard and Le Chatelier (ML) in 1883, These
authors considered the possibilities of the trsnsmission 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 eold gas for this energy, and {3) the patently unique applicability of
propagation by compression to movenent® with velocities of the order of the
velocity of sound. A brief summary of their development follows:

- Nomenclature:

@ = initisl temperature of the mixture.

t = temperature of inflammetion,

T's temperature at the instant of combustion.

T = temperature after combustion.

C = mean specific heat of the burned gas between tempere—
tures 8 and T,

Ct= meen specific heat of the burned gas between tempera-
tures t end T¢,



Nomenclature; (Conte.)

g = distance
T = time.
F(T,t) = 2 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 conduectivity of the unburned gas.

f(T,t) = a constant.

Development:

gt
Q = c(1~9), m7% ()
1 (g)
= & %1
If cl= c and € = 0, then T = T 4 t —(h)
cl(t-)ds = dF F(T,t)— (1)
as = y - B(T,% (W)
at cel(t-0)

Final Bquation:

v=%a£%'1';__t)g_) x £(T,t) (5)

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

These authors recognized the incompleteness of this analysis but

noted six deductions of particular interest:

(1)

(2)

(3)

(4)

The zone of reaction is at a temperature higher than that of
the hot burned gases. (Compare with Vicaire on page 126 of
reference V1.)

Two limits of inflammability exist corresponding to T = t in
Equation (%) for lean and for rich mixtures.

The velocity of propagation is inversely proportion=l to
(t-€)in Equation K, so that it incresses with increasse in
initial temperature Q.

Effect of the diameter of the tube: an equation
=6+ —5 (6)

c + k
rv

was developad in which k is a constant cecefficient of con—
ductivity and r the radius of the tube, the other symbols
having the significence 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 explained
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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 {emperature and volume.

This classical treatment was thus shown to be capable of explaining cer-
tain observed phenomena.

The inadequacies recognized in this trestment 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 fundamentzlly 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 represeht
only a more nearly completed mathematical treatment of the classical theory.
1/ Therefore, a detailed review of all of these elaborations will not be
made here. The deveIOpment of Nusselt (N1), continued by Jahn (J1), will
be discussed in some deteil because this alone has led to numerical results.

Nusselt (N1) attempted to relate the slow propagation of flame to
fundamentsl 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 temverature

Te ~ ignition temperature

Ty — temperature after combustion

T ~ temperature at any time
Ho® = partial volume of hydrogen before combustion.
009 partiasl volume of oxygen before combustion.

1

1

6/ see reference D1, J2, J3, JU, N1, M6, =nd #1.

7/ See appendix of reference Lz for discussion.



Nomenclature, Cont, 10

Cp - mean specific heat per unit volume between tempera-
tures Te¢ and Ty
R - gas constant
w - ignition velocity
X —~ distance coordinate in direction of flow.
01~ a constant
X = partisl volume of any species X
%[X] ~ concentration of any species X
¢ = heat content (enthalpy)
Qsq = quantity of heat.
h -~ net heating value of hydrogen per cu. m. 2t 150C, 1 atm.
Develooment :

[ = et e A

It was assumed that the maintenance of a stationary sur-
face of combustion a2t constant pressure was conditioned by heat flow by con-
duction from the burned to the unburned gas, a2nd this was expressed by

_ 288 Po .3500 = | dt ()
= ~T at
Q= Co(Te~T o) F5"T5600 A &

which would allow calculation of w if the distribution of temperature were
known,
Fronm thé egquation
2Hp + Op — 2H,0
the velocity is Y/

0 . iy PO P02

0 1,0)2 (050 ~ 2y ofT (v

Transformation of this by dx=
' dt

dH.0 _ k3Po2To x (Ho® ~3H,G)2(0,0-L
T RPB(tne) © (M8 TN m0) v B0 fr (D)

W % (1~3Ho0) gave

which contairs the temperaturs and the concentration of steam as dependent

varisbles,

8y/ w= --2-— K1 [i5]% L8 - Ko[Foq)® 5o Ea[H5]2 [0,]: since [H) =

2
. an 1 4Ho0 _ 2 /T,
since ] X] = %Tx X, A%gomaq- Opilip=l, £20 = Kl_,z Ho“05Hn0 —dgﬁ-ﬂdt ;

but Hp= Hp®-~Hy0, 0p=0,~3H,0, and therefore

AH 0 2 (0 2(0.,0-k £
=z Klﬁ%'r‘g(ﬂg ~H,0)<(05%-2H0) ~H50 T _, which is
at

identical with equation (K) when P is constant.
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The increase in enthalpy i in 2 volume element of thickness dx, 3/

.
44 = FsP0.288,3600 & [ e Téh-2Hs0 (1)
* 10000 Tq [ .
is accompanied by a heat flow
d ar
& A G =

and by heat of combustion

= wPo . 288,3600 ¢y _ 1 (n)
i@ v (1 aHgo)/,a( Hp0 e

These three guantities are related by the law of conservation of snergy so that

BredD ax=as (2)

d ) dt c
d )ity a
o7 Tl N gx) = #Po_+268.3600 -ﬁx[%T(l~%Hzo)Z + WPg.288.3500

1.
10000, T, T n(1-~3H,0)

GH,0
"'a}'%"-o- (9)

To enable an approximate solution of this eguation which will
give the course of temperature and of the concentration of steam, Nusselt
assumed (1) that the conductivity and specific heat remain constant, (2) thet
the contraction accompanying the reaction may be neglected, and (3) that the
heat developed from unit length (i.e., unit of distance coordinate X)) is
constant 2nd equal to the value atX = 0.

Then 5
= X1Pg7288.2600 h
%b R%T3. 10000 (B2° - H20)3(02°%m50) +

(——\\f—/”/)
wPo 288.3%000 hy dé T (o)

(1-320) 1
10000 T, 5%) 20

= PoJ ., 088.3500.h

0 (p)
R2,10000 C1(Ep°)202.

q/ From: i = w.3600.288P0 (1 -~ H0) 0.7
Ty +10000 ==

i ~Hp a [1c, (3-~5Hp0
T 10000 Ol -5—) + a [10,(1-3820) ]




If a = wPo , 288 , 3600 c¢p , the egustion for the temperature becones

10 000 To
Ad®  _aar +v =0, (10)
dx? dx

the solution of which is

‘- (11)

T = Ay + age 3Ky 2

The constants A; and Ly are found 10/ to be hy= Te-L39 and

) dt
Ay = Ty - Te ‘a')(l’ and when)(=}(1, ax Must ejual zero for a
QX
et~/

continuous curve so that

[E*. (Ty~Te) - Y1 ¢+ D aXi
A A a ex -b =9 (q)
a _

iken X= 0, /\%'E = a(Te-Tp), 50 that the eguation may be solved for w.
" X

F¥Final ecuation:

ax
mm6f=1ﬁﬂaMMmﬂa=ﬁ%%H%%u
D
and remembering that (TV-TO) Cp = hH2° as well as the values given for s

end b, the final eguation for the ignition velocity becomes:

w = _\[cl )\Po Toz (Ty-Te) Hzo 02° m/sec (12)
V 103.7 R® Cp (Tq = To)

Nusselt made numerical calculations with this formula and found
that if C} were chosen to make & calculated value agree with some experi-
ment=]l volue the cecord between observed and calcﬁ.lated values of w for mix-
tures of hvdrogen and air was rather good over the entire explosive rance.

He also gave eguations for the combustion of carbon monoxide, producer gas,

10/ From conditionsX= 0, T = T,
)(=){1,T = Ty

12
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snd mixtures conteining irert gases. He noted some indications from these

equations which are representative of the elaborated thermel 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 resction zone, computed from
3
Xye %iTv-To) is shown to be of the order of 10~Zcm,

(3) Two inflammable limits exist for Ty = T, end w = 0,
These limits should be independent of the vnressure P,.

(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  4n 2,18:1

\o.21

While sone of these observations are supported by experimentsl evidence,
others are not; this suggests inadejuacy in the basic zssumptions of this
type of enalysis.

‘ Jehn (J1) has pointed out thet Wusselt's use of the equation
(Ty “To) Cp = b x Hp 1s admissible only when there is no more hydrogen
present in the mixture than corresponds to the theoretical proportions for
complete combustion; as soon es the mixture contains aa excess of hydrogen
only as much hydrogen can burn in the reasction zone as corresponds to the
oxygen oresent, so thst eguetion (12) applies only when combustible is in
defect. Accordinglyy Jahn deleted this simplification and obteined an

equation valid for the entire explosive range,
DSy
24 2
C1 Hp"0g M (Ty-te) h3To F,

CpR (Ty-Ty) (Ty-T,) 103,7R®

L &= {13)

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

phere as a and the volume~fraction of inert in the ztmosphere 2s b so that



Ho + (1 - Hg) (2 + b) = 1
and O0g = (1 -Hylz

A final generalized eguation, grouped advantegeously, was given by Jahn ss

2
u= |fom, (1 -1y, A (g - 7e) B To (14)

L)
cp2 Te(Ty - To) (To-Te) y 103.7P

in which  Cp = kyP.?

RAT 2"

The first two radicals represent the effects of the reaction velocity and
of thermal factors, respectively; the value of the last rsdicsl is constant
for given initial conditions of tewpersture snd pressure,

Recent advanpces:

There have been many recent developments that have stressed the
necessity for revision of this classical approach to the problem of the slow
propagztion of flame. The inadecuacy of this approach has become obvious from
variocus 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 effeets of the therrel conductivity
end specific heat as predicted by formules based on the thermal theory
are verified experimentally, but the results are not at all in cuantitative
secord 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 alr or "atmosphere" from which com-
bustible mixtures were prepared. The meacsurements first recorded (C3) were
for spacial 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 umburned gas (Hl) showed a ratioc of

1.67:1 for these velocities in mixtures containing helium or argon, respect-
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ively, while the ratio of the thermwal comductivities of these mixtures is

several times this figure, ;}/ Other measurements of flame velcocities in
initial stages of combustion in bombs of constant volume (L3) and in soap
bubbles 12/ have led to the same conclusion, Lewis and von Elbe 13/ have made
the interesting observation that reasonable postulates of changes in other
quaentities in the equation of Mallard and Le Chatelier could be made that
would account for these effects, which postulates stress the importsnce of
diffusion phenomena in the flame front.

The importance of considerations of other than purely thermal
factors has been emphasized adequately in the literature __/.

Recent developments have shown the importance of reaction velocity,
chain reactions, end 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 gquantity were attempted that it is not a true property of
gaseous mi#tures but is affected by the properties of the system as a whole
and by time, ;g/ Perhaps the most cogent results showing the inedeguacy
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 Brediord

and Finech (Bl3), have furnished additional evidence that indicates the minor

This ratio is roughly 10 at ordinary temperatures.
See references F2 and page 374 of reference F3,
See P, 350 of reference L4,

For examples see references B9, B1O, Bll, Bl2, Bl3, Bl6, C4, H2,
J5, J6, and Ld4.

€ gk

For example see reference Bl, pages 9 and 80, and reference Cl, page 82,

&
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importance of temperzture snd shows that it may bve considered only =#s =

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 relestively simple in essentials, involved a mathemstical
treatment thet was extremely difficult and possible only through rather vigo-
rous approximations and assumptions. Only the general tensts 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 Tlow of heat
and thet the concept of ignition temperature was uncertzin. 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 relstionships of continuity, by the gas law, and by

the plausible postulate that the total energy per unit msss of mixture remsins

16/ A convincing experimental test (Bl3) of the purely thermal theory of the
electrical ignition of geses proved the necessity for otuner consider—
ations by showing that the igniting power of & spark is not a function
of pezk current but is more uniguely stipulsted by freguency. The
thermel theory implies that the igniting power of a given guantity of
energy lies dormant until conversion into heat is effected, and thus
igniting power increases with increasing entropy. The rstio 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 1ndi-
cate that despite possible decrease in igniting power from decrease in
either the amount or the rzte of energy dissipation, a suitable de-
crease in freguency may overbalance this effect. ZEntropy being zn ex-
tensive property, these results indicate that igniting power increases
with decreasing entropy (decreasing peek current and freguency); this
obviously contradicts the thermal theory. The authors advance an
"excitation theory of electricsl ignition™ which stipulates that the
condition for ignition is the production of a suiteble concentration
of speeifically activated species,
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constant throughout the nrocecs EZ/‘ The six equations ohtzined were
formally insoluble because of uncertsinties of the resction mechenism znd
lack of kmowledge of processes of multiple diftusion. Ressonsble sinpli-
fying assumptions and approximetions were therefore made, and these suthors
were successful in obtaining an equation which allowed celculations of
burnins velocities, These celculsted 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 relestive to the structure of the
flame front.

A recent application of these modern concepts to the results of
a study of the propagation of fleme in mixtures of hydrogen and oxygen at
low pressures (G2) has produced interesting evidence showing the importemce
of various factors in the propagation of flame,

A recent paper (Z1l) has considered the generel mathematical
trestment of this problem in detail, and has raised numerous objections to
the work of lLewis and von Elbe., Some of these objections are apparently
urged as basic in character. 'However, this treatment is of interest chiefly
from a mathematical stendpoint, The paper apparently contributes little to
the basic concepts noted above and exemplified by the work of Lewis ard vOn-
Elve, and is admittedly incapable of producing any general solution of the
p oblem. While forthoming publications by the euthors of this recent treat-
ment (Zl) may be of more poianted interest, this paper will not be given de-
tailed considerstion in this place for reasons noted and beczuse such review
would add nothing to e perspective of the problem in view of rarid develop-

ments in this rather highly controversial field.

17/ The thermal theory requires sn excess of energy in the unburned gzs
immedistely ahead of the flame; in the present theory this excess uey be
rendered vanishiagly small by the possibility of a few zctive oarticles
ipitiating reaction in the unburned gas et a rate much greater than thet

of initiation by thermal means.,



18
Summary :

The sum of the experimental evidence hss indicated that purely
thermal considerstions are definitely inadequate for the complete analysis
of the slow propagation of flame in gaseous mixtures. A4 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 plsces
& fundamental guestion 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{g/ that
the chemistry of the intermediate reactions in the combﬁstion 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 on}y
thé‘initial concentrations of the reacting gases., The further examination

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

78/ See reference J1, page 69,
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CHAPTER 3 - ON THE LBASUREMANT OF THE PROPAGATION OF FLAME

General:

Recent literature)9/ has treated in detail the various methods
for determining flame velocities, so that en extensive review would seem
out of order in this place. However, a concise report of a critical exami-
nation of certain of the fundamental litersture mey be given.

