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DIFFUSION IN LAMINAR FLAME JETS!

By H. C. HOTTEL? anp W. R. HAWTHORNE?

SUMMARY

The lengths and concentration patterns of
flames from circular nozzles burning in free air
have been determined over a wide range of veloci-
ties with several nozzle diameters and for various
gases and primary air-gas ratios. As the nozzle
velocity is increased from zero the flame, burning
under conditions of diffusional mixing with air,
increases in length until a transition occurs to
turbulent combustion with a consequent change
in flame length to a value which is substantially
independent of further increase in velocity.’

The present paper covers that portion of the
data related to laminar jets and to transition phe-
nomena. The progress of combustion is treated
analytically, assuming that molecular diffusion is
controlling and that the concentration of oxygen
and fuel are zero at the flame interface. A relation
is obtained between the time of flow of fuel gas
to the flame tip and the proportion of nozzle fluid
and air required for complete combustion as

follows:

1+ a
a; —

1/, = 4 log.,(

where 6; = 4D,t;/D?
D, = molecular diffusivity
t; = time of flow from nozzle to flame tip
D = nozzle diameter
a; = mols air/mol fuel gas for complete
combustion
a9 = mols air/mol fuel gas in nozzle fluid

! This paper is part of a thesis by W. R. Hawthorne
submitted in 1939 to the Massachusetts Institute of
Technology in partial fulfillment of the requirement
for the ScD.

2 Professor of Fuel Engineering, Massachusetts In-
stitute of Technology.

3 Westinghouse Professor of Mechanical Engineer-
ing, Massachusetts Institute of Technology.

When the flame is short the time of flow is propor-
tional to flame length, L; for longer flames, the
generalized flow-time for a given nozzle fluid, 6;,
should be a function of L/D, volumetric flow rate,
Q, diftusivity, D,, and the Grashof group which
enters wherever the major force overcoming vis-
cous drag is one of buoyancy. The actual rela-
tionship is established empirically from data on
flames of carbon monoxide and of city gas. For
flames longer than 6 inches, issuing from nozzles
of diameters 0.125 to 0.82 inches, the following
relation is suggested:

L = Alog Q8; + B,

where 4 and B are constants depending only on
the fuel gas and the primary air-fuel ratio.

Data on phenomena of transition from laminar
to turbulent flow in the flame jet are also pre-
sented.

INTRODUCTION

Industrial gas-fired furnaces are characterized
in a large number of cases by the mixing of the
fuel gas and air streams in the combustion cham-
ber of the furnace, so that the propagation of
combustion is dependent on the rate of mixing of
gas and air. A basic understanding of problems
in combustion chamber and burner design, flame
placement, and flame impingement thus requires
the application of the concepts of mass transfer
to the mixing process in flames. This mixing may
occur in two ways:

(1) Molecular diffusion. The mixing of two

streams by molecular diffuston is relatively
slow, and diffusion flames are used when a
long, slow flame is desirable for the dis-
tribution of heat over large areas in the
furnace. Such flames are used, for example,
in rotary kilns.
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(2) Turbulent mass transfer or eddy diffusion.
In this case mass transfer is much more
rapid than for molecular diffusion, since
mixing occurs by the intermingling of micro-
particles of fluid. Where high thermal out-
put per unit of furnace volume is required,
as in power plant operation, it is necessary
to produce a turbulent flame.

In laminar flow, mixing is by molecular diffusion

only, whereas in turbulent flow it is largely by
eddy diffusion or convection, with the final homo-

point along the flame where breakdown of laminar
flow occurs and a turbulent jet develops. The
distance from the nozzle to the point where the
turbulent brush begins may be termed the break-
point length. Characteristic flame length and
breakpoint length curves have been obtained for
various nozzles and fuel gases; one such set of
curves is shown in figure 1. The appearance of
the diffusion and turbulent flames is demonstrated
by the sketches in figure 2. As the nozzle velocity
increases from zero there is at first an almost pro-
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geneity being attained by molecular diffusion
between smali-scale eddies.