Terminology:

Considerable confusion has been caused by lack of explicitness in
the terminology used to describe the slow propagation of flame, 1In English,
terms such as "normsl velocity of flame movement," "velocity, or speed of
propagation," "velocity, or speed of combustion,™ "speed of uniform movement,"
*fundamental speed,”™ "flame speed," "flame velocity," "ignition velocity,™
"transformation velocity," and "burning veloeity™ have been used, and the
equivalents of these in French and German heve 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 serutiny 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 guantity, of which outstending 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

/g/ General treatments may be found in references Bl, C5, F3, L1, &1, and
S2.
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gaseous mixtures, This is a consequence of the geometry of the propag-tion
of flame: +this propagation is in a direction normzl to the flame front, znd
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 fleme in a direction normal
to the flame surface and relative to the unburned gas, This quentity is not
a property of combustible mixtures in the strict sense, sinece 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 (Bl4) 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
oceurred, Calibrations established the relationship between the velocity of

2o
efflux from the orifice and the pressure, and Bunsen stated §/ thet the velocity

3&— Referring to this, Bunsen stated: "Dieser RUckschlag musst n®mlich ein-
treten, wenn die Geschwindigkeit mit der das Gasgemisch die fusstrBmung-
soffnung passirt, um unendlich wenig geringer ist, sls die Geschwindigkeit,
mit der sich die Entzltndung von den Oberen brennenden Gasschichten nach
der unteren noch nicht brennenden hin fortpflanzt, Man hat dann nur die
Ausflussgeschwindigkeit des nicht bremnenden Gesgemisches bei dem Drucke,
unter welchem die Flamme zuruckschlug, direct zu messen, um die Fortpflan-
zungsgeschwindigkeit der Entztindung, welche dieser Ausflussgeschwindigkeit
gleich ist, mit annYhernder Genauigkeit zu erhalten,"
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of the flame was essentially equzl to the velocity of efflux at the instant
of flashback, thus introducing the fundamental concept of the dynamic egui-
librium in Bunsen flames, His measurements were basicelly in error because
of the implicit assumption that the velocity of the unburned gss was uniform
across the section of the orifice and beceuse of influences of the apparatus;
the method nevertheless was in itself a useful tool and laid the foundation
for the burner methods,

Gouy (Gl) improved end modified this method in connection with
studies of the photometric properties of colored flames. The innovetion 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 g;/; this fundamental adveance is termed the "Gouy po;tulate".
Gouy derived a fundamental equation expressing this eyuilibrium by considering
a filament of unburned gas of cross-section a and vertical velocity v striking
under an angle K an element of the cone surface of area w to which the flame

velocity V was perpendicular; velocities were related by

V = v sin &« (16)
and areas by

a = w sin £
s0 that

W=gay

v
and
Ewelavy . (17)
=

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

gl/- Gouy stated: "...l'inflammation se propagerait 2 partir de chaque point
de la surface du noyau et nogmalement s cette surface avec une vitesse
V. Puisque, dans l'etat de régime, la surface du noyau demeure immobile,
il y a, en chaque point de cette surface, 6galité entre cette vitesse V
et la composante normale g la surface de la vitesse v du filet gazeux gui
y arrive sous un angle R: V =y x sin®4,n
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to the discharge (Zav) divided by the flame velocity (V). To test this re-
lationship Gouy made the experiments listed in Table I, translsted 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 Géuy's work suffered from the same misconception as that of
Bunsen, i.e., that the ﬁelocity of the stream of unburned gas was uniform

across its section.



TABLE 1

TESTS OF VALIDITY U¥ HGUATION FOl BUWSEN COUE,

FRCGM GOUY, ANW,., CHIM. PHYS. (5) 18, 27(1879). 3f

First Condition Second Condition
Diameter of or- U Dismeter of or-
ifice, meters Surface ifice, mesters Surface

A - Excess of gas in mixture.

0.019 16.96 0.030 16.73
0.013 15425 0.030 15.19
0.019 22.20 0.030 22,60
0.019 33485 0.0%0 30,81
0.030 13.80 0.030L/ 13.18
0.019 9.2U 0.030L/ 9.89
0.030 17.24 0.0302/ 18,20

B =~ Neutral mixture.

0.006 342 0.002 3.21
0.005 1.89 0.009 1.92
0,006 0.93 0.003 0.86

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

g/ A disc 0,012 im, diameter was placed in the center of the
orifice.

3/ Tests made with discharze and mixture constant,
orifice varied; flame nrogected on screen and
ares of inner cone obtained from trace by con-
sidering it a so0lid of revolution.
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Meny later workers have used the burner method for studies of com-
bustion pehnomena, end while the Gouy postuleate has been retained there have
appeared various methods for obtaining the area of the surface of combustion
ory of treating the results. Thus, while Lichelson (M7), Corsiglia (C6),
Khitrin (K1), and Tammann and Thiele (T2) have retained Guoy's original method
of obtaining the area mentioned from the projections either of the flames or
of photographic negatives of these, Bunte and Semlanizin §§/ weighed cut-out
figures prepared from photogrsphs of the flames, several workers at Karlsruhe
§§/ have measured only the height of the inner cone, or determined its actuzal
area by probing with thermocouples (U4), and Stevens (53) measured the slant
heights of cones on photographs. Smith and Pickering (S2) mezsured 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 come 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 aspex 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, Bl2, J1, H3, U2, U3, U4, and US,

24/ A complete review was made in 1937 (D2) and a subsejyuent pertinent
peper (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
L1,
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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 sir. Thus, Ubbelohde
and Hofsass (%1) 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; erras with large excess of combustible
were many times this figure. These authors also stated that the HgW methods
agree for mixtures in the neighborhood of the maximum of fleme 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 thermccouples. 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
then 4 percent and passed through zero in this. range; richer mixtures gave
much greater devistions. Khitrin (K1) made similar studies for mixtures with
air of benzene end of ether and obtained %omewhat greater differences that
passed through a minimum near the stoichiometric mixture; this minimum was
of the order of & vpercent in tests with benzene at atmospheric pressure,

It has apparently been accepted abroad, and particulerly in Germany,

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

the appesratus used. Thus, Bunte and Litterscheidt (Bll) in an important work
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involving messurements of flame velocities in compiex mixtures of the chief
constituents of technical gases considered the accuracy of the method in
some detail and came to this conclusion. These zuthors advanced experi-
mental evidence in support of the unigueness 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
(Sl)., It has been found that the most consistent results may be obtzined
with the widest range of variations in experimental conditions through
measurements of the slope of the fleme surface at the diameter corresponding
t0 the mean velocity of the unburned gas by application of a fundamental
equation of the Gouy postulate.

In sum, 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 =s the flow of the unburned gas is lemipar, the ﬂ@?ﬁe velocities ob-
teined by these methods are independent of this flow over the extreme range
giving stableA£§22£:é secondary combustion has no effects on the results

when the flame velocity is near its maximum; the results are indenendent 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 vorianbles 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 t.0 types that utilize either the propsgation
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 propagstion 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.gg/ that the
propagation of flame may be yuite accurately spherical.

4 Tirst method was developed by Stevens (S4) for investigation of
flame propagation under constant pressures and was used by this author in
several studies, EL/. 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
éimple znalysis of the data allows deduction of the fleme velocities., How-
ever, it has been found that certasin of the earlier results must be ques-
tioned because of the raspid rate of interchange of water vapor between the

critica /
mixture and the atmosphere surrounding the bubble. This effect is of  izmities

25/ TFor example see references ¥3, K3, and El,

26/ See references 34, S5, 56, 37, 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, g_/. It involves the measurement of pressure as well as the photo-
graphic recording of the movement of the flame and possesses certcin 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
photogrephic 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 znd 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 messuring pressures which vary rapidly and over = wide range, but
is capable of ready adaptation to studies of the effects of veriables such
as temperature and pressure. Lewis and von Elbe have indicated §§/ that a
combination of procedures involving the simultaneous records of pressure and

of flame travel by photographic means leads t0 an optimum procedure which

27/ See references ¥3, L1, and L6.

28/ See pages 180-183 of reference Ll.
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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 é; Chatelier and was employed extensively by
Dixon and followers in the British school in studies of combustion phenomensa,
These early results, which have been adeguately summarized by Bone and Town-
send_gg/, 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 areas 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
ﬁethane (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 date., However, there are cogent indications that these methods are cap~
able of giving values for flame velociﬁies which are in substantisl 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 sppeared that the burner method gave much lower values then 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 azir. 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 date. 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 (U3), more recent values (J1) have introduced a descrepancy which has
not as yet been explained or verified by other data.

Results have been attained im initisl stages of explosion in bombs of
constant volume that agree with those obtained in bombs of constant pressurey
30/.

The modified tube method was originally compared with the results
of other workers using the burner method by Coward and Hartwell (C5) end
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 asccept, in the abscence
of further data, the eguivalence of these methods for measurements of the same
fundamental guantity.

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, emd page 7 of reference T4, and
page 3 of reference F2.
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wide variations in experimentel varizbles 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 (L1) are undoubtedly of unigue interest.
In contrast, the stuvdies of the propagation of flame in cases in vwhich a
constant pressure obtains may be made most simply, perhaps, by one of the
other methods described. Simvlicity 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 reletionship of the results to problems

of the utilization of gases in Bunsen burners,



CHAPTER 4 - ON FERTINENT RESEARCHES ON THE COBUSTION PROCESS TN GASES

i

The Nature of the Relationshiv 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 veloclity were made in
1875 by Mellerd (M5) with mixtures of metbane and sir using the originel
method of Bunsen. The dete are summarized in Teble II and Mallsrd's original
curve is reproduced in Figure 1, The curve of Figure 1, although question-
able because of the method employed in its derivetion, shows the general
nature of the relationship between the flame velocity and the proportion of
combustible in the mixbture burned. The outstanding cheracteristics of this
relationship are the existence of a meximum in the flame velocity and the
apparent indications of zero flame velocities in two mixtures corresponding
roughly to the two limits of inflammebility. The meximum flame veloeity is
seen to be attained with a mixture containing aspproximetely 11 percent me-
thane, while the mixture in stoichiometric provortions contains only 9.47
percent methene; maximum flamse velocity is attained therefore in g mixture
containing an excess of combustible. This divergence §l/ was noted by
iizllerd 32/.

The subsequent work of M=llard and Le Chatelier (ML) intrcduced

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

This divergence of the mixture giving maximum flewe velocity from the
wixture in combining proportions will be referred to as the "displace~
ment Dv" or simply as the #displacement.”
Mallsrd ststed:

"]l est 2 remarquer que la proportien qui donne le vitesse maxime

N\ .

ne enrrespond point exectement a ce}le nour laguelle le grisou trouve,
dans l'oxyggne de 1'alr, la quantits nécessaire Eour se eombustien. Eg
effet 1 volume d'air contient la quentit® d'oxyedne nécesseire pour hruler
théoriquement 0,148 vol, de grisou, tendis que la vitesse maxima est
obtenue avee 0,122 vol, de grisou seulement.

Ce fait sirgulier tient sans doute a cet Scuilibre chimijue si remar-
guable et encore si mel connu que if. Deville a sirnsle sous le nom de

tension de dissocistion, et gui gpse une limite 2ux combinsisons gui Dpeu-
vent s'effectuer entre les gaz mélanges,"

¥
2

&



TABLE II

FLAVE VELOCITIES IN MIXTURES UK METHANE AYD AIR AS DETERMIWED BY

MALLARD, ANN. CHLi. PHYS. (7) . 35% (1875) BY BUNSEN'S METEODL/

Volume percent methane Flame velocity,
in the mixture meters per secC.
7.9 0.041
9.3 .325
10.3 +505
10.6 +550
i1-3 .52l
11.5 515
11.8 440
12.3 <375
13.8 «139

1/ Values based on flashback of a Bunsen flame through
an orifice.
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on the composition of the mixture by indicating that this relationship could
be represented fy two obliyue straight lines intersecting at an apex corre-
sponding to the maximum flame velocity. Terly cogent indiestions 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 proncunced curvsture 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 t0 the
axis of abscissas where the speed would be zero. This guestion was the sub-
jecet of further work by the later school of English investigators 33/, who
concluded tha% 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 gg/ that the extrapolation of the curves relating flame
velocities and mixture compositions, with suitable allowances for the effects
produced by secondary air in normal Bunsenwflames; may furnish useful indica-
tiOné of the limits of inflammability §_/. This subject has recently been

considered in detail by Bunte =nd Jahn (B15)., The direct measurement of these

33/-See page 109 of Report Bl,
34/-5ee references J1 for example.

§§/-For example, ﬁxtensiOn of the curves given by Coward and Hartwdﬁ((Cﬁ)
for flame velocities igr %5§ures of methane with air from the modified
tube method to the axisg) limits of inflemmability 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 Generzl Existence of the Displscement Dy: 37/

Returning to the other outstanding feature of the relstionship of
fleme velocity and mixture composition, many investigations of the combustion
process in gases have led to & generasl recognition of the displacement Dy as
a generel, outstanding characteristic of the slow propagation of flame, This
hes been expressed by meny 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 =nd was indicated even by
the results of measurements of spacial flame gpeeds in tubes, it is emphasized
here because of the existence of some misstatements in recent reference works
E;/. The divergences smong individual results noted in Teble IIT 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 J7 for examples.
37/~-See footnote 31, page 32 for definition.

§§/—Thus, on page 268 of reference H4 there sppears the following statement:
"The maximum flasme speed in tubes is ususlly 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 experimentel 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 meximum 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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Su.u st SHCU IV VEE vm. kil STISTENCE Jd i DISTLL F Uy vie wIZTUCE
Su CAeIaun wLhA e VAL SITY b D PRI A‘4“\¢y£/
Conmbustible [lixscura: Volume Percant Combustibley Iisnlacement,: Refersnce ~nd
for Uy iiethod of
Equiv-lence HaXimum Censurensntl
Flame
Telocity
Hydro-sn - air <5 b2,k 15,0 (1), surner

n " I 15 (2), i

] n n M} 13 (5), "

n 1] " Lp);.o—’ 13.5 (Lr,) , n

" i n s 2/ 13.2 (»), "
Hydrousn — oxysen 06.7 71..0 L3 (Wy,

" n. n 71 L (3), "
Corbon monoxide — air 29.5 y2 3/ 12.3 (5), "

" i ] I} 53 23 (6>, n

" " i " 53 23 (l), i

" n n " u5 15 (2), 1t

] ] ] 1 51 21 (3), "

f n ] " 52.5 23 (u), "

" " n " Y7 17 (7), "

H ] n n ug 19 (8), Tube
Carlon monoxids - oxvzZen 057 7745 10.8 (4), Burner

] n " " 7& 7 (2), "

U " " " o7 0 (10), So=p bubble

" 0 " " o 0 (10), Burner

L L L 6.2 62 b1 (11), Soap hubble

gthene - air 2.47 2. 0.2 (5), Furner

U " " 10 0.5 (o), "

u " n 10.5 1.0 (1), "

1] ] 1 10 0'5 (2)’ "

" n " 10 0.5 {3), "

" i it 10,4 0.2 4y, "

f i " 2,% 0.4 (12), Tube
sethene - oxygzen 3%.3 33 0] (9), turner

" n " 33 0 (37, n

i il " 3343 0 (4), "

" " i St 1 (10), So=n bubble
Ethone - air * 5.0 268 é/ 0.2 (5), “nrner
Pronane - air 349 L3 {/ Oult (5), "
Butsns - air 2.1 3u5 3/ 0Ll =) v
Butane ~ oxysen 1343 13 0 (l;)’ Soen 3ubbb§
Pentene — air 2.0 3 0.l (92, duine‘
Hsxane - air 2.2 2.4 0.2 (3), '

Cyclohexane — plr 2.3 2e3 0 (5),

— = N . e
pthylsne - 2ir 5.5 1 0. (6), Burner”
" " 6.5 6.8 0.3 (), "

dcetylane — zir T.7 8.8 2.1 (8), "

n " 7.7 3.8 1.1 (2), "
Acetylene ~ oxyien 28.6 23 (2), "

t L 2346 g (3), "
Propylens ~ =ir Vbl b3 0.4 (&), "
Disthlether - air 3.b 4.5 L.k (6), "

" ? 3.1 3.6 0.2 (b,
senzena - air 2.7 7.0 0.3 (2), "

" " 2«7 2.8 0.1 (&), Tube

n f 2.7 2.7 0 (1), Zurner

coordinates of

2/ llethois: "surner" - based on the Lunsen cone; "gosp bubble! - the constant
sressure womb stav i4ale! - the modified tube method of Joward
nd Hartwell; t see nrevious chapter. DReferences listed:

(1) itterscheidt, Dee Gas u. Wwasserfach,
(1220)
(2) jos dos u. wasserfach, %, 313 (1230)
() .stafeln: R. Gldenbourch, serlin (1237)
(L) J?hn, uer Zindvorgenz in aosgemischen, B, Oléenbeourgh,
cerlin (193k)
() organ, Anericsm One Prectics, II, 515 (1930)
(5) Bunte, Das 9as u. wesserfsch, o, 213 (1332) )
’7) Kolodstew -né Zhitrin, Tech. Phys. USSR, 3, 107% (1938)
(3} ¥nitrin, ©ech. Phys. USSi, 4, 116G (1837)
(3) irleswer and others, Z. Autocene Vetelbesrhaitvng, 22,
257 (1536)
(19) =
(11)
(1e)
(1)
(1%)
1/ tatrautal frem dats civen in terms of marcent o theoraticsl =ir.
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Pertinent Data for the Displacement Dg:

The definition of the maximum of flame velocity in the usual curves
is a matter of considerable difficulty because many of the date published in-
clude very few points for mixtures giving close to maximum flame velocities.
However, the data listed in Table III illustrste seversl widely recognized
general points: displacements are largest for mixtures of carbon monoxide
with air, mixtures containing hydrogen also give large displacements, and hy-
drocarbonfand combustion with oxygen in genersl give low displacements.

Within limits warranted by the data, several investigations have
indicated that pressure has no marked effect on the displscement., Thus,
Ubbelohde end Koelliker (UZ) mezsured 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 relstionship between the displacement and the pressure, the data are badly
scattered and these authors concluded (page 84 of ref., UA} that the maximum is
not noticeably shifted in the direction of the abscissa., Measurements were
glso made by Ubbelohde and Andwandter(U5) for these ssme mixtures under pres-
sures ¢f from epproximately % to 1 atmosphere in 6 steps; these also showed
the abscence of any effect on the displaucement (p.231 of ref. Vb}., More recent
works studying the effect of pressure on the flame velocity by verious methods
heve shown no effects on the displacements for pressures from 1 to 3,5 atmos-
pheres for mixtures with air of benzene and ethyl ether (K1) 39/

Other meassurements have indicested that the character of an inert

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

gg/-A reserve is required in some cases beceuse of sparsity of the data. ' 1%
should slso be noted that measurements in soap bubbles, see references
810 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 then unicue ef-
fects of the latter factor slone.

ggﬁ 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 irreguler. Thus, the measurements of Ubbelohde and
Dommer (U3) indicated a progressive incresse in the displacement D; as a
consequence of increasing the temperature of prehesting up to over 400 deg.
C for mixtures with air of carbon monoxide snd of methene, This is indi-
cated by the data of Table IV, A, which show a progressive increase in the
amount of combustible regquired for maximum flame velocity with increase in
the temperature of preheat. (The equivalent mixture is not affected by pre-
heat, of course.) The later mes-urements of Passauer (Pl) were madé 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 date
for the mixtures of hydrogen and ethylene show relative independence of
these two factors. The irregularities in certazin of the data may originate
in scattering in the neighborhood of the maxima., Other corroberative evi-

dence is given by Tammann and Thiele (TZ).



TABLE IV

EFFECT OF PREHEAT ON THE DISPLACEMENT OF THE MIXTURE GIVING MAXIMUM

FLAME VELOCITY; PREPARED FROM UBBELCHDE AND DOMWER, J. F. GASBEL, &7, 757 (1914)

AND PASSAUER, GAS U, WASSERFAGL, 73, 213 (1930)L/

Prehest, Volume Percent Combustible for
oG, Haximum Equivalent Displacement2/
Flame Velocity Mixture Dy

A - From Ubbelohde and Dommer:

1. Mixtures of carbon monoxide and air

20 Lg 29.5 18,5
1% 0 y 0.5
3% 51 " 21.5
us0 53 " 23.5
2. Mixtures of methane and asir
20 9.4 9.48 0
185 9.7 " p.2
430 10.2 “ 0.7
B « From Passsuer:
1. Dry mixtures of caxrbon monoxlde and air
20 ko 29.5 10.5
85 ko " 10.5
180 Yo " 10.5
05 3 " 12.5
35 L5 " 15.5
540 % " 20.5
2, Moist mixtures of carbon monoxide and air
20 }46 2905 16»5
100 43 " 19.5
230 49 " 19.5
35 7 " 17.5
k60 49 . 19.5
550 52 " o &
}.v dixtures of methane and sir
20 10,5 3.5 1.0
35 10.7 " 1.2
200 10.38 i 1.3
5H0 11.0 f 1.5
ﬁYO 11.0 " 1.5°
520 1l.2 " 1.7
010 " 11,0 " 1.5
. 680 10.8 1 1.2
b, uixtures of hydrogen and air
20 45 2.5 1645
120 45 1 it
310 45 " "
ide] IS " "
Hs Mixtures of ethylene snd sir
20 0.9 6.5 0.k
110 7+0 " 0.5
160 7.0 f 0.5
290 7'0 " 0v5‘
L5 7.0 " 0.5
515 BeB " 0.1
0. lixtures of Weiner city zas and air
20 22,0 21.6 Qo
120 23.0 " 1.4
280 23.6 " 2.0
510 237 " 2.1
645 23.0 " 1.L
720 2%.0 n 2.0

;/ All measurements of flame velocities by the burner method.

2/ Displecement of ixturs giving maximum fleme velocity from the equivalent
mixture. v
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Some interesting effects were de&éloped by further scrutiny of
available data. Thus, tabulestions 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 meximum flame velocity for these mixtures when burned with
air were judged from the published date end curves. The displacement Dy
thus found was reduced to a "percent displacement™ by division of the sctual
displacement by the volume-percent of combustible in the ejuivalent mixture;
this placed the resulits 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 digplacement: (1)
rapid decrease, (2) relative constuncy, and finally (3) slow decrease of
the percent displacement for the mixture. Only the curve for mixtures of
carbon monoxide and acetylene with sir shows marked divergence from this
general nature. Another regularity sucgested by Bunte (s12) that has ap-
perently been given credence abroad g}/ states that for hydrocarbons the

displacement decreases as the size of the molecule increases,

41/ - See page 123 of reference Blé6.



DIVEL s oS e DN AES GIVT s ANDUD wa s T dTPTES
e .
WM odls o LARY tig_‘.uI_.yb-/
Volume Lols »ir reo'd. Volure  .iols air ragtd. otal % ues Ges
rroction ner for Froetion rer for Air in nfhf Displacement Percent
of "ol rraction of Mol ¥raction Reg'd., Theoret. ilaXimum Dy Disnlacementg/
A B Mols LIixt. ¥lamse

Tzlocity

Series 13/ A=CO, U=Hno:

1.0 2.39 2,30 0.0 2,35 0.00 2.29 22,5 53.0 23 .5 2.7
0.9 2.79 2,15 0.1 2.3 0.2 2,32 22,5 a0 12.5 65.2
9.5 2.33 .01 0.2 232 0.h8 2.32 22.5 L7.0 175 5243
0.7 2,70 1.57 0.3 2.33 0.72 2.72 2245 ”?-5 10.0 L3
0.5 2,52 1.43 0.1 .32 0.07 2,39 23,5 uh.§ 15.0 30.9
2.5 2,79 1.20 0.5 2,30 1.2C 2,22 Eee LLi.0 1.5 2.1
0.4 2,52 0.27 0.5 2,59 1.43 2,79 2. I 1.5 b3.1
C.3 2,50 0.72 0.7 2,33 1.57 2,393 29.5 W40 1k.5 13,1
0.2 2.3° 0.4g 0.3 2439 1.71 2.39 22.5 k3. 1%.3 L6.3
Cal 2.3 0.24 0.S 2.3 2.15 2.32 29, 47,0 1%.5 Ls,7
0.0 2.%0 0.00 1.0 Pe73 2455 2,59 29,4 ha.s 12.0 L1
. Lt/ o
Series 24 A=uJ, 5=08o:
1.0 2,52 2,739 0.0 14,34 0.0 2.3 23.7 53 27,5 79.7
Je385 2.52 2.35 0.015 14,34 0,22 Y 25.0 Iz 13.5 4§, 7
0.25 2,53 2.27 0.05 14,34 0.72 2.09 25.1 54 349 3545
Cas 2.32 2.15 0.10  1hk.3h 143 358 21.8 30 Za2 37.5
Ued 2.%3 1.21 0,2 BRI 2.37 .75 17.3 23 5e7 32.2
0.4 2055 1.20 0.5 ARIGREOI 7.17 8.37 10.7 1L 5.3 0.8
2.0 2,33 0.00 1.0 14,54 1k.sh 1k, 3k 5.5 85 2.0 30.6
Seriasg ?ifﬁﬁvu, =vphpt
1.0 R 2,33 O 11,50 0 22,5 57 23,7 13.7
0.2 P 215 0.1 11.25 23.0 15 120 5045
0.8 2,32 1.21 0.2 11.-5 1542 27 3el n .o
0.5 2,75 1.20 0.5 11.25 10.2 15 0.8 22,7
0.3 2,32 0.72 0.7 11,55 2,18 12,8 S 35,7
0.0 2435 0.00 1.0 11.25 7.72  10.0 2.7 22.F
Serics ui/azoo, B=CHl:
1.0 2.39 2.3 0.0 2.55 0.00 2.39 22.5 53.0 27,6 0.7
0.2 2.329 2.15 0.1 2.46 0.36 2,11 ol EAe 12.7 H2.3
0.8 2.3 1.91 0.2 0.56 1.1 3.32 20,7 28,5 7.8 27.7
0.7 2.79 1.67 0.2 9.h6 2.37 b=l 18,1 23,2 R.1 28.2
0.0 2,30 1.43 0.4 2.50 3.82 5.2k, 15.0 20,7 bow 28.1
9.5 2.73 1.20 0.5 2.5% h,78 5.98 14,3 18.0 .7 25.9
0.3 2,320 0.72 0.7 0.56 6.02 7.4 11.9 1h,8 2.2 o h
0.6 2,33 0.00 1.0 9.55 2456 Q.50 2.47  10.% 1.03% 10.9
Serise EE/ a=tHo, BE=CHh:
1.0 2.32 2,20 0.0 2.50 0.00 2.39 22,5 Lo, 5 17 Ly
0.3 2.3 2.15 0.1 5,56 0.96 3,11 ob. 2 32,0 7.7 31.6
0.8 2.32 1.21 0.2 2.55 1.21 5.82 20.8 2K, % b7 22,0
0.7 2,322 1.57 0.7 2.56 2.87 Lsh 15.1 2l.= 3L 15.8
0.5 2.%2 1.3 0.l 9.n0 3.82 s 25 16.0 12.0 7.0 15.7
¢.5 2.39 1.20 0.5 2.50 L, 78 5.28 14,2 17.0 2.7 13.2
0.3 2.32 0.72 0.7 2.R5 Ge0C 7.4 11.0 1k,0 2.1 17.6
0.0 2.79 0.00 1.0 9.55 0.RA 2.56 o2.,L7  10.% 1.0 10.2
Series 6&/ A=Uu, D=CgHy)s
1.0 2,32 2,39 0.00  UsY 0.0 2.2 0,5 53 27,5 7247
0.22 2423 2.37 .01 bhs,L 0.Lg 2.52 °h.2 L0.5 ARENRIY sh,.9
0.275 2.39 2.%% 0.025 Us.h 1.1k Ry 22,1 S0.6 3.2 2546
0.95 2.32 2.27 0.05 sl 0.27 Losh 13.1 22,0 3.0 2l.5
0.2 2.32 2.15 C.l bk W, 6.6 13.0 16 3.0 23.1
0.4 2.3: 1.91 0.2 s 1 3.0% 10.93 .54 10 1.65 12.2
0.5 2.39 1.29 0.5 L5 22,7 2%.9 b,02 L.g 0.2 11.0
0.0 2.79 0.00 1.0 Le b L, L Ly 2.15 2." 0.24 15.7

1/ Commuted from dots given Ty Bunte snd Litterscheidt end by “unte in Lss Gre und Lrsssrfach, {3, 837 (1930) and
[5, 213 (1272), =and li~ted in columns 1, U4, ond 2,

Jignlamcamsnt Dy divided by - gas in theorsticsl smixture snd rmltinlied by 100,

2
y

Z/ Dat~ for sre 2t meximun fleme veloelty from Bunte ond Litterscheidi, footnnte 1.

L Zata for s ot maximum flame velocity from Zunte, footnonte 1.
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Finally, a striking situation was found to exist that has appar-
ently escaped the attention of investigators and thet seemed to demand inten-
sive study in the light of the foregoing. This reletes to the effects produced
by the oxygen content of the atmosphere used/ for combustion on the displace-
ment Dy for various geses. The first works designed to disclose in e syste-
natic 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) end by Payman(P2) snd were discussed more recently
by Payman and Wheeler(P3). These data were obtained by the early tube method
gg/ for mixtures of methane with atmospheres composed of oxygen and nitrogen
in various proportions, Figupes listed in Table VI were derived as most re-
presentative of the published results, and the actual znd 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 &s a result of incresse 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 (J1) has investigatedby the burner method
these same effects(of concentration/gf oxygen in the atmosphere used for com-
bustion on the flame velocity) for mixtures of hydrogen, carbon monoxide and
methane with stmospheres pomposed of various proportions of oxygen znd either
nitrogen or carbon dioxide. Although detsiled considerstion was given the
displacement DV in this investigstion, as noted in the next chapter, no
general attention was spparently given the interesting relations indicated

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

42/ Although the measurements of the special speeds of flame have been
criticized, there is reason to believe in the utility of Ybasic indi-
cations derived from such measurements. coriain
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TABLE VI

EFFECTS OF CONCENTRATION OF OXYGEN IN THE ATMOSPHERE USED

FOR COMBUSTION ON THS DISPLACEMEITS OF THE MIXTURE GIVING MAXIMUR

SPACTAL FLAE SPERDSY/

Volume~percent Volume-percent of Methane Displacement Percent
Oxygen in in Theoreticsl for Maximum Dy 27 Displacementi/
Atmosphere ¥ixture Flame Speedl

A ~- Data of columns 1 and 3 deduced from results of Mason and Wheeler:y

15.05 7.02 7.2 0.2 2.8
17.60 8.08 Sult 0.3 a7
13.85 8.61 9.0 0.4 4,5
20.6 9.34 g.9 0.6 6.4
20.9 9.7 10.0 0.5 Be3

B —~ Data of columns 1 and 3 deduced from results of Payman:i/

21 9.u7 1020 0.5 5e3

33 14,58 15.8 1.2 8.2

50 19.84 20.0 0.2 1.0

66 25,08 25.8 0.7 2.8
100 33,00 33,2 0.2 0.61

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

2/ Column 3 - Column 2.

3/ (Column 4 x 100) + column 2.

4/ From Trans. Chem. Soc.,1ll, LCML (1917).
5/ From J. Chem. Soc., 117, 48 (1920).