The flame from a circular nozzle provides a
simple illustration of the difference between burn-
ing and mixing in laminar and in turbulent flow.
When fuel gas discharges at velocities below a
critical value from the nozzle into quiet air of
large extent, the flow of gas is laminar, and the
mixing of gas and air occurs by molecular diffusion
in a thin flame surface which is fixed in space.
As the nozzle velocity is increased the diffusion
flames increase in length until a critical velocity is
reached and the tip of the flame becomes-unsteady
and begins to flutter. With further increase in
velocity this unsteadiness develops into a noisy
turbulent brush of flame starting at a definite
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portional increase in flame length, and at any
velocity in this region the* flame is sharp-edged
and constant in shape. When a sufficiently high
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velocity is reached (fourth sketch) the tip of the
flame changes in character, and a slight brush
forms. With further increase in nozzle velocity
the point at which the flame ‘“‘breaks” moves
toward the nozzle, and the tip of the flame moves
toward a new height different from that of the
longest pure diffusion flame (in the present exam-
ple, shorter). At a nozzle velocity corresponding
to the seventh sketch the break-point has ap-
proached quite close to the nozzle, and substan-
tially the whole flame has become turbulent.
Further increase in velocity affects the total flame
length and break-point very little, but flame noise
continues to increase and flame luminosity con-
tinues to decrease. The flame finally blows off
the port at a velocity of 50-1000 feet per second,
depending on the gas, flame pilot, and nozzle size.

A study of these flames was undertaken with the
object of applying the concepts of mass transfer
to mixing in the flames. In this paper only the
work on diffusion flames and diffusion flame break-
down is discussed; two later papers cover the work
on turbulent flames and their representation by
liquid models.

DIFFUSION FLAMES

Measurements of the length of city gas diffusion
flames issuing into quiet air from a circular nozzle
were made by Rembert (1). Cuthbertson (2)
made similar measurements, but does not identify
the fuel gas he used.

The shape and characteristics of diffusion flames
in which the velocity of the mixing streams was
extremely low were studied by Burke and Schu-
mann (3). They gave a simplified mathematical
analysis of the diffusion process which enabled
flame shapes to be determined theoretically. The-
oretical predictions were in good agreement with
their experimental results.

EXPERIMENTAL APPARATUS

A circular burner nozzle to which were led
known quantities of gas (and in some cases primary
air) was situated at the bottom of a vertical cylin-
drical furnace of relatively large dimensions,
figure 3. A known quantity of secondary air was
introduced at the bottom of the furnace through
straighteners and screens, so that a uniform, steady
and slow flow of air was provided for the combus-
tion and scavenging. Three sizes of burner port
were used, ¥ inch, T inch, and } inch inside diam-
eter (fig. 4). To minimize rotation and turbulence
in the issuing gas, straighteners and screens were
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placed in the pipe before the gas stream was con-
tracted down to one-ninth of its cross-sectional
area. The contraction was followed by a straight
section, six port diameters long, which was long
enough to prevent the issuing jet from wobbling
and short enough to prevent excessive develop-
ment of turbulent velocity components, or to
cause a noticeable departure from uniform velocity
over the cross section of the stream.

The measurement of gas and primary air flow
was carried out by orifice meters with an accuracy
of 1} percent. Two scales placed on either side
of the flame enabled the position of a given point
in the flame relative to the burner port to be
measured to within £2 mm. In the region of
transition from laminar to turbulent jet the break-
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Fic. 3. Experimental furnace.

point tended to be somewhat unstable, so that the
reproducibility of the measurement was within
+0.5 cm. in this region. Reproducibility was
considerably better at higher velocities, where the
breakpoint was more stable. The flame lengths
were reproducible to within +0.5 c¢m. Flame
length measurements were made with the furnace
top removed. Gas sampling in the flame was
done with the furnace top in place as described
below.

To obtain samples of gas from the flames a
water-cooled sampling tube was used, figure 5.
A thin brass wedge was arranged to project down-
wards from a horizontal water-cooled tube. Sam-
ples were withdrawn from the thin edge of the
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wedge through seven stainless steel tubes, .C25 inch
inside diameter, which were soldered to +% inch
o.d. copper tubing inside the water-cooled tube.
The seven sampling points were situated half an
inch below the center of the water-cooled tube of
% inch diameter; and there was no observable dis-
turbance to the gas flow up to the sampling point.

BUNDLE OF
Y6 BRASS TUBE

\ STRAIGHTENERS
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in the study of turbulent flames (to be described
in another paper).
DIFFUSION PROCESS IN THE FLAME

The process of diffusion occurring in a flame of
hydrogen leaving a port } inch diameter at a
velocity of 108 ft./sec.* is illustrated in figure 6,
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The samples were drawn out simultaneously and
stored in sample bottles to await analysis. The
time taken to obtain one batch of seven samples
was approximately ten minutes; and during this
time the gas and air flows were maintained steady
under the action of pressure-regulating valves.
This same apparatus was used to a limited extent

in which the analyses of samples taken across the
flame at three different.distances from the port
are presented. In spite of a slight unsteadiness,
and the consequent appearance of oxygen in sam-

4 Nozzle velocity is calculated at room temperature
and pressure.
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ples from the center of the flame,’ the data provide
adequate illustration of the generalized picture,
figure 7. The fuel molecules are diffusing outward
to the flame surface where they meet oxygen
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molecules diffusing inwards from the outside air.
Neither fuel nor oxygen molecules actually pass
through the flame envelope or reaction zone. The

5Due to the flame occasionally being blown away

from the sampling point so that air passes it at some
time during the ten minute period of sampling.