6/ Obtained by sczling published curves.
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Thus, for discussion of the effect of the concentration of the oXxygen in the
atmosphere on the content of combustible giving maximum flame wvelccity, Jehn
constructed the graph reproduced in Figure 4 but apperently overlooked the
indication of & 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 egquivalent 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
é@/. 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 methene,
the lower curve of Figure 5 suggests a relative coastancy of the displace-
ment despite changes in the concentration of oxygen in the atmosphere, and
some irregulsrities are suggested in the curve for percent displacements for
mixtures containing methane, Further, the curves of Figure 5 for the actual
ai splacements for hydrogen and carbon monoxide exhibit definite coincident
naximz 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 guestionable 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 displscement DV is a fundamental characteristic of the slow

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

43/-Jahn (J1) elso gives data for atmospheres containing COs instead of Ngp
as inert that show similar effects.
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TAPLE VII 45

EFFECTS CF CONCEITRATICH OF OXYGELW IN T2 ATHOSPHERE USED FOR

x)

COMBUSTION (I THE DISPLACEVELT UF THE MIZTUEE GIVING AXIVUM FLAVE

VELOUITIESY
Composition of Atmosphere, Content of Combustible Disnlacement Percent
Volume Percent for Dy Displacement
OxXygen Nitrogen Equivalence Maximum

Flame Velocity

Series 1 - Hydrogen:

100 0 6547 71.0 43 0.4
98.5 1.5 66.5 71.0 4.5 6.8
90 10 6l.3 70.0 SeT 843
80 20 61.0 68.5 649 11.2
70 30 RSl 67.0 546 4.7
60 L0 KU Hl.5 9.9 18.1
50 .50 50.0 0l.5 11.5 23.0
ﬁo 60 L,y 57«8 13.0 2.2
35 65 Li.2 550 1%.8 3345
30 10 37+5 El-i 1k.0 513
25 75 3%3.3 7.5 14,2 bp,5
21 79 29.6 43,0 13.4 45.3
17.5 82.5 26.0 7845 12.5 4g.0
15 g5 23.1 35.0 11.9 Fl.5
12.5 87.5 20.0 31.0 11.0 5540

7 9% 12.% 20.0 7.7 62.6
Series 2 - Carbon lionoxide:

100 0 66.7 ) 10.8 16.2
93.5 1.5 66.5 77.% 11.0 16.5
80 20 6140 155 1%.9 22.0
60 iTy) 5H.0 72.5 17.3 32.3
40 50 Ll,5 67.0 22.R RO.5
30 70 3745 61.5 2L.0 64.0
21 75 29.0 52.5 22.9 7.3
17 &3 254 - 47,0 21.0 85.0
13 87 20.7 40.0 19.3 3.2

7 93 12.3 25.5 13.2 107.3
Series 3 - Methene:

100 0 3353 333 0 0.
98.5 1.5 33.0 33.0 0. ~0
80 20 28,6 29,5 0.9 3.15
60 Lo 3.1 ok, 2 1.1 k.75
40 60 16.7 18,0 1.3 7.78
30 70 13.0 1k, 2 1,2 3.23

.25 75 11.1 12.2 1.1 2,21

2L 19 9.5 10.4 0.9 5.53

Al 86 6.5 7.3 0.5 12.3

v
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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 date for methszne;
conflicting indications exist in this connection, and include suggestions of

relative independence end of irregular relaticnships between these two factors.

Prior Analyses of the Displacement DV:

An early observation of this displacement was interpreted by
Mallard (see footnote $2of p.F2 ) as a consequence of dissociation., Mallard
and Le Chatelier (ML), on the other hsnd, suggested that the marked effect
they observed for mixtures of hydrogen and air was due to 0pp$§ing effects
of the temperzture 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-
cuately for the phenomen&n 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 Tirst systematic treatment of this displacement was giveﬁ by
Peyman (P2) and was later reviewed by Paymen and Wheeler (P3)}; these con-
siderations were based on measuréments of the spacial speeds of flame in
tubes but are nevertheless of pointed interest, The anclysis is based on
concepts of the thermal theory of the slow propagation of flame, previously
reviewed. These authors conecluded that the spacial speed of flame depends
on the tempersature and on the rate of reaction. A major factor in deter-
mining the tempersture amd the amount of the displacement was given as the
specific heat of the gas added to zn eyuivalent 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 wass action expressed in terms of the initisl
concentrations of the reactants. From the law of mass zction, Payman noted
that éé/ for the combustion of methane or of hydrogen with any given atmos-
phere the meximum effect of the mass action factor is obtsined with an excess
of combustible in the mixtufe except for combustion with pure oxygen when
this maximum coineides with the equivalent mixture, This displacenent de-
mended by the effect of mass action was opposed in Paymen'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 displscement.

Several experimental verifications of this reasoning were made by
Payman and by Psyman and Wheeler, énd included (1) the establishment of ex-
cess oxygen in the mixture giving maximum flsme 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, &nd (%) the absence
of the displecement in the combustion with zir of a gas such as producer gzs

which contsins a high proportion of inerts,

44/-rdyman's deduction involved the implicit assumpition of termoleculear
processes, and may be seen as follows: designate as Oy 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 methene and of hydrogen, respectively,

we have X)2 2
= - - 2
¥ = Cery X Coz =X [(100 0] X(loo-)()%l%o)

.QX = 0 = 100-3x, x= 33-1/3 for methane s

= Cpp? x co - x:i[(loo-x 1150]

== = 0= 200 -3X; X = 66-2/3 for hydrogen.
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Coward end Jones suggested (C3) that the influence of mess action
on the rate of reaction in mixtures of methane and sir would be obscured by
the influence of the widely different temperatures obtaining in mixtures near
equivalence. These authors felt thet Paymen's argument was strengthened how-
ever by the data they obtained (mentioned on p.ﬁ4and indicating the absence
of any effect on the displacement of widely differing flame temperatures snd
thermal capacities and conductivities) and noted thet this argument if correct
implied a low temperature coefficient for the combustion reaction at flame
temperetures. There is theoretical support for this last view from the
Arrhenius equstion.

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. TFor 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 dissocistion of the
products of combustion ég/; they also noted the lack of agreement between the
mixtures giving maximum flsme temperstures and maximum flame velocities. These
authors observed gg/ thet the displacement for propsne, butane, and ethylene
should be less than that for methane, while in faet those for propane and
ethylene are larger and thet for butane of the same order as that for methens.
The data on which these conclusions are based are not cited; compsrisons 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, &nd
Jones et al noted good agreement between the computed contents of combus-
tible corresponding to the mexima and those found experimentally.

46/-3ee p. 879 of reference J8.
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A more recent end extensive examinztion of this juestion 47/ has
been made by Jahn (V1) 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 FPayman and of Payman and Wheeler indicstes substantisl
parallels in' important fundamentals, Jahn's work will be epitomized here.
The enelysis is made from the generalized form of Nusselt's eguation for the
fleme velocity as developed by Jahn, equstion 14 of page 14 in which the sev-
eral factors in this equation have been grouped into separste 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 sn 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-
feets, Jahn noted from the curves reproduced in Figure 4 that in contrast
to the theoretical requirement of zero displacement for combustion with pure
oxy.en, the displacements established for both hydrogen and carbon monoxide
were still large in this limiting case, =nd vanished only for methzne; for
the first tw 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 for both hydrogen and carbon monoxide, but did not af-

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

47/~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 thermsl factors
with an excess of hydrogen. For carbon monoxide, this difference in eonduc-
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 vsries and may increase with
increasing content of carbon monoxide) because of the well-known effects of
the intermediate chemism of the resction. 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 immediztely 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; velues calculsted from the formula for the
linits of inflammability, i.e. for zero flame velocity in the limit mixtures,
agreed feirly well for calcul:tions based on either limit (i.e, within sbout
12% on the average) but were from about 450 to 900 degrees C higher than
measured values. Also, while eguation 14 demends an infinite flame velocity
for an initial temperature egual to the ignition temperature, Passauer (P1)
and Tammenn and Thiele (T2) were successful in obtaining measurements of flame
velocities with temperatures of preheat approximating accepted ignition tem-
peratures. These difficulties introduce guestions relating to the adeguacy
of bzsic assumptions. Jahn next gave detailed consideration to the mutual
effeects of the two factors of reaction velocity and thermel effects. It
seems unnecessary to discuss these developments minutely as tuey 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 considerztions previously noted
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by Payman), and leads to verification of several predictions based on the
argument set forth above. Jazhn's consideration of the reaction velocity showed
such accord between equation 14 and the experimentsz]l results that the adequacy
of the expression of the complex processes of the combustion in terms of =

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

of the reactants was considered proven.



52

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 generazl 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 guestions,
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
this factor; for methane, such regularities are apparently absent and indiég—
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 genersl, might lead to & 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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11T - EXPERINENTL

CHAPTER I ~ INTRODUCTORY

The investigation of the propositions noted in the lest 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 aveailable for such determinations,
88 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 sre
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 contsining oxygen and nitrogen in various proportions
representing the extreme range possible, i.e., from one containing substantially
pﬁre oxygen to another containing a high proportion of nitrogen that was near
the 1imit that prevents the propagation of flame., It was found, however, t.at
the characteristic nature of the effects under investigetion was estzblished
adequately by tests made with atmospheres containing between 20 and 80 percent
oxygen. Troublesome euzperimental difficulties developed in atfempted 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 fhe nature of the proposed investigstion it will be seen
that measurements of an essentislly relative character should suffice in
answer to the questions raised.

The purity of the gases was not therefore a question of paramount
importanc@, provided it remeined 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 filterinc.

The specifications supplied for the .iethane by the manufacturer were as follows:

Constituent Volume percent
Methane Wot 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 cerbon monoxide, and that about 98 percent of hydrocarbon combus-
tible was present which seemed to be substantially pure methane, Subseguent
analyses with a Bureau of Mines Orsat apparatus ég/ 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, However, a discrepancy
existed between the contraction observed in this cowmbustion 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 menufacturer.

49/-Grateful acknowledgment is made to Dr. S. Karrer and staff of the
Pesearch Department of the Consolidated Gas Electric Light and Power

Company of Beltimore 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
bhydrocarbon will be written as methane, The very small amounp 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 96,7
Oxygen 0.7
Nitrogen 246
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CHAPTER 2 - sPPARATUS

The measurementf of the flame velocity of gases by the burner method
requires two chief errangements, namely (1) means for measuring thes flows of
geses amd for proportioning these gases snd {2) mesns for producing and for
measuring a suitable flame. Detailed descriptiouns of such apperatus have sp-
reared in the literature gg/, and that used in the present investigation is
essentially similar to these. A diagrsm of this apparatus is given in Figure
6, and a snapshot showing a generzl 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. Thg gases were filtered through glass wool =nd 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 chenges 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 temperzture of which was controlled automatic-
elly. The internal diemeter of the copper coils ranged from 1/8 to 3/8 inches
and 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 obteined were unsuccessful; the substential
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
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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 lemps. Agitstion
from a stirrer and from other circulstion 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 dichromste 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 varistions 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 em, These gages were provided with en-
lergements at either end of the "U" to prevent the passage of the liguid 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 liguid. 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 elirinated. As
an additionsl precaution the effects involved were established quantitatively
for a critical case ip which the rates of flow were near the meximum employed.
Some orienting tests, summarized in Table VIIT, indicated the mutusl 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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Figure 7* General View of Laboratory Apparatus Used
for Determining Flame Velocities*
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o~ TABLE VIII

SUMMARY CF ORIENTING TESTS SHOWING MUTUAL EFFECTS OF THE

FLOVS IN THE GAS STREAMS ON THE PRESSURES AT THE SEVERAL ORIFICESL/

Oxygen Nitrogen Methane
Test Flowmeter Pressure on Flowmeter Pressure on Flowmeter Pressure on
Nq. Reading orifice, cm 1120 Reading orifice, cm H20 Reading orifice, em H20
1 - - 27.8 8.0 - -
2 60.0 23.9 1.7 16.2 - -
3 60.0 26.1 7.1 18.5 10 16.7
Y £0.0 27.1 1.7 19.5 30 21.0
5 60.0 ° 28.0 27.7 20.5 55 26.7
6 €0.0 29.4 7.7 21.6 g0 33.4
1/ Gas Orifice
“Fumber
Oxyzen 19
Nitrogen 12

Methane g
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Other tests, Table IX, established the flows for the several ccndi-

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 obtzined in these 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 everage aspproximately
5 perts 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 - RATES OF FLOW THROUGH SEVERAL TYPICAL ORIFICES

Setting Pressure Conditions of Metering Volum£/ Time Volume-rate of flow,l/ c.c. dry gas
of on orifice Pressure:Temperature:Barometer through for flow, at 400C.(104°F,) and 30" Hg per
Flowmeterycm H0 em, H20 oF. He meter, cu.ft. sec. second, from
Present Meas- RBoutine Cali-
urements brations

Orifice No. 19, Oxygen:

60.0 17.6 0.9 81,0 29.93 0.300 94 .8 9.2
60.0 17.6 0.9 81.0 29.93 0.300 95,1 89.9
60.0 20.7 0.9 81.0 29.93 0.300 ok.6 9.4
60.0 22.5 0.9 81.0 29.93 0.300 94.7 90,3 90.0
60.0 25.9 1.0 81.0 29.93 0.300 9k ,5 9.5
60 .0 38,7 1.0 81.0 29.93 0.300 94,5 90.5

Orifice No, 12, Nitrogen:
27.8 7.4 o4 20.7 29.93 0.100 127 .4 22,
27.8 13,6 0.4 80.7 29.93 0.100 127.1 22,
27.8 18.0 0.4 80.7 29.93 0.100 126.9 221 22.3
27.8 2.0 0.l 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

Orifice No, 8, Methane:
10.0 5.3 0.5 80 .4 29.91 0.100 98,2 29.0 29.0
10.0 17.1 0.5 80 .4 29.91 0.100 97.6 29.2 *
80.0 20.6 0.6 80 .4 29.91 0.100 4z L 65.5 63.6
80.0 35.0 0.6 80 4 29.91 0.100 43.5 65.4 3.

%?_J_./ The sedtings for the meters for oxygen and nitrogen were chosen from typical conditlons 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 be encountered in such a test.

Volume by meter, under temperature and pressure indicated.