FLAME AND EXPLOSION PHENOMENA

combustion products which are formed at this
zone diffuse both inward and outward. Nitrogen
passes through the flame surface, diffusing inward.

The rigorous analysis of the diffusion process in
the flame would be extremely complicated, but by
following Burke and Schumann’s (3) suggestion,
simplification of the problem is possible if it is as-
sumed: (a) that the combustion reaction takes
place instantaneously and with no change in num-
ber of mols and (b) that the temperature and dif-
fusivities of the gases are everywhere constant and
equal. The system may then be divided into two
zones, one inside the flame envelope and one out-
side. In each zone either gas or oxygen is diffusing
towards and disappearing at the flame front, while
nitrogen plus the products of combustion, which
may be considered as one gas, enter each zone
from the flame front where their concentration is
unity. In each zone, therefore, unsteady state
diffusion of two gases is occurring and the rate of
diffusion of each is proportional to its concentration
gradient. Reflection of the curve for fuel gas con-
centration, figure 7, in the horizontal axis, and
scaling of the ordinates of the reflected curve in the
ratio, mols of oxygen required for complete com-
bustion of the gas per mol of fuel gas, gives a curve
which has the same slope as the oxygen curve at
the flame front and which, therefore, runs smoothly
into the oxygen curve. The continuous curve for
oxygen and equivalent fuel gas, expressed as
“negative oxygen,” may then be used as if it repre-
sented the concentration of one gas in a system
consisting of two diffusing gases.

In terms of the above simplified diffusion system
the gas everywhere consists of two components,
“oxygen” and nitrogen-plus-combustion-products,
and the sum of their separate mol fractions (called
concentration here) everywhere equals unity. The
concentration of “oxygen” in the sample, desig-
nated by ¢, is defined as the mols of oxygen in the
sample minus the mols of oxygen required to burn
completely any unburned gas in the sample, all
divided by the sum of the mols of nozzle fluid and
surrounding fluid required to produce the sample.
(It is to be noted that in the diffusion flame, where
no oxygen occurs on one side of the flame surface
and no unburned fuel gas on the other side, either
the oxygen or the fuel term appears in the numer-
ator of ¢, but not both.) Expression of ¢ in terms
of air/fuel ratios is desirable. Let ao be the
primary air/fuel gas molal ratio in the nozzle
fluid, and a. the stoichiometric ratio or theoretical
ratio for perfect combustion. Then ¢ at the nozzle
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is 0.21(ap — a.)/(1 + aq); ¢ at the flame tip and
everywhere else on the flame surface is 0; and ¢ in
the ambient air is 0.21.

With the generalized “oxygen” content ¢ of a
fuel-air system defined, it is desirable to express
concentration dimensionlessly by defining the
term C, as

(¢ at time to flow from nozzle to any
specified point along the axis of the
flame) — (c at infinite time)

(initial ¢ in nozzle fluid) — (¢ at
infinite time)

1t is seen that C,, is the unaccomplished fractional
change in concentration, expressed as a fraction
of the total possible change from the value at the
nozzie to the ultimate value along the flame axis
at infinity. The value of C, at the flame tip,
called (Y, is given by

0 — 21

.21(@(\ it a,) — .21

1+a0

C, at flame tip = C; =

1+ a
1 4+ a,

(1)

For example, consider a methane flame burning
with no primary air. Since one volume of methane
requires 2 volumes of oxygen for complete com-
bustion, the equivalent ‘“oxygen” concentration
in the pure methane at the port is —2.0, and varies
along the flame axis from —2.0 through 0 at the
flame tip on to +0.21 at an infinite distance. The
total possible change is 2.21, and the fractional
change out to the flame tip is 2/2.21 = 0.905.
The unaccomplished fractional change is 1 — 0.905
= 0.093; this is (.