W

In computing these flows i1t was assumed that the gas was substantially saturated with water vapor
during its passage through the meter.

y Values read from curves plotted from data recorded subsequently in Table X.
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The orifices were czlibrated by determining the times required
for the passage of a definite volume of the gzs to be used, as measured by
a8 wet-type displscement 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 snd 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
heeting coils to flow required an initiasl pressure higher than a safe velue for
a wet-type meter, 1In every set of calibrations it was established by suitable
tests for leasks 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 relstively 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. TFurther routine checks were made =t 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 &t the lowest rates of flow in order to avoid errors from possible dif-
ferences in the volumes of the separste compartments of the rotor, For tests
st 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 usedia



62
The results of the calibrations of the orifices used in the final

tests reported here are listed in Table X, and = typical curve representing
the dats 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 specielly designed mixing chember where intimste 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, a2 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 circulsting water from
the consteant-tempersture bath through a jacket surrcunding the burner. Three
burners were used, with internsl 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 photogrsph of Figure 9. They were designed es-

pecially for this work. Suitable shields were provided to protect the flsmes

from drefts.
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TABLE X
SUMMARY OF CALIBRATIONS OF ORIFICE - TYPE FLOWMETERL/
Setting of Volume Time for Metering Conditions
slope gage t:h:t’o‘ugh2 flow, Pressure:Temperature:Barometer I:ifeogfdf.;o;;s
cz?t;:. sec. cm Ho0 oF "Hg at 104°F 33."36.
° per second.
Orifice No, 3, Methane:
15.0 0.020 346.1 11.7 72.2 29.76 1.70
1.2 0.030 353.2  18.0 71.5 29.76 2.52
5.0 0.030 279.5 22.9 71.2 .76 3.18
63.5 0.0%0 384.8 28.8 71.0 29.76 .90
76.3 0.0% 336.6 32.8 70.3 29.76 a.u_-,
86.4 0.0%0 321.6  35.9 70.0 29,76 ¥.70
Orifice No. 7, Methane:
19.0 0.100 482.9 7.1 78.0 30.09 6.01
344 0.100 376.4  10.3 78.0 30.09 7.74
49.8 0.100 318.7 13.3 77.8 30.09 9.17
63.1 0.100 283.8 15.9 17.8 30.08 10.33
78.1 0.100 255.7 18.7 17.7 30.06 11.49
92.3 0.110 2u5.3  23.8 77.4 30.06 13.25
Orifice No. 8, Methane:
9.9 0.100 98.0 0.4 79.0 30.12 28,3
10.0 0.100 96.5 0.l 79.6 30,12 29,8
10.0 0.100 99.1 0.l 79.8 30.12 29.0
24,9 0.100 76.9 0.k 79.8 30.12 37 4
40.0 0.100 63.9 0.4 8.0 30.12 5.0
55.0 0.200 111.3 0.4 80 .0 30.12 5.7
65.0 0,150 76.9 0.4 80.0 30.12 5.1
79.9 0.5 67.7 0.5 8.0 30.12 63.7
87.8 0.175 67.6 0.6 80.0 30.12 4.4
Orifice No, 14, Methane:
17.1 0.100 123.2  11.6 76.8 29,70 23.4
17.3 0.100 123.9 11.6 76.8 29.69 23,4
23.9 0.100 99.7 13,6 76.8 29,69 26.4
30.1 0.100 1014  15.4 76.8 29.70 28.6
30.2 0.100 1014 15.4 76.8 29.69 28.6
45,2 0.100 8.1  19.9 76. 29.70 33.8
59.8 0.100 76.1 2k.0 76.8 29.70 38,4
73.5 0.100 69.2  27.8 76.8 29.70 Yok
73.6 0.100 69.1 7.8 76.8 29.69 Yo 4
87.8 0.100 69.6 34a 76.8 29.70 47.9
87.8 0.100 6l.2 34 76.8 29.69 hg.2
87.9 0.100 61.2 34.1 76.8 . 29.70 . 4g.2
Orifice No, &, Air:
10.0 0,150 29.95 k4.8
0.0 0.210 29.96 2.7
2.1 0.210 29.95 2.8
30.0 0.200 29.96 25.7
4o.1 0.200 29.96 29,9
0.1 0.200 29.96 34.3
5749 0.200 29'97 37.1
Orifice No. 6, Oxyzen:
10.2 0.100 319.2 6.4 79.4 29.98 9.0
21. 0.100 2ul 9.7 79.4 29.98 111.8
35. 0.1% 294.8 13.8 79.4 29.98 14.8
0.5 0.200 332.7 18.1 79.4 29.98 17.5
5.7 0.200 331.8 18.1 79.4 29.98 17 .6
64.8 0.200 269.4 2.1 79.4 29.98 19.9
78.0 0.200 266.3 26,1 79. 29.98 22.1
Orifice No. 19, Oxygen:
10 0.200 122.6 0.7 76.0 29.87 47.0
10 0.100 .5 0.7 76.0 29.87 47.6
10 0.200 122.8 0.6 81.0 29.98 u6 4
10 0.200 122,1 0.6 31.0 29.98 u6.7
20 0.210 105.1 0.7 76.0 29.87 57.5
30 0.200 86.2 0.8 76.0 29.87 66.8
30 0.300 128.6 0.6 81.0 29.98 66.5
4o 0.200 76.5 0.8 76.0 29.87 75.2
50 0.200 23.6 0.9 76.0 29.87 82.7
60 0.200 .0 1.0 76.0 29.87 90.0
60 0.k400 127.3 0.8 81.0 29.98 89.6
Orifice No., 8, Nitrogen:
10.1 0.200 332.5  10.0 79.3 30.00 17.4
19.9 0.200 256.0 15,2 79.6 30.02 22.7
2.0 0.200 255.8 15.2 79.6 30.00 o2.7
30.0 0.25 26,4 20. 79.2 30.00 oT.4
40.0 0.300 271.3 2.8 79.2 30 .00 32.5
49.9 0.300 2u3.1 32.6 79.6 30.02 36.5
49,9 0.300 2u3.4 32.6 19. 30.00 36.5
Orifice No. 11, Nitrogen: )
13.8 0.200 184.2 22.7 77.0 29.72 3(1).7
23.9 0.200 145.3 34,0 77.0 29.73 .6
33.0 0.200 125.6 43.9 77.0 29.73 47,4
4.7 0.210 119.6  52.8 77.0 29.73 52.8
7.7 0.200 103.0 63.5 77.0 29.73 58.9
7.7 0.200 103.1 63.5 77.0 29.72 58.9
Orifice No, 12, Nitrogen:
15.0 0.055 * 92.0 0.4 78.6 30,11 17.2
15.0 0.050 gl .0 0.3 78.0 30.11 17.1
15.0 0.0%0 83.5 0.3 79.0 30.11 17.2
22,k 0.100 142.0 0.k 78.6 30.11 0.3
2235 0.100 2.0 0.4 78.0 30.11 0.3
30.0 0.100 4.4 o4 . 78.6 30.11 23.1
30.0 0.100 14,3 0.4 78.6 30.11 23.2
37.5 0.100 109.5 0.5 78.5 30.11 2§.3
7.5 ¢.100 109.5 0.4 78.7 30.11 2.3
5.0 0.100 90.7 0.5 78.6 30.11 31.7
45.0 0.100 20.0 2.5 78.9 30.11 32.0
45,1 0.100 89.2 0.5 78.6 30.11 32.2

!._/ Iterative cslibrations made as deseribed in text using calibrated
wet-type displacement meters.



.‘.'.;;;,1_["; . i 1 a [iL” B
G e ma o T
] T T T
N g e T
g\ Ll , I ’% NN
® BN T
S —T o | | -
| el - S 4 I
O ——— N v | |
Qﬂ& . N S N »- i § ,,[ _
3 e -
LA || ]
v ~ i N
. y i EEE 1
\\“\ 2 i{ 7 1 F%
\ I mEE Th
S T T - A
N - - T
s 7/ '
N ] 1 _ _
d JaEas R I
0 /0 Zo EC o 60 70 & o
Sefting of Slope Gage

Figure 8. Typieal Calibration Curve for Orifice-Type Flowmeter;
: Date 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 §f pipe and were provided with
a T=cock to divert the gas stream to = flue. However, it wss found imprectical
to arrest by these means certain of the explosions initiatéd in mixtures con-
teining atmospheres with high concentrations of oxygen, so that provisions were
made 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-celipers graduated to 0,001 inches. Judging from the dats 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 .00l inches; as rout ine
readings of the hei ghts 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.



TABLE XI

REPRODUCIBILITY OF SETTINGS OF CATHETOMETERL/

(1) ag/

Settings (2) Settings
0.1063 - .0007 0.0900
.1025 + 0031 L0887
.1066 ---.0010 L0887k
.1070 - 0014
Av. 0.1056 a.a3/= 0.0016 Av. 0.0887
(3) Settings d (%) Settings
0.1061 -0.0018 0.0816
.10U43 .0000 .0813
1024 + _.0019 0810
Av.0.1043 2.d.0.0012 Av.,0.0813
Average of the s.d.'s = 0.001 in,
1/ From routine datz, chosen at random.
2/ Deviation 4 = (Mean - observation).
2/ Aversge deviation a.d. = {147

observations., n

d
- 00013
0.0000

+0.0013

a.d.0.0009

a
-0 0000 3
.0000

+ .0003
a.d. 0002

where n = the number of
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CHAPTER 3 — PROCEDURE

The generzl procedure consisted of the following steps: (1) esti-
metion of the probable flows to produce suiteble flames for each set of ex-
periments contemplated, (2) preparztion and rough calibration of orifices to
Obtain these flows, (3) selection and finsl calibration of orifices, {4) in-
itial tests to determine the suitability of the expefimental conditions, and
finally (5) the conduct of the tests for flame velocities, Of these steps,
only the first and the last two require trestment here.

In estimating the probable flows required to produce suitable flames,
the meximum flame velocity to be encountered was judged from vslues in the
literature, §l/ A burner was then selected that would permit dynamic equi-
librium in a Bunsen flame by preoducing = linear velocity of efflux spproxi-
mately five times as great as this maximum flame velocity but still sufficiently
low so that the critical walue 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 geses; 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 severzl tests; in these, the mixed

gases were metered in the displacement meter and very good agreement found be-

§;/ Although widely divergent values appear in the literature for these flane
velocities, by suitable {grephical)ueans\ a rough estimete 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 retes 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 veriation in the net content of oxygen in the atmosphere in
each series of tests with a constant initisl ratio of oxygen to nitrogen and
with varying amounts of the combustible gas. Computations showed such varia-
tiogs to be beyond the limits of experimental error excevt 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. TFor 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 wes first determined that no leasks exis-
ted in the apparatus, as this was essentisl both to kﬂowledge 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 stat;c
p?essure of 10 to 20 cm., of water could be retained for aporoximetely four
minutes without appreciable decrease, or for approximetely one minute when
the rates of flow to be used were high., If these tests proved satisfaectory,
the flow of the atmosphere was then =d justed by introducing the oxygen and
nitrogen at the desired rates, and the combustible was admitted. The flame
was lighted immediately as the nixture 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 wes a Bunsen flame
which seated on the port of the burner and which had desirable physical char-

scteristics, the flow of the methene was increased further to the meximum value

rejuired to give the richest mixture assigned in preliminary celeulations. 1If
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this series of changes gave evidence of producing the range of nixtures 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 couli be
made. In the event of an instability of the flame, such as lifting or flesh-
back (which resulted in explosions), or if the cones were of undesirable char-
acteristics, it was necessary to repeat these initi=zl tests using new conditions.

The appearance of the flames produced in these tests formed a bhasis
for reasonable alterations in the conditions of experiment if suitable flames
were not obtained st 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 gualitative index of the compositicn of the mixture pro-
dueing maximum flame velocity. Thusy 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 & relstively 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 conseguence of the estimates involved in the initisl calculations,
severel tests of the type described above were usually required before suitsble
flames were obtained with all mixtures desired. As the work progressed, better
estimates were possible and experimental arrangements were develcoped which were
epplicable over a wide range of conditions.

In inekirg each observation in the final determinstions 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,
snd the results then recorded. The time required for tnis routine eliminated
the possibility of inclusion of unobserved errors originsting in change in the

composition of the gas., Such a chance might be due (1) to the allowance of an
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insufficient time for the composition of the mixture to sttain its proper equi-
librium value after hzving been chenged from = 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 rete of
flow and composition of the atmosphere were maintzined substanti=lly 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 és the establishment of the sb-
sence of leaks in the apparstus, precision of the regul=ztion 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 carefully

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,
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CHAPTER 4 -~ FRECISICON COF THE EASURENITS

The results for the concentration of the combustible in the mix-
tures burned, and for the flame velocities are of primsry interest.

Composition of the Mixtures:

It was noted in the preceding chapter that the procedure of pro-
ducing the mixtures by proportionirg 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 design=ted C, 0, and N, respectively, by a simple equation of
the form

X

H

fg (18)
C+04+N

in which f'is the fraction of methane in the combustible, 0,867 as previcusly
noted. This expression may be trested best by setting the total flow C4+0+N
equal to g so that

x = f¢ (19)

Now if dC and dj are the absolute precision measures of C and of 5, the

relative error in X, written as dx/x, is given by

The values for the solution of this eguation follow from the sccu-

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 slso enter. It was indicated in Chepter 2 of this Section
that the meters used were found to be in excellent agreement (i.e., within 2

parts in 1000) with a stendard gasometer. Routine checks of these meters in-
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dicated thet this sccuracy was in general maintained. Scrutiny of the other

errors involved in the measurement of flow and of the datz from the routine
checks of the meters makes it seem probable that s constent relstive error of
0.5 percent is an adequate allowance for the totsl error in any single measure-
ment of flow 53/. The relative error in the total flow J 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:

= 0,01

¥ Ié?

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 sbove would
have maximum effect on the absolute error in X, the Tigures are apparently
significsnt to three decimal plsaces,

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 v—g 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:

Z
Errors of the method were considered in Chepter 3 of Section FEE.

The basic equation expressing the dynamic eguilibrium in the inner cone of
the Bunsen flame, which equilibrium forms tke basis for the resulﬁ%Perein
reported, states that if a gquantity of gas 4 em? per sec, flows from a port

and forms thereon a Bunsen cone with an area of §_cm2, the flame velocity is

5%/-The accuracy of these meters is discussed in references Bl7 and Wl.
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given by

Uwss (21)
S

Now if d. and dS are the precision measures of J and of S, then the relative

error in U, written as du/u, is given most simply by

(22)

Expression of gg[g 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 (;%, the relative
error in 4 was given previously as 0,009.

S was derived from measurements of the diameter of the burners amnd

of the heights of the inner cones, The relationship between these quantities is

S =T |/ r® + n%, (23)

The diameters of the burners were measured to 0,001 inches using micrometer

calipers, so that the precision measure of T is

dr = 0,0013 cm.
The heights of the cones were also measured to 0.001l inches or 0,0025 cm; since
h was derived from two such observations the precision measure of h is V§k0.0025,

or
dh = 0,0035 cm.

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 dS according to the equation

ds =ﬁ%§d'}2 + (%IST dh)2 (24)
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Differentiation of equation 23 gives

25 - T(2r® § n?)
or % & h

and
2S - grrh
oh )
yr2+ h?
so0 that

z . 2
as = 2r ¢ h dj/zf Zrh dj/B (25)
/rz % n? /;2 + n?®

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 coantributions of these factors to the
total error in S, since it was desired to express the final error in U as a
relztive error, Three sets of data representing the extremes of the ranges
for r and h were selected for calculaﬁions of dS in equation(25). The re-
sults of these calculations are listed in Table XIT and show that in the ex-
treme the velue of dS is of the order of 0.9 percent, and that this vslue is
not increased by the vuriations in r and h over th¥® ranges encountered, A
series of approxzimate calculations based on average velues of the heights of
the cones ratner than on the extreme (minimum) values listed in Table XII
gave a weighted averqge for the relative error in S of 0.8 percent.

The maximum determinate error in U is now obtained by substitution
of these data in equation (22):

Ju - '
a I’o.oog“ + ,009%

0. 009

In view of the nature of these computations it seems admissible to modify this

to 6{3 = 0,01,
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TABLE XII

. ANALYSIS OF EFFECTS OF ERRORS IN MEASUREMENT OF THE FLAME}-/

Data Calculsted Results
Radius of Height of Surface of Absolute Percent Number of
burner, cone, cone, Error in Relative Series of tests
&m, em, em .2 Surface of Error in to vhich the
cone,g/ Surface of datz are
em2 conel/ Applicable
0.154 1.000 0.4% 0.0045 0.92 6
0.238 0.630 0.%03 0.00%0 0.8 1
0.3%96 0.500 0.79% 0.00%0 0.63 1

Weighted average percent relative error in surface of cone = 0.87

-1/ Data selected to show meximum effeects of errors of constant magnitude
in radius r and height h on the precision measure of the surface s.

2/ TFrom equation (6).

1/ Velues in preceding column divided by the surface of the cone and
mxltiplied 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 methene in
the mixtures, and of 1 percent in the values of U, the flame velocity. Other
considerations relating to the error of the method of messuring flame veloci-
ties, as discussed in Chapter ﬂ of Section II, indicate that the latter figure
should be increased somewhat, It is believed, however, that meximum flame
velocities as measured in this work should be accurete within 1 to 2 percent.
It will be seen thet the reproducibility of the deta 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

effeets of any extraneous variables or of other indeterminate errors.
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CHAPTER 5 - DATA AND 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 sre summarized in Table
4I1I. 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 eguations were found which would fit the data satisfac-
tori}y, but as these were purely empirical, disclosed nothing fundameantal re-
lating to the nature of the curves, and required a laborious series of compu-
tations for deteimination of the constants involved, a more direct approach

was made which should result in reliable deductions.