The problem of diffusion in the simplified open-
flame system just described is treated in the Ap-
pendix. It leads to a relation between the quanti-
ties, generalized concentration C,, and generalized
time 6, defined as follows:

8 = 41)1'[/1)23 (2)

where t = elapsed time for gas to flow from noz-
zle to point where concentration is C,,,
molecular diffusivity coefhicient for
the system,

D = nozzle diameter.
The relation is

D,

Co =1 — 140 ®)
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The value of 8y, or  at the flame tip, comes from
a substitution from (1) into (3) to obtain

1+ao

ey 3
T a € €Y

=1

from which

g = 1
T 4 (1 + a)/(a, — au)]

The next problem is to relate the time factor, 8,
to the distance along the flame. It is desired to
know I, the time of flow to the flame tip. Actually
the flame length, L, was measured, not {;; hence
gy must be expressed in terms of L. Certain as-
sumptions have therefore to be made as to the
change of gas velocity v, along the length of the
flame so that 6, may be evaluated from the ex-
pression

()

_ 4D, _ 4D, [¥

_ 14D, Y
D? D J, T

It = -
0/ dt D2 . v

(6)

where v = the gas velocity at a distance x from the
nozzle; i.e. the solution of equation 6 involves the
determination of the relationship between v and .
The gas velocities used are very small and are de-
creased by viscous drag and increased as a result
of the density difference between the gas stream
and its surroundings.

Problems involving this balance of viscous drag
versus buoyancy are known to involve a dimen-
sionless parameter due to Grashof, namely (Gr) =
D3pBgat/u®, where p, 8, g, u and Al are respectively
density, temperature cocflicient of expansion,
gravitational acceleration, viscosity, and tem-
perature difference.  The velocity » at any point x
along the flame axis should then be expressible in
the dimensionless form

] D'’ BgAt
% = fl ( p“fg Ty D F] al)) ) (7)

where 17 is the nozzle velocity, and a4 is introduced
because of its possible effect on combustion rate
and consequently on the temperature pattern and
resultant buoyvancy. Equation 6 may be written
as

4D, " dz

"= ype v

(6a)
The volumetric flow rate, Q, equals =VD?/4,
Making this substitution in equation 6a, sub-
stituting »/V from equation 7, one obtains
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Qb _ fL dzx
D, o fi(Gr, ao, 2/D)

= f2(La D7 GT, Go) (8)
If attention is focused on a single primary air/fuel
ratio ao then, since all the fuel gases on which data
are here available have about the same theoretical
combustion temperature and produce combustion
products of about the same molecular weight, the
only quantity in the Grashof number which is

THIRD SYMPOSIUM ON COMBUSTION,
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monoxide flames are plotted as Q8; versus flame
length L for different diameters and fixed values
of primary air/fuel ratio ao. It will be noted that
these data, covering a 7-fold range of values of
port diameter D, fit curves of the form

L = Alogio Q8 + B 10)

where 4 and B are independent of velocity and
port diameter.

Further evidence to support the generalization
that L depends on D and V only as they affect
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variable in these experiments is the diameter D.

In addition, D, will be constant. Consequently,
equation 8 becomes
Q6; = fi(L, D, av) (9)

However, when experimental data are studied, L
and Q being measured and 6; being calculated from
equation 3, L is found to be a unique function of
Q6;, and not dependent on the diameter D of the
nozzle. This is illustrated in figure 8, where some
of Rembert’s (1) data, the data of Gaunce (§) on
city-gas flames, and the author’s data for carbon

flow-rate Q comes from other data of Rembert (1)
given in table 1. At fixed values of Q and a,, a
3-fold variation in nozzle diameter is seen to pro-
duce but a minor variation in flame length at
constant .5

The dependence of L on Q8 alone, and not on
D, suggests the need for imposing a limitation on
the general treatment that led to equation 9. If
in equation 7 the Grashof number and x/D enter

¢ There is some suggestion in the data, however,
that at high primary air-fuel ratios (g0 = 2) the flame

length may decrease somewhat as nozzle diameter in-
creases, at constant Q.
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as a product term (Gr)'/3(x/D), then D disappears
from equation 7, and consequently from equation
8, and equation 9 becomes

Qol =-!f§(L7 aO)y (11)

a relation seen to be consistent with the experi-
mentally established relation 10.

Although equation 10 appears to be a satis-
factory form of the more general equation 11 in
the range covered by the data, no data were ob-
tained at flame lengths less than about 5 inches.
(The experiments had been designed primarily for
the study of turbulent flames, and the gas-measur-
ing equipment was unsatisfactory at the extremely
low velocities necessary to produce short diffusion
flames.) In the region of extremely low nozzle
velocity it is unlikely that ¢/1” varies much from
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Values of the constants 4 and B of equation 10
are given in table 2, for L and Q having the di-
mensions, feet and cu. ft. per sec. at room tem-
perature and pressure. It is to be noted that un-
aerated carbon monoxide has the same value of A
as unaerated city gas.

Rembert (1) obtained an empirical equation for
flame length, by plotting and cross-plotting his
data, in the form

L = f(ao) logro V

+ o¢(ao) logio D' + ¢(ag) (13)

where L’ and D’ are in inches and V is in ft./sec.,
and f, ¢, and ¢ are three different functions of a,.
The present analysis suggests that this should be
reducible to the form of equation 10. This is
possible if ¢(ao) is double f(ag). It will be seen

TABLE 1

Data of Rembert on city-gas flame lengths

(Each line of data corresponds to constant flow rate Q)

Flame length, inches, when nozzle diameter, inches, is: | ! :

‘Average length, Percent spread

! inches | around average

0.28 03 | 047 0.61 i 082 | |
0= f[a,=05 20.1 | 20,5 | 200 ' 203 20.2 +1

0.0055 < 1.0 16. 16.0  15.1 | - 15.3 | 157 +5, —14

L 20 1.6 | 109 102 | 9.9 ‘ 9.0 i 10.3 +12, —13

0 = 0.0021;a, = 0.5 109 | 105 | 11.7 4 00 | — 10.8 +8, —7

|

Q =0.0032;a, =0 22.4 } 21.3 22.1 — 21.4 21.8 +3, -2

Q =0.0034;a, = 1.29 - 9.5 9.4 8.9 — 9.3 +2, —4
Air requirement of city-gas used, ¢, = 4.8; M.W. = 14.7, 7 7 -

unity before the flame tip is reached; hence equa- TABLE 2

tion 6a leads to the relation

_ VD%, _

Qo
L= 1D,

=D,

This approach of L to proportionality to Q at low
values of L is in accordance with the experimental
results of Burke and Schumann (3). The data
are inadequate to permit accurate determination
of the point at which transition begins to occur
from equation 10 to equation 12, but figures 1 and
8 are helpful. All the experimental data points
appearing on the diffusion-flame portion of the
curve of figure 1 fit fairly well the straight-line
relation appearing on figure 8. Prediction by
equation 10 of flame lengths less than six inches
is probably unsafe.

(12)

Values of A and B in equation, L = 4 log«Q8; + B

Gas as i A B
City gas 0 - 1.39 5.09
City gas 1.29 1.87 5.93
Carbon monoxide 0 1.39 4.91

In calculation of 87, a; = 2.38 for carbon monoxide;
for city gas it varies with composition from 4.3 to 4.8.

from table 3 containing values of the functions of
ao in Rembert’s equation that ¢(ao) is of the right
order, except for ao 0.5. A comparison of
values of L predicted by Rembert’s equation with
his own experimental data indicates that his
recommended values of /(a¢) and ¢(ao) atap = 0.3
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were poorly chosen and predict an effect of diam-
eter not supported by his data in table 1; and that
a better set of values do satisfy the condition
¢(ao) = 2f(ao). Itappears, then, that the present
recommended equation 10 fits the data at least
as well as the more complicated equation 13.

Use of equation 10 to predict city gas diffusion-
flame lengths at other values of primary air than
those given in table 2 may be desirable. Rem-
bert’s data given in table 1 have been used to

TaBLE 3

Functions of a, in Rembert’s equation

6 | S J $(00) ‘ ¥(a0)
0 176 { 33.9 ' 25.2
0.5 . 233 | 32.6 | 18.9
1 235 1 43.0 ( 14.0
2 21.6 | 39.0 ! 8.6
2.0
|
‘_.—
° o T
2 /8 e
o
Y .
W
o
“ ¢ REMBERT DATA
v e 0-@=.005 | — |
3 A - Q= .0032
~ a- Q= .0034
g ® - Q= 002
S / A - FROM THIS
PAPER, FIG. 8
/.4 !
.
0 / 2

Q., PRIMARY AIR 7/ FUEL VOLUMETRIC RATIO

F16. 9. Variation, with ao, of constant “4" of equa-
tion 10.

calculate, for his various values of ay, the values
of 4 which would make equation 10 fit. The re-
sults of the calculation are presented in figure 9
On the same plot appear the two
values of .1 obtained by weighting all data ap-
pearing in figure 8. The curve drawn through
these two best established points is recommended
for use until more data become available. It is
not now known whether this curve, which fits both
city gas and carbon monoxide at zero primary air,
fits the second gas at other values of ag.

as .1 versus ag.