TABLE XIII

SULMARY DATA OF DETERMINATIONS OF FLAME VELOCITIES IN HIXTURES OF METHANE VITH .

ATUOSPHERES CONTAINING OXYGEN AND NITROGEN IN VARIOUS PROPORTIONS _//)_Z/

Data
-- TFlows of the Gasesh/ -
. Height
u t:ombustlble Oxygen Nitrogen of Inner
s :t‘rm Flow Heter Flow Heter Flow Cone of "
etting cc/sec. Setting  ece/sec. Setting ec/sec. Flame, 5/

cilly

Series 1 - A Approximately 21 volume-percent oxygen in atmosvhere;

burner Q. . in dj ifinee Y L
sir No._%iz._?;m in dlameter.?Orlflce- used: Hethene, lio. 3

Air
Meter Flow

28.9 2.4 35.8 28,1

g : . 0.80
2--% 2-%7 33.1 21.0 0.718
33. 2.,7 35.2 27.9 0.532
37-3 2.83 34,8 27.1 0.552
3.8 3.13 32.2 29.6 0.564
ﬂéi 2,00 3h.8 27.7 0.522
He. 3.31 39.2 29.6 0.569
52.9 3.5 39.1 2.5 0.59
657.3 2.69 39.1 29.5 0.692
3.5 3.93 28.9 29.4 0.831
§9.; Lag 38.8 29.4 1.077
Eg.s 4,16 37.3 28.8 1.143
€ .z u.lg 33.3 27.1 1.335
35.0 4.15% 30.9 26.0 1,477
8.7 415 26.8 i1 1.688
62, 3.90 37.3 28,8 0.857
50.:2 343 37.5 28.9 0.591
37.5 283 37.7 28.9 0.526

Series'l - B: Conditions same s in Series 1 - A.

- Air
359 2,75 38.5 29.3 0.6864
37.5 2.83 38.6 29.3 0.657
g2 2.96 38.2 29.1 0.629
R 3,06 38.5 29.3 0.506
Ls,3 3.2 38.7 29.4 0.59%
47.9 3.30 38.8 29.4 0,613
b9.3 3.35 38.7 29.4 0,607
52.3 3.8 23,9 29.5 0.628
5349 3.55 329.0 29.5 0.637
56,6 3.65 39.4 29.7 0.668
61,1 3.85 39.6 29.8 0.787
0.6 RS 39.7 29.8 0.620
41,0 3,00 39.7 29.8 0.636
36.3 2.78 39.8 29.9 0.68¢ ,
jeries 1 - C: Conditions same as in Series 1 - A,
Air

39,k 2.92 1.0 0.4 0.722
lER 3.06 na 30.4 0.662
43,1 3,10 .2 30.4 0.669
LL L 3.20 3,2 30.4 0.658
45,9 3,22 bk 30.5 0.635
u7.3 3.27 41.3 30.5 0.636
4g,2 3.32 AR 30,5 0.638
g, L 3.36 1,3 0.5 0.632
ug ki 3.3 .3 30.5 0.635
0.6 ERY 41.3 30.5 0.640
51.8 3,47 Y1l 30.5 0,628
53.0 3.0 41,5 30.6 0.640
.3 3.9 .5 30.5 0.648
%.1 3,64 Y.k 30.5 0.656
Es.o 2,72 41,5 20.6 0.701
8.0 2,21 W5 30.6 0.626
39.2 2,91 41.0 0.4 0.719

Series 2 - A: JApproximately 39 volume-percent oxygen in atmosphere;

burner 0,476 em. in diameter,4/Orifices used: Methane, No. T3

Oxygen, Ka. 6:%, Yo, &, 3/
& ., g

2.0 6.16 78.0 22,1 4.8 3.6 1.229
27.1 7.08 78.0 22,1 Y7 3.5 1,035
34.6 7.73 78.0 22.1 4,3 346 0,905
hz,1 8,52 78.0 22.1 4,9 3.7 0.765
5.2 9.19 78.0 22,1 Lk g 34,6 0.735
57.1 9.80 78.0 22.1 W9 34,7 0.710
61.9 10.2 78.0 22,1 4.9 34,7 0.687
9.9 11.0 78.0 22.1 Y8 34,6 0,547
76.7 11.6 78.1 22,1 45.0 34,7 0.6k
85.1 12.% 78.0 22.1 uL,7 34.5 0.63
89.1 12.7 78.0 22,1 U7 34.5 0.655
92.0 13,0 78.0 22.1 4.9 347 0.699
.95.0 13.2 7840, 22,1 4.8 34,6 0.74Y4
'97.27 #1350 780 T 22.l U7 3.5 0.771
. 97.0. 6928 20.7 ag.e 32,4 0.819
- 199 T1.8 22,1 N 34,5 0.628
19.7 78.0 . 22 49 3.7 0.639
2.0 78.0 22.1 .8 346 1.321
Series 2 - Bt Conditions seme as in Series 2 - A,
65.9 10.6 78.0 22,1 4y,8 34,6 0,644
73.0 11.3 78.0 22.1 il 9 3,7 0.634
79.0 11,8 78.0 22.1 4y.8 34,6 0.626
85,1 124 78.0 22.1 44,8 34,6 0.631
91,1 12.9 78.0 2241 4.8 3.6 0.664
66.0 10.6 77.2 22.1 .7 34.5 0.64%
Series 3 - At JApproximately 5O volume-perceit oxygen in atmosphere;
Burner 0.307 cm, in diemeter,”fOrifices used; HMethane, No, 1ll;
Oxygen, Wo. lg;xg;"l'o. 1.3/
17.5 23.5 15.6 52.7 40,0 52.9 1.305
27.5 21.1 15.6 52.7 39.9 52.8 1.319
33.0 29.7 15.7 52.8 39.9 52.8 1.319
7.8 31.3 15.6 5247 39.9 52,8 1,338
5.1 33.8 15.5 52.6 39.8 52.7 1.368
60.3 38,7 15.6 52.1 40.0 52,9 1.9
17.5 23.5 15.5 52.6 39.8 52.7 1.27%
Series 3 - B: Conditione same as in Series 3 - A:
20.2 24,8 15.5 52.7 39.9 52.8 1.282
27.6 27.8 15.6 52.8 29.9 52,8 1,274
331 29.8 15.8 52.9 39.9 52.8 1,265
7.5 3.2 15,5 52.7 39.9 52.8 1.275
5.1 33.8 15,8 52.9 39.8 52.7 1.308
55.1 37.0 15.9 53.0 39.8 52.7 1.399
19.8 245 15.7 52,7 39.8 52.7 1.274

Series 4 - A: Approximately 55 volume-percent, oxyzen in atmosphere;
burner Q,

Oxygzen, No, 19;VH¥, No, 11.5
Miroger
25.5 27.0 0.3 517 32.2 46.9
2.5 29.6 200 5.8 32.3 17.0
3 32.2 20.6 58.0 32,1 46,8
45,2 33.8 0.7 58.1 32,4 47,1
49,9 35.3 20.1 5715 31.9 46.6
597 38.5 20.5 5749 32.3 47.0
25.4 26.9 20.0 57.4 32.1 46,8

Series 4 = B: Conditions weme as in Series U4 - A,

6.4 27.2 0.5 571.8 32.0 45.8
32.1 29.5 0.5 57.8 32.3 ¥7.0
37.4 31.2 20.3 57.6 32.3 47.0
42,6 32,9 20.3 5146 31.9 . 46,8
u7.4 Uk 0.7 58.0 32.2 4 ¥6.9
57.6 37.8 2.7 58.0 32,2 46.9
25.9 27 20.3 57.6 32,0 " 46.8

cm, in dizmeter,¥/Orifices used; Methane, No, 1l;

1.170
1.0k
1147
1.186
1.198
1.279
1.151

1,148
1.156
1.162
1.172
1,183
1.290
1.146

—- Results -
Volume Volume
Fraetion of Fraction ?f Flame
Ozygen in Methane in Velocity,
Atnosphere, Mixture,_T_/ .
a X em/ sec,
0.0 076 o7.2
o.aog 078 29.0
0.209 08l 32.9
0.209 089 38.1
0.209 092 3 g
0.209 .09k 3; K
0.209 097 3 i
0.209 0.102 31 1
0,209 0.107 33.
0.209 A1k 29}:
0.209 .120 ei.,
0,209 122 58.9
0.209 128 .c;
0.209 .133 15.1
0.209 Ak 2;.5
0.209 %g 36'u
8:2283 086 R
083 33,3
083 37
-ggg 345
i
097 35.%
099 36.3
0.102 357
L0k 3500
a
Y 0.7
-099 36.2
088 35.2
-082 33.0
10.209 085 32.5
0.209 088 3.8
0.209 089 3.6
0.209 092 35.2
0.209 092 36,2
0.209 093 36,1
0.209 095 6.2
0.209 095 26,4
0.209 096 26.3
0.209 097 26.2
0.209 099 36.7
0.209 099 36.4
0.209 101 36.0
0.209 103 35.8
0.209 .105 3,2
0.209 .09l 36,8
0.209 08l 32.6
0.390 095 62.2
0,390 107 £0.2
0.390 116 92.2
| 0.389 A% 10
0.390 JA34 11
0.389 k2 119
0.389 147 123
0.390 156 131
0.389 164 134
0.3% \173 136
0.390 177 133
0.389 180 1%
0.390 .183 120
0.390- .186 116
; 0.391 2195 104
0.39% W267 136
0.389 2167 134
0.3% 095 62.5
9330 -1%2 13
0.389 .160 134
0.3% 166 %
0.3% 173 137
0.39 179 132
0.390 152 15
0.499 176 -
0.159 .01 208
8.500 .212 211
0.500 .22l 20
0.500 .235 209
0.&99 .259 209
0.F00 176 2E
0.+500 .18l 209
0,700 201 215
. 0.501 .213 220
' 0.500 221 201
i 0.%01 .23% 219
0.501 251 210
‘\ 0.500 182 210
0.551 ,198 231
0.551 212 ol
0.553 .227 245
0.552 235 24
.2)4;; 239
»2 230
.198 250
5 0553 -200 236
to0.58 212 239
L 0.55 .222 ol
0.55 .232 alip
0.553 239 242
I 0.552 256 558
0.551 .199 236



TABLE XIII (Continued)

SUMIIARY DATA OF DETERMINATIONS OF FLAME VELOCITIES IN MIXTURES OF LETHANE WITH

ATMOSPHERES CONTAINING OXYGEN AND NITROGEN IN VARIOUS PROPORTION S_Zs/

Data Results

-~ Flows of the Gasesd/ --
Height
Combustible Oxygen Nitrogen of Inner Volume Volume Flame
Yeter Flow Meter Flow Heter Flow Cone o Fraction of Fraction of Veloeity,
Setting cefsec. Setting ce/sec. Setting eefsec. Flame, Oxygen in Hethane ip s
em, Atmogphere, Mixture, L/ cm/sec.
a2
Series 5 - A: Approximately 60 volume-percent oxygen in satmosphere; =
burner 0.%07 em. in dismeter, Yorifices used: Methane, No. 1k
Oxygen, Wo. H}%ﬁ;' No. 11.3/
/7 4
14.9 22,3 24.6 61.9 23.1 40.Q 1,149 508 a7 252
250 %.2 a5 6.8 22.9 39.9 15073 0. o ol
4.8 30.3 24,5 61.8 22.9 39.9 1.051 0.608 Tom 258
5.0 33.8 2h7 62.0 22,9 39.9 1.065 0.609 = 281
55.0 37.0 24,5 61.8 22.9 39.9 1.105 L 0.608 o8] 258
64,9 .2 24,2 61.5 22.9 39.9 1.149 0.607 .73 253
75.0 43,6 24,3 61.5 23.0 k.0 1.233 | 0.606 290 olip
83.5 u6.5 24,1 611t 23.0 k0.0 1.37% 0'605 2303 092
1L,7 22.2 24.5 61.8 23.0 %0.0 1.132 0.607 an 205
Series 5 - B: Conditions same as in Series 5 - A.
30.0 28.7 24,5 61.8 23.0 4.0 1.053 .12 2
37.5 31.3 24,2 61.6 23.0 %0.0 1.038 8'28% 227 22:
b15.0 33.8 sl 2 61.6 23.0 40,0 1.055 ¢ o606 oo %3
524 36.2 k.2 61.6 22.9 39.9 1.101 0.607 253 257
60.0 38.6 ol.3 61.7 23.0 in.o 1.126 | 0606 %5 256
30.0 28.7 24,3 61.7 23.1 40.0 1.030 10.607 ;2 259
Series 6 - A: Spproximately éﬁ volute-percent oxygen in stmosphere;
burner 0,307 em, in diameter. Orifices used: Methane, Ho. b
Oxygen, No. 19;Vier, Wo. 11.3/
Kitroger y '
4.0 32.0 35.0 71.3 21.1 38, 1.133 X 218 2
e g 3.0 1.3 2.2 8.5 L.Lss : g:gﬁ; o el
55.0 6.9 35.0 1.3 21.0 38.3 1.3 | oen o 263
59.9 8.6 35.0 71.3 2.1 38.1 1.152 0.5% 252 264
64,9 .2 35.1 71.4 2.9 38,2 1.152 0.8h 259 67
75.0 4z .6 35.0 71.3 21.0 38.3 1,320 * . .275 239
4.0 32.0 35.0 T1.3 21.2 38.5 - 1.130 .218 257
‘Serles 6 - B: Conditions same as in Series 6 - A:
39.9 32.0 35.0 71.3 21.0 38.3 1.135 .
N7.5 3L 35.2 71.5 21.2 38.5 1,129 0.651 .28 256
53.9 36.5 35.1 7.0 2.1 38.0 1.138 | jos5%0 .230 26
59.3. 38,4 35.0 ©  71.3 20.9 38.2 1.1% (:9.55) 241 26
65.1 Lo.3 35.2 71.5 21.3 38.6 1.1%6 0.65L 250 264
69.9 41.9 35.0 71.3 21.0 38.3 1,228 0.6l9 .259 267
75.0 43,6 35.0 71.3 20.9 38.2 1.326 0.651 267 253
29.9 32,0 35.0 1.3 20.9 38.2 1,135 3.651 275 238
’ . 3,651 .219 256
Series T - A: Approximately 70 volume-percen} ozygen in atmosvhere;
burner 0,307 cm. in diamster,?Orifices used: Liethzne, No. §;
Oxygen, No. 19; Vs, Wo. 11.3/ =
e 0 L
15.1 32.2 4o.0 76.3 15.1 33.0 1.098
2lt.g 7.4 k2,0 76.8 15.2 33.0 1.107 0.700 .219 265
30.1 4.1 42,1 76.9 15.1 33.0 1.107. 0.700 .26 273
5. 42,8 42.0 76.8 15.0 32.9 1.59L/26 0.700 .258 218
.2 45.3 ¢ 42.0 76.8 15.0 32.9 1142 0.700 270 218
50.2 w5 42,0 76.8 15.0 32,9 1,255 . 0.700 -283 279
14.9 32.0 42,0 76.8 15.0 32.9 1,093 1 0.700 301 %61
i - 0.700 .218 266
Series 7 - B: Conditions same as in Series 7 - A. |
15.1 32,2 42,0 76.9 15.0 32.9 1.08
25.1 37.6 42,0 76.9 15.0 32.9 1.03%’ 7 0.701 .219 268
30.1 4.1 42,0 76.9 15.0 32.9 1.110 .0.701 o247 276
35.1 2,8 42,3 7.0 15.1 33.0 1,133 '0.701 +259 277
4.5 45.3 L2.3 77.0 15,1 33.0 1,157 0.700 271 217
49.9 49.3 42.0 76.9 15.0 32.9 1.266 . 0.700 .282 216
15.0 32,1 42,2 17.0 15.1 33,0 1.088 T 0.701 300 279
- o g 0.700 .29 %8
Series 8 - Ar Approximately £0. volwlie-percent oxygen in atmosphere; .
‘turner giﬁl cm, in diamater.jft)riﬁcesr'hsedr Metnane, No. 8;'
, Vo, 19; &k, No. 11.
Oxygen -E'M;gw. = 0.800 228 20l
20.0 3,8 60.0 9.0 27.8 22,3 1.0% 0.800 254 30k
3040 lo.1 60.0 9.0 27.8 22,3 0.801 «270 31
37.0 3.6 5.8 9.0 27.5 22.2 0,801 Togl 310
o0 ¥6.7 59.6 89.6 216 22,3 0.801 +300 310
52,5 50.7 60.0 9.0 7.6 22, 0.799 312 303
60.0 53.7 59.7 9.7 7.8 22, ; 0.800 331 285
72.5 0.0 59,4 89.6 27.5 22.2 0.801 .229 299
2.0 .8 59.7 8.7 21.5 22.2
i - B: Conditions same as in Serles & - A.
Beries 8 i 3.799 o254 298
0 %0.0 59.6 9. 28.0 22.4 . 273 302
32 1 Ty 59,7 29, 27,7 22.3 1,060 0.800 288 301
5e8 47.5 58.9 83.2 7.9 22,3 1,082
1/ Determinations by the burner method; purity of gases: oxygen and nitro-

gen 99,5 volume percent, methane, 96.7 percent.