THIRD SYMPOSIUM ON COMBUSTION, FLAME AND EXPLOSION PHENOMENA

DIFFUSION FLAME BREAKDOWN

Although the experiments described above were
designed primarily for study of mixing in flames,
the associated transition phenomena from laminar
to turbulent flames were so striking that some
measurements of break-point lengths were made
in the apparatus. These measurements were also
required in the study of turbulent flames because
in some instances the length of flame from nozzle
to breakpoint was an appreciable fraction of the
total flame length and it was important to have
measurements of the point at which turbulent
mixing commenced. It is to be understood that
the conditions for study of the phenomenon were
not controlled to the extent accepted as being
necessary for the elimination of unknown tur-
bulence so important in the study of laminar flow
instability.

poRT
oi4
CITY CAS Mot wT 2| Uy’ |caunces para
CITY GAS, MOL WT 97| 244 1GAUNCES DaTa
CITY GAS, MOL wTi92) Y | GaunceES paTa
#romocEn v\ peEsEnT
NYOROSEN g | PRESENT
" | pegsEnT
T

1 I

$7D, BREAK POINT LENGTH - PORY DIAMETERS

ov, 5¢ FT 7 Stc

Fi6. 10. Breakpoint lengths, hydrogen and city-gas
flames (non-premix).

The furnace top was removed for these measure-
ments, and in some cases the secondary air was
turned on to steady the flames. (Its velocity was
approximately 0.2 ft./sec.) Where observation of
the breakpoint was difficult because of low flame
luminosity, direct visual observation was supple-
mented by cxamination of the shadow produced
by shining an intense light from a single point-
source through the flame onto a white screen.

The characteristic variation of break-point
length with nozzle velocity is apparent in figure 1
and in figure 10, where data on hydrogen and city
gas flames are plotted. At some critical port
velocity in the region of transition from diffusion
to turbulent flame the breakpoint starts at the
flame tip (see figs. 1 and 2) and moves down
towards the port rapidly with increasing port
velocity. At higher velocities breakpoint becomes
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relatively constant. The breakpoint was found to
be perfectly stable, and there was no random break-
down from laminar to turbulent flow caused by
disturbances in the surrounding air, except with
the very long diffusion flames from small ports in
the region of the critical velocity; such flames
could be affected by clapping of the hands.
Experimental work on turbulent jets of air and
gas reported in the literature does not include refer-
ence to this break-point phenomenon. It is evi-
dent from a study of this work that the transition
from laminar to turbulent flow occurred very close
to the port. In work to be reported in a later paper
on turbulent mixing in liquid jets it was found,
however, that the break-point behavior of a small
liquid jet was very similar to that shown in figures
1 or 10. This suggests that the phenomenon is

related to fluid flow rather than to combustion, .

requiring interpretation in the case of flames in
terms of the local physical factors such as viscosity
and density in the flame.

As it is of importance to be able to predict in
practice the region in which transition from lami-
nar to turbulent flow occurs, all the data available
have been presented in Appendix II. The Reyn-
olds numbers given there are in terms of the vis-
cosity and density of the nozzle fluid at room tem-
perature. That this is not the correct basis for
correlation is clear from the scatter of critical
values obtained, and from the eflect of varying
nozzle and surrounding fluid densities and viscosi-
ties indicated in the results from liquid jets.
Figure 11 has, however, been constructed as a
guide to indicate approximately the region in
which transition may be expected to occur. The
difficulties normally associated with experimental
and theoretical study of laminar flow instability
even in simple aerodynamic systems combined
with the unknown variation in physical factors
due to local heat release make any further study
of the present data fruitless.

A phenomenon of interest and possible practical
importance connected with the break-point be-
havior was observed during the experimental work.
Over a certain range of port velocity it was possible
to obtain two stable but different flames. The
first, or on-port flame, is that already described,
figure 1, with ignition commencing at the port.
In the second, ignition occurred some short dis-
tance above the port, and the flame was every-
where turbulent and shorter than the first flame
by a distance almost equal to the break-point
length, figure 1. This latter off-port flame could

263

also be obtained at high port velocities, if a small
pilot flame was used to locate the ignition point.
The striking reduction of total flame length atten-
dant on the later initiation of combustion is proba-
bly associated with the effect of local Reynolds
number on break-point length. If break-point
length increases with decreasing port velocity (see
fig. 1) it should similarly increase with increasing
local viscosity. The hot mantle of flame around
the jet at the base of the on-port flame produces
a high viscosity which delays initiation of turbulent
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F1G. 11, Values of Reyvnolds number {cold) at which
transition from diffusion to turbulent flames com-
mences. :

mixing. Accordingly, the total space required for
combustion is less when ignition is delayed to per-
mit early transition to turbulent flow. City gas
off-port flames were less luminous than on-port
flames, due probably to the early aeration of the
flame which reduced the thermal decomposition
normally occurring when gas is heated in the ab-
sence of air.

ENGINEERING APPLICATION

Although the relationships for flame length es-
tablished are based on limited data, they may be



264

used to estimate the space requirement for dif-
fusion-flame combustion under conditions of free
access of atmospheric air. As an example of use,
let the problem at hand be the estimation of flaine
length when natural gas is burning in an un-
restricted air supply, issuing at a velocity of ten
feet per second from a quarter-inch port. To
ensure this is outside the transition region the
Reynolds number is required. Assuming the gas
is pure methane, the viscosity at 60°F. is 108 X
10~ poises or 7.25 X 10 {ps units; the density at
60°F. is (16/359) X (492/520) = 0.0422 Ib./cu.ft.;
whence the Reynolds number is 10 X (0.0422/7.25
X 10-%) X (1/48) = 1,210, i.e. well below the
critical range. The volume flow rate Q is 10(x/4)
(1% X 144 = 0.0342 cu. ft./sec. The primary
air/fuel ratio ao is zero. The theoretical volu-
metric air/fuel ratio for complete combustion, a.,
based on the assumption that the fuel is pure
methane, is 2 X (100/21) = 9.52. The value
Cy, from equation 4, is (1 + 0)/(1 + 9.52) =
0.095. From equation 3, C; = 1 — ¢4 o
0 =1/(-4In(l — C))) = 1/(—4 X 2303 X
logio 0.905) = 2.7. From figure 9 or table 2,
A and B are estimated as 1.4 and 5.0. Then

L A lOglo (Qﬁf) + B

i

1.4 log;o (0.0342 X 2.7) + 5.0

i

it

2.15 ft. = 26 inches.

Use of this method of estimating diffusion flame
length must at present be restricted to those fuel
gases for whith 4 and B can be estimated; these
constants are presumably dependent on gas density
and air requircment a..

ArpPENDIX I

For the cylindrical system described in the text
the diffusion equation is:
1 ac
)

ac d’c
A ) W (e T
ot (612 - Yy 0y

where ¢ = the concentration of oxygen or the
negative oxygen equivalent of the com-
bustible gas (defined more completely
in the text),
y = radial distance from the axis of the
flame,
t = elapsed time,
D, = molecular diffusivity coefficient for the
system.
Putting ¥ = 2v/D, where D = diameter of the
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port, and assuming D, is constant, equation 1 be-
comes

1
9  9Y: Y o @

where 8 = 4D,t/D* and

{c at time to flow from port to any
specified point in the flame)
— {c at infinite time)_

(initial ¢ in nozzle fluid)
— (¢ at infinite time)

The relation 2 is dimensionless and has the bound-
ary conditions (see fig. 7):

aC/eY =0 whenV =0and ¥V = =;

and when § = 0,C = 1 from ¥ = 0 to &1 and
C=0fromY = +1to &=,
A solution of equation 2 is

o= [ T O LY L -dh (3)
0

where Jo and J, are zero- and first-order Bessel
functions, respectively.

This satisfies the boundary conditions for aC/aY.
Also, when 68 = 0,

=1 when Y < 1
=1when Y’ =1
=0 when Y* > 1

C = fo JoOT)T, (M) -

(sce page 78 of ref. 4).
When ¥ = 0, Jo(A\Y) = 1 and the axial concen-
tration is given by:

Co = f PRSTANIEN )
0
Now
A2 2
A S T Tt o 5
L e T
ri(r + 1)!
and since
./(; e—xeo AT D = 2%!“ (6)
_ 0 (_l)r
Cn = ; r + 1)t[Ee)™ 7)

—1/48
e !

=1 —
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ArrENnDIX II

Experimental data on transition from diffusion
to turbulent flames.

(1) Hydrogen; zero primary air; viscosity 90 X
10~ poises at 20°C.; nozzle gas density rela-
tive to air .0693.