A11 gases dried with calcium chloride and preheated to 40 degrees, C.
Quiescent flsmes produced by & perfected leminar flow in zll cases.

1S3

Data obtalned in the calibration of these orifices were given in Ta.blsh B

S

Special burners jacketted with water at Lo degress, C. prepared from seam-
less brass tubing polighed internally.

Flows recorded as cm} of dry gas per sec. at 40 degrees/ C., 30 in, Hg.

G

Only flames closely spproximating geometrical comes were used; he:lghbs."
given above the port of the burner. .

Corrected for fraction of methans {0.967) in the combustible gas.

N
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By suitable relation of scales for the coordinates U and x, previously

defined as the flame velocity =zad the volume-fraction of methane in ths “ixture
burned, 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 sum was determined graphically. 22/
The velues of the meaximum flame velocity were réad from these curves, and the
compositions of the corresponding mixtures were likewise estimated from the

points of tangency of horizontel lines drawn across the maxime of the curves.

The latter values, (designated xp), 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 interpolstion §_/. An excmple ™f this process
is given by computations detailed in Table XIV which sre based on the sample
curve represented in Figure 11, prepsred from the data for series 2-A in Table
¥III. The detsiled results of these calculations are listed in Table XV. 1In
Table XVI is presented a final summery of the experimentsel results. It will be
noted in these tebles 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

fleme velocity.

54/~Divergences (scattering) in the data indiceted that the method of averages
furnished an adejuste criterion of the correctness of the representation of
the date,

55/-See pp. 214-217 and 234-237 of reference LS.



TABLE XIV

SAMPLE CALCULATION OF RESULTS FROM DATA IN TABLE XIII

1, Data plotted in Figure 11 and = smooth curve drawn so that the sum
of the residusls for the experimental points is zero.

2. Estimated coordinates of the maximum of this curve are
u = 136 cm/sec., Xm = 0.170.
3. Computation of X L/:

X u, Vzlues from Curve Successive Differences
Al bz Dj

0.160 133 - - -

0.165 135 +2 - -

0.170 136 +1 -1 -

0.175 134 -2 -3 -2

0.180 126 -8 -6 -3

-0 = 2
% —-0—%[%-#(211-—1)%% + (302 - 6n + 2) %‘Z

h = 005, ag = 2, by = =1, Co = =2

0=1 - 0.5 (< 3_2-6n+2(—2)j
o= 2+ (n 05)(1)+(n = )
6n2 - 60 - 11 = 0, n = 1.96, or 2,0

SoXNg = .160 + 005 x 2.0 = .170

4, Displacement of the maximum:

. Stoichiometric mixture: CHY + 205 + 2 (1 - 0.389) N,

1 0.389
X, = .164= F+2 8‘3‘%’%)
Xy = 2170
D = ,006

}] From the differentiated formg of Newton's formula for interpolation.

19
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The values for the displacements of the mixztures producing maximum
flame velocity from the stochiometric mixture as listed in Teble XVI suggest
a relationship betwéen this displacement and the fraction of oxygen in the
atmosphere used. The relstionships are indicated by the curves of Figure 12.
These relationships are qualitative chiefly as a consequence of uncertainties
in the estimetes of the values for X, bDut they establish definitely that for
etmospheres approaching the extremes_gg/ in composition the values of the dis-
placement D; or of the percent displacement are low, whereas with an atmosphere
containing approximetely equal fractions of oxygen and nitrogen the vszlues sre
much higher and psss through 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 Dy 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 psralleling indications for

gases other than methesne, as cited.

56/-i.e., approaching pure oxygen or an atmosphere high in nitrogen and barely
capeble of propsgating flame.



DETAILED COMPILATION OF RESULTS FROM TABLE XIII

TABLE XV

g1

Number Volume Volume - PFraction of Methane . Displacement Maximum
of Frecetion in the in Mixture of Maximum Flame of the Mix- Flame
Series of Oxygzen Stoichiometric VelocityMnm ture of Veloeity,
in Mixture, TFrom Curve Computed Best Maximum Um - Notes -
Atmosphere, Valueg Flanme cm7_s'ec .
& S+ Velecity,D

1-4 0.209 095 0.096 097 097 0.002 38.1 Aporoximste values; initizl series of tests.
1-B 0.209 095 0 .097 097 097 0.002 364 —

1-C 0.209 .095 (0.097) 097 097 (0.002) 364 Data somevhat scattered; X zpproximzte, U, definite.
2-A 0.390 .163 0.170 .170 170 0.007 136 —

2-B 0.390 163 (0.170) .170 .170 0.007 137 —_

3-A 0.500 .200 (0.215) - - (0.015) 211 Data do not estzblish Xp.

3-B 0.500 «200 0.216 215  0.215 0.015 221 S

4oa 0.552 0.216 (0.225) 225 .225 (0.009) 2Lz Scant dats in range of X ; vzlue for this zpproximate.
4B 0.552 0.216 0.230 .228 .228 (0.012) 242 Data somevhat inconclusive as to X .

B A 0.607 0.233 0,242 0.243  0.243 0.010 261 —_—

5-B 0.607 0.233 (0.240) - - - 263 Datz do not establish X' accurately.

64 0.6%0 0.245 (0,254) - - (0.009) (265) X n : :

¢ * y . ot conclusively established.

6-B 0.651 0.2U6 (0.254) - - (265) n

7-4 0.700 0.259 (0.265) 6 6 278 R 1ot mexi

7—B 0.701 0.260 (0.265) 0.2 5 0.2 5 O¢005 277 sther flzt maximum,

8-A .800 0.286 0.288 . 287 . 287 0.001 311 _—

8-B .800 - - - - - 302 Incomplete data.



TABLE XVI

FINAL SUMMARY OF RESULTS FROM TABLES XIII AND XV

Number Volume Volume - Fraction of Displacement Percent Maximum Remarks
of TFraction of Methane of the Mix- Displacement, Flame
Series Oxygen in in in ture of Dy Velocity,
Atmosphere  Stoichiometric Mixture of Maximum — x 100 cm/sec
Mixture Moximum  Flame Velocity ~ St
X Flame Velocity Dy
st xm
1 0.209 0.095 0.097 0.002 2,1 36.4 Series 1-A omitted
2 0.390 0.163 0.170 0.007 4,3 137 -
3 0.700 0.200 0.215 0.015 7.5 216 _—
4 0.552 0.216 (0.227) (0.011) 5.1 o3 Xt epproximate.
5 0.607 0.233 0.243 - 0.010 4.3 262 -
6 0.651 0.246 (0.25%) (0.008) 3.3 265 Xm approximzte.
7 0.701 0.260 0.265 0.005 1.9 278 -—
g 0 .800 0.286 0.287 0.001 0.4 307 -
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Interesting data for the effect of the concentrsztion of oxygen
in the atmosphere on the flame velocities are also evident from Tzbles XIIT
and XVI. A common plot of these data, Figure 13, shows the nzture of the
family of curves snd discloses the general reletionships between the three
variables represented (_a_ being treated zs 2 parameter). The values of the
maxims of flame velocity are represented in Figure 14 as functioné of the

composition of the atmosphere. 57/

<
57/ For the range 0.2 =4%£.5 this relstionship may be represented approxi-
mately by an equation of the type y = axP -c.
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IV - CONCLUSION

CHAPTZER 1 ~ COLPARISONS OF RESULTS WITH VALUES IN THE LITERATURE

Values for the Displacements:

In common with many previous mezsurements of flesme velocities for
methene, those presented in the lest chapter show in genersl 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 12 established by
the present work suggests a continuous relstionship 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 mea:urements again shows a continuous relationship that also exhibits
a maximum,

The curveé for the displacement DV represented as a function of the
composition of the atmosphere as deduced from the date of Jahn (71), Figure 5,
show for hydrogen end carbon monoxide substantislly the same type of regularity
as suggested for methene by the results of the present investigetion., 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 bcth types of combustible gases.
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The other relationships for the percent displacements are of collsterzl

interest; a significant point is the establishment of & continuous relstionship
for methane in Figure 12, complenenting the continuous reletionships for hydro-
gen and carbon monoxide in Figure 5. The existence of a meximum 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 relstive
magnitudes of the displacements and contents of combustible for eguivalence for
the various gases and of differences in the rates of change of these factors
with the composition of the atmosphere.

Velues for the Flame Velocities:

The value for the maximum flame velocity for combustion of methene
vi1th air and the relationship of the flame velocity to the composition of the
mixtures for this case agree well with previous mezsurements by similar methods.
The maximum velue of 36,4 c¢m per second recorded in Table KVI is in substan-
tial agreement with values recently reported, such as 35 (Bls), 37 (Bll), (Bl2)
and about 39 (S2) em. per second.

Other dsta with which comparisons may be made are those of Jahn (J1), and
as indicated in Teble XVII there is agreement in order of magnitude between
these measurements and those of the present investigation. For this comparison,
values of the meximum flame velocities were read from Figure 14 for convenient
values of concentrstion of oxygen in the atmosphere and ffom a similar curve
prepared from data given by Jahn. The divergences between the two sets of data,
Tsble XVII, are of variable magnitude and aversge about 15 percent. This agree-
ment seems satisfactory in view of the probeble 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 mske the present values somewhat greater

than those of Jahn), and of the absence of avsilable details of the zpparstus

used by Jahn.
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TABLE XVII

COMPARISON OF MAXIMUM FLAME VELOCITIES FOR METHANE BURNED

WITH VARIOUS ATMOSPHERES

Volume-Fraction Mgximum Flame Veloeity, cm. per sec,
of Oxygen in
Atmosphere From Jahn From Present Measure-
ments

0.2 30 30
0.3 78 95
0.4 127 156
0.5 170 213
0.6 212 255
0.7 250 285
0.8 282 705
1.0 333 3202/

1/ Jazhn, G,, Z#ndvorgang in Gasgemischen, R. Oldenbourg, Berlin, 1934
values read from a large-scale curve prepared from data given by Jzhn
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-
Eustion 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 mesde
by Ubbelohde and Dommer (U3) by the burner method. These authors were not
successful in obtaining data to define the complete curve for flame veloci-
ties becsuse this velocity became so great with mixtures near eguivalence
that even in a 2 mm. burner turbulent effects were encountered that indicated
that the limiting critical velocity had been excesded. 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 obtzined. 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 fleme velocities showing s 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
(T1) geve in contrast a maximum flame velocity, of 333 cm, per sec, and hence
introduced & discrepancy that has not as yet been explained. £~ comparison .of
the results of the present work with these others adds weight to the results
obtained by Jahn; in sddition 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 em, 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 snd those of 3Stevens
and of Ubbelohde and Donmer is thus emphasized by the present rzsults. This

divergence has not been explained. It seems probable that the use of such s
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smell burner by Ubbelohde and Dommer might have introduced importznt errors,
and the correspondence between the values of Ubbelohde snd Dommer and of 3tevens
is only rough and may be fortuitous. §§/ More dats sre 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.

§§/-The recent work on the method developed by Stevens mentioned on page 27
has indicated the necessity for revision of much of the earlier data
chiefly because of the effects of water vepor on the flame velocities;
this factor is of minor importance in the combustion of methsne, and
would not per se cast doubt on the results of Stevens.
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CHAPTAR 2 - ON THE THEORY OF TEE SLOY PROP..G.TIOT (F FL.I

General :

It was noted in section II that there exist funusmental guestions of
the aptness of verious considerations in connection with the details of the slow
propagation of flame, Crucial experiments are not needed, howev-r, to decide
between purely thermal considerations and ~thers 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 letter factors, future zdvances must take account of their effects.

Aithough this conclusion may be viewed as definite in connection with
the detailed mechanism and inner chemism of the propsgation of flame, there still
exists a basic guestion 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
obgervations are in qualitative accord with predictions based on the thermal

aman these
theory andkpredictions 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 yubes 89/. MlMore recently, the work of Jahn

interesting

59/-An additionalqobservation, noted previously, relates to the abseuce of the dis-
placement in the case of the combustion of producer gas with air. This was
advanced by Payman (P2) and elaborated by Paymsn and liheeler (P3). The phen-
omenon is particularly stiikiung when one considers that the displacement for
carbon monoxide, the chief combustible constituent of the gas, is the greatest
known for common combustibles. An explapetion for this important practical
fact followed considersations of both normsl and inverse combustions: consider-
ing tne 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 thet the inert
present in the producer gas might balance the nitrogen in the air so that =
very smell displacement would be noted, This deductionﬁs, of course, in accord

with experiment.
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(J1) has indicated good agreement between the thermal theory znd the ef-
fects produced on the flame velocity by changing the concentrstion of oxygen
Or the character of the inert in the atmosphere used for combustion. These
agreements have in general been strictly quzlitative; 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-
guired for maximum flame velocity are neither uniform nor in accord generally
with predictions based on an expression of the type of equati&n 14 which re-
presents the elaborated thermal theory, as noted in section II, For example,
an increase in the displacement D would seem required by equation 14 as a
result of increased initisl 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 DV 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 tc indicetion that this displacement should
disappear when the atmosphere is pure oxygen.Payman and Wheeler (P3) advanced
measurements of special flame speeds in tubes for mixtures with oxygen of
methane and of hydrogen as proof of this; subsejuent experiments made by other
methods have verified this conclusion for methane (J1), (S3) but have not
been in accord with this in the case of hydrogen (J1),

Other observations of effects on the displacement rela%ed chiefly

to the heat cepacity 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 Dy.

Jahn gave detailed consideration to the displacement Dy, as noted in
section II., 1In 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 a remains constant, the composition of the atmosphere
does not affect the content of combustible recuired 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<§9/ 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 cazn have no effect on the content of combus-
tible required for maximum fleme velocity. This author noted, however, that
as the inert content of the atmosphere decreased the mixture giving maximum
flame velocity approached more nearly the eguivalent 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 fronm
the thermel theory. It should be understood that there are assumptions involved
in such reasoning that seém guestionable and hence detract from its cogency;
examples are the ausumption of the applicability of the law of mass action with
the use of initial concentrations of reactsnts in the expression for the reac-

tion velocity, and the assumption of the adequacy of the fundamental tenets of

gg/-From page 1lg of ref. Jl: "Die Zusammensetzung der Atmosph¥re h%tte demnach
nur Einfluss auf den Absoluten Betrag des Massenwirkungseffektes und damit
der Reaktionsgeschwingigkeit, nicht aber auf den flr das Maximum geforderten
Brenngasgehelt,"
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the purely therm=l theory, as discussed previously. Before presenting e de-
teiled analysis it may be noted generszlly that sn spprosch may be made through
consideration of the mutual effects of the factors of thermsl effects and of
reaction velocity as they appear in the generalized Nusselt e.uetion; 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 summerily stated to be of minor importance:
this is admissible because systemztic considerstion of the effects of varia-
tions in the guantity a on the several elements contributing to the fsctor of
thermal effects indicates that such variations should have no msrked effect on
the weight of this factor. It might be expected that the magnitude of the dis-
placement DV 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 mixbture, Coming to the other factor, of reaction
velocity, it may be noted in common with the conclusion reached by several in-
vestigetors that when a 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
seens conceivable that slthough the apparent absolute magnitude of the dis-
placement demanded by the factor of reaction velocity peteatly would increase
as a decreases becsuse of the indicetions from the law of mass action, the con-
current operstion of the varizble a might ceuse the weight of this effect and
hence the displscement 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. £ more detailed analysis

follows:
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It will be recalled thet the displacement is a consequence, according
to this theory, of a competition between the factors representing the reaction
velocity and the thermal effects in en 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 thermel effects may be substan-
tially constant, and that the maximum for this factor is attained in a mixture
near eyuivealence, 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 eguivalence for these gases decrease, of course, with
decrease in a. These relstionships are indicated in Figure 15,4, and the di-
vergence of the curves for meximum mass action product and eguivalent mixtures,
indicated as 4 in the figure, is seen to increase for all three gases as 2
decreases, contributing a progressively greater measure to the weight of the mess
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—h
al to the syusre root of a in the cases of carbon monoxide and hydrogen, and
to & for methene. The variations of this constituent with a are obvious, but
are reprecented 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 a2t once becomes evident that as a consequence of the competition
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betwee_g the values d snd the effects of a in this product, this weight and with
it the disp}acement Dy increase to & maximum as a decreases from unity end then
decrease when @ becomes very small., This is the effect observed experimentally
(Figure 12),

In figure 5, the maxims for the displacements-for carbon monoxide
and for hydrogen, when represented as dependents of the factor s, 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 thce above cualitative reasoning mey be
seen from Figure 15. Qualitatively, the contribution of the portion involving
a to the total weight of the factor for the reaction velocity decreases much
more slowly at first, i. e., following initial decreases in & from unity, in
the case of hydrogen and carbon monoxide than for methane, but more repidly 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 Aisplacements
for hydrogen and for carbon monoxide at a lower value of a than for methane.
The same conc.usion would be indieated by the relstively greater divergence of
the curves for the first two gases as shown in Figure 15, A, This conclusion
is supported by the following snalysis: {A)-For the combustion of hydrogen or
of carbon monoxide the content of combustible for stoichiometric ejuivalence
in mixtures with atmospheres containing a volume-fraection a of oxygen may be

/5

. . 2a difference d in Figure l8-A is 2 _ _2a
given as xgy & —2 0 that the diff d gure X6 E-g5s T

2-28 ; since the other contributing factor is proportional to v a, the weight

6a43
W of the mass action factor demanding a displacement will be of the form

2 j a-2a5/2 which has a maximum for 12 a5/2+ 18a5- 15243= Q or for a value of
6a + 3

a near 0.17 (checked by change of sign of first derivative from 4 to - and by
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2 negative second derivstive). (B)-For the combustion of methane, & is

similarly related to & through _g:gg;_, ¥ is given by 32:%3?, epd & maximum
3a+ g 3a¢ 6

exists for a2+4a—2=0 or for a = 0.45 (second derivative negative). These
velues check the qualitative conclusions noted, and the numerical correspon-
dence of the results for the values of &8 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 investigetion of the concentra-
tion of oxygen in the atmosphere on the displacement Dy from thermal consi-
derations that are admittedly inadeguate in connection with the detailed
mechanism of the propagation of flame, It is suggested on these grounds that
despite the inadeguacies 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 aveilsble on which to base predictions, in the absence of experi-

mental data)of important practical effects in gaseous combustion.



CHAPTER 3 - ON TECINICAL ASPECTS OF THE RESULTS %

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 fundamentsl 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. Maximﬁm Tlame-outputs are of unguestioned
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 industrisl firing in nearly combining proportions with the
atmosphere used; this practice is neither logical nor generzlly productive of
any optimum condition.

A fundemental approach to the generasl rating of gases and to the
control of combustion is afforded by the flame-output function. In view of
the extensive treatment of this concept by BrUckner end collaborators amd
others 61/, and of a recent consideration of essential applied aspects by
the writer (D3), details need not Be given hers., 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

61/-For examples see reference BL9, B20, Bl8, B21, B22, and G3.

62/~Js= 0 X W , in which Jg is the specific flame-output, or rate of release
~ of kX  energy per unit of port area, u 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 constent for standerd 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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cturves representing flame-outputs as functions of the compositicn of the
bricery 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 velue. These factors determine, then, the range
of control available; scrutiny of published data discloses very extensive
possible variations in flame-outputs as a direct comsequence 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 greet technical im-
portance. Although enrichment with oxygen of atmospheres for use in large-scale
technical combustion operstions is not yet feasible economicelly, the data of
the oresent investigetion place emphasis on an important phenomenon that is
now cognizable as common to both types of technical gaseous fuels, namely the
characteristie 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 equivelent mixture of the mixtures giving maximum
flame—-outputs §§/ would also vary with the composition of the atmosphere. This
is of evident importence 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 DJ for mix~
tures giving maximum flame-outputs mey be seen from the form of the flame~output
function. The displacements DJ will obviously be determimed by the position of
the maximum of the flame velocity and by the relative rates of change of the

fleme velocity and heating velues with change in the composition of the mixture

burned. The meximum for primary flame output will correspond in gener=l to

These
63/-This displacements of mixtures giving maximum fleme-outputs will be re-

ferred to as theMlisplacements DI'"
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a content of combustible between that for equivalence and for msximum flame
velocity, and that for the total flame output will obtain with an excess of
combustible greater then thet in the mixture giving meximum flame velocity.

These effects are not as evident or striking in the case of the com-
bustion of rmethane as with other gases giving larger velues for the displace-
ments Dy, but values for flame outputs for methane are nevertheless of pointed
intere.t. The determinstion 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 attai.able, Thus, the sample calculation for the combus-
tion of methane with air, summarized in Teble XVIII and represented graphically
in Figure 16, illustrates the points noted and discloses extensive ranges of
ilame-cutputs aveilable as a result of variation of the composition of the mix-
ture burned.

A summary »f 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 meking certazin of these calculetions 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 imnediately evi-
dent from these data, and a summary of interesting results is given in Teble XX.
These show that the meximum specific primary flame-output increases very rapidly
and approxi.ately 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 thet are much lower than the maxime,
the overall available range is of the order of approximately 45-fold, Similarly,
total flame-outputs increase greatly with increase in a and the range of inten-~
gities of combustion made available in the region 0.2 Sa £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 ef the atmosphere used for combustion; for the
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TABLE XVIII

SAMPLE CALCULATIONS OF SPECIFIC FLAME-OUTPUTS: MIXTURES OF

METH ANE AND AIRL/

Volume Flame Lower Heating Valyes, Specifie
T I

in Mixture sec.  sec. Mixtured/ Combustible Primary = Total
7.5 26.8 .879 68.6 68.6 121 121
8.0 30.3 .995 73.1 73.1 145 145
8.5 33.7 111 7.7 7.7 173 173
9.0 36.9 1.21 g2.2 82.2 199 199
9.5 38.1 1.25 86.3 86.8 216 217
10.0 37.7 - 1.24 85.9 91,4 213 227
10.5 3.7 1.1k 85.4 95.9 195 219
11.0 31,2 1.02 85.0 101 173 206
11.5 27.8 912 gL.5 105 154 192
12,0 23.6 g g1 110 130 170
12.5 0.0 656 83.6 11k 110 150
13.0 17.0 .558 83.2 119 92.8 133

J; J.
y Based on a constant k of 0.5 in lgs = WX W in which V’s = specific flame out-

put, u = flame velocity, w = lower heating value, and k = constant for
standard flame, = ratio of areas of port and inner cone or of velocities

of flow and fleome.
_2_/ Token from smootn curve for data of series 1A of Teble 13.

3/ Based on 913.8 Btu per cu. ft. at 60°F,., %0 in. mercury, dry gas, from
A. G, A, Combustion, p. 38 (1932).

y i.e. , lower heating value corresponding to combustion of primary mixture,
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Percent
Combustible

TABLE XIV

SULLIARY OF CALCULATIONS OF SPECIFIC FLAME OUTPUTS FOR COMBUSTION

OF METHANE WITH VARIOUS ATHOSPHZRES

Specific Flame Outputs
Btu per sq. ft. per sec.

Primary

(1) a=0,209, Let=9.47

el
HEHOOWWR®K—
e ® e o &« @ « ® & [ ]
NONOUMOWMOoOwm

W
N o
oo

121
et
173
199
216
213
195
173
154
130
110
92.8

(3) a = O.m, x‘_siz 20.0

18.0 2200
19.0 2400
19.5 2490
20.0 2580
20,5 2600
21.0 o261k
21.5 2610
22.0 2580
22.5 2560
23.0 2530
24.0 oU60
25.0 2330
26 .0 2280
6.5 2200
27.0 2140
271.5 2070
28.0 1990
(5) a = 0,607, Xst = 23.3
20,0 2910
21.0 3170
22,0 3360
22.5 3490
23.0 3580
23.5 3630
24,0 3620
24,5 3600
2540 3560
255 3530
26.0 3470
27.0 3370
28.0 3270
28.5 3190
29.0 3120
29.5 3020
30 .0 2930
(7) a=0.800, Xt = §,286
2540 4570
26.0 4810
27.0 Lo
27.5 5120
28.0 5270
28.5 5360
29.0 5300
29.5 5270
30.0 5170
30.5 5130
31.0 5040
32.0 4900
32.5 4800
32,0 4700
33.5 4560
34,0 Ui zo

Total

121
145
173
199
217
227
219
206
192
170
150
133

2200
2400
2490
2580
2670
2770
2860
2920
2980
3020
3100
7170
3200
3180
3160
3130
3090

2910
31%0
3360
3490
3580
3680
3750
3840
3900
3980
4070
4100
4180
4180
4130
4160
41ko

4530
Lg10

5040 .

5120
5270
5360
5410
5510
5530
5640
5650
5750
5770
5780
5750
5720

Volume

Percent
Combustible

Specific Flame

100

Outnuts

Btu per so. ft. ver sec.

Primary

(2) a=0.39, X¢ = 15.3

10.0 4oy
11.0 563
12.0 708
13.0 | 866
14.0 98L
15.0 1130
15.5 1250
16,0 1270
16.5 1320
17.0 1320
17.5 1290
18,0 1220
18.5 1120
19.0 1040
19.5 9%
2.0 78
21.0 832
(M) a=0,552, Xet = 21,6
2.0 2800
20.5 2920
21.0 3030
2.5 3140
22.0 3140
22.5 3135
23.0 3110
23.5 3060
o4.0 3020
ok.5 2970
25.0 2920
25.5 28730
26.0 2760
26.5 2710
27.0 2630
(6) a =0,701, Xs¢=26.0
22.0 3490
23.0 3720
24,0 3930
25.0 1120
25.5 Yolo
26.0 4330
2.5 4270
27.0 42oho
27.5 4190
28,0 4140
29.0 4010
29.5 3930
30.0 3840
30.5 3750
31,0 36730

Totzl

Yo3
563
708
866
9gh
1130
12%0
1.270
1276 1340
1380
1410
1380
1310
1260
1230
1200
1170

2800
2920
3030
3140
3220
3310
3360
3430
3470
3500
3530
3530
3550
3540
3530
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Volume~
Fraction
of Oxygen
in Atmog-

phere

0.209
0.390
.0.%00
0.552
0.607
0.701

0,800

TABLE XX

SUMMARY OF RESULTS FOR FLAME - CUTPUTS OF METHANE

BURNED WITH VARIOUS ATMOSPHERES

Maximim Total
Flame ~ Cutput

Volume- Maximum Primary
Percent Flame - OCutput .
Combustible Btu per Volume Displace~ Btu per
for Equiv-  s=q. ft. per Percent ment sq. Tt. per
alence Second Combustible Drp Bécond
9.5 216 9.5 0 227
16.3 1320 16.5 0.2 1410
20.0 615  « 21.0 1.c 3200
21.6 31lo 22,0 0.4 3550
23.3 3630 23.5 0.2 4190
26.0 4330 '26.0 0 4690
28.6 5360 28.5 0 5780

\

Volume
Percent
Combustible

10.0
17.5
2.0
26.0
29 0
30.0

33.0 -

Displace~
ment

0.5
1.2
6.0
b Y
BeT
4.0
TR

N
N\
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primary fleme-output the relationship suggested by the epproximate values

in Table XX is regular and exhibits a maximum, while that for the total flame-
outputs 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 oxygen of

the atmosphere used for combustion,
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V-EPITOME

The literature relating generally to gaseous combustion has been re-
viewed and a criticael examinastion of publicetions 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 meximum fleame velocity from
the équivalent 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 pubiished
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 atmcspheres 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-percen: oxygen in
the atmosphere. The flame velocities obteined agreed in order of magnitude with
comparable previous measurements, Similar relationships deduced from reliable
previous measurements with other gases, hitherto unemphesized, led to the con-
clusion thaet this relationship is common to both types of combustible gases
of technical importance.

This primary conclusion was shown t0 be rather cruciel in connection

with considerations of the gross features of the slow propagation f flame. An

original development based on the thermal theory proved cepable of explaining
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semi-gquantitatively the effect established. This and other considersztions 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 technicel 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 gualita-
tively for common natural gases. They disclosed a range of specific flame-
outputs of about 50-fold that msy Le 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 burnéd. Juantitative estimates of
these effects were given. Finally, the results produced collateral evidence in-
dicating that despite unexplained divergences in the litersture a maximum
flame velocity of approximately 330 cm. per sec. obtains for the combustion

of methane with oxygen.
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TABLY XX

SUMMARY OF RESULTS FOR FLAME - CUTPUTS OF METHANE

BURNED WITH VARIQUS ATMOSPHERES

Volume- Volume- Meximum Primary Haximum Totel
Frzetion Percent Flame - Output Fleme - Cutnut
of Oxygen Combustible Btu per Volume Displzce- Btu per Volume Dignlece~
in Atmos- for Equiv- gq. ft, per Percent ment sq. ft. per Percent ment
phere slence Second Combustible Dgp Second Combustible Daq
0.209 9.5 216 9.5 0 227 10.0 0.5
0.390 16.3 1320 16.5 0.2 1410 17.5 1.2
.0.%00 20.0 615 21.0 1.0 3200 26.0 6.0
0.552 2l.6 3140 22.0 0.4 3550 26.0 bYy
0.607 23.3 3630 T 23.5 0.2 4190 29.0 R.7
0.701 26.0 4330 26.0 0 4690 30.0 4.0

0.800 28.6 5360 28.5 0 57¢0 33.0 . b.L
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