Nozzle Nozzle Reynolds number (room
diemeter temperature and pressure)
whei s/D is
25 10 5
} inch 2160 3230 3640
% Inch — 2800 4600
tinch 1910 2600  —
(2) Hydrogen; with primary air
a =0.2 a = 0.4
u = 131 X 10°¢ p= 147 X 108
poises
Nozzle | Rela- | Rewhen | Rela- Re when s/D is
diam- | tive s/Dis tive
eter, (den- || den-
inch sity Large 95 | sity Large 100 50 25
3 .222|7380 8340| .33 (8270 — 9630 —
5 .224| — 7800| .335[6200 — 6350 —
b .250(5550 6690 .350{7630 — — 7700
ay = 06
p = 156 X 107
Relative Rewhen s/Dis
density
Large 100 50 25w
.403 7850 8650 — —
.422 6180 — 7480 11,500
.432 6400 — — 8,250

(3) City gas: zero primary air; viscosity 140 X
10~ poises at 20°C.; nozzle gas density rela-
tive to air = 0.69,

Nozsle Re when s/D is:

diameter
Large 25 10 5
} inch 3720 5740 11,700 16,700
& inch 3380 4280 8,260 11,400
1 inch 3980 4380 6,630 10,900

(4) City gas: with primary air; { inch nozzle.

. wh /D 1
aa l}lg:?sti‘t\; Viscosity, poises e
50 25
54 | 715 | 150 X 10 | 6,200 8,300
84 | 162 153 X 10 | 8,340 10,350
1.61 | .832 158 X 10°¢ 12,000
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(5) Carbon monoxide; zero primary air; viscosity
170 X 10-® poises; nozzle gas density rela-
tive to air 0.967; % inch diameter nozzle.

when s/D is large, Re = 4,750
25, Re = 5,350
10, Re = 7,050

(6) Propane; zero primary air; viscosity 82 X 10-¢
poises; density relative to air 1.49; } inch
nozzle diameter.

when s/D is 25, Re = 10,400

(7) Acetylene; zero primary air; viscosity 93 X
10-% poises; density relative to air 0.9; } inch
nozzle diameter.

when s/Dis large, Re = 8,900
25, Re = 12,500
10, Re = 33,100

(8) Cold air jets. Data from experiments with
% inch and § inch nozzles indicate that s/D
is 10 or less when the Reynolds number is
2,500.

(9) Liquid jets; nozzle diameter .041 inch.

Density relative to surrounding fluid

1 (-1 1 |1.06] 1 0.9

0.82

Nozzle fluid vis-
cosity  centi-
poises..........

Surrounding fluid
viscosity, centi-

1.16|1.462.61/1.541.54{1.54(1.54

poises........../1.05/1.46/1.05(1.54/1.54[1.54{1.54
when s/D is

10, Re = ...|1400|2000| 520|1340|1940(1900{1940

5, Re = .|2440|3200/2050/2860/3100]3060] —

TABLE oF NOMENCLATURE

A, B = constants in equation 10
@0 = mols. primary air/mol. fuel gas
a; = air required for complete combustion of one
mol of fuel gas
= concentration of oxygen or the negative oxy-
gen equivalent of the combustible gas
C = (c at a given point.— ¢ at infinite time)(initial
¢ — ¢ at infinite time) _
D, D' = nozzle diameter, feet'and inches, respectively
D, = coefficient of molecular diffusivity, ft.2/sec.
g = acceleration due to gravity
Gr = Grashof’s number = D3,8gA¢/p,
Jo, J1 = Bessel functions of zero- and first-order
L, L' = flame length, feet and inches, respectively
Q = rate of flow from nozzle, ft.3/sec. (room temp.
and press.)
= distance from break-point to port, ft.
# = elapsed time, sec.
= gas velocity along the axis of the flame, ft./sec.

)

¢
[

=
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V = nozzle velocity (room temp. and press.),
ft./sec.

distance from nozzle along axis of the flame,
ft.

radial distance from axis of the flame, ft.

2y/D

4D/ I?

density of gas

coefficient of expansion of gas

temperature difference

viscosity of gas

k4

rRBaos o~e
0

Subscripts m and f = value of C, 6, and ¢ on the flame
axis and at the flame tip.
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MIXING AND COMBUSTION IN TURBULENT GAS JETS!
By W. R. HAWTHORNE;? D. S. WEDDELL,® axp H. C. HOTTEL

ABSTRACT

Visible flame lengths and concentration patterns
have been obtained in turbulent jets of flame
formed by combustible gas issuing from circular
nozzles into stagnant air. The nozzle velocities
were above those which, in a previous paper, were
found necessary to insure that the mixing should
be turbulent. As a basis for analysis of the data
a simplified treatment is presented for mixing of
nozzle and ambient fluids in a vertical jet. The
simplifying assumption of constant velocity and
composition in a cross-section normal to the axis
of flow is combined with a force-momentum bal-
ance, continuity, and the perfect gas laws to ob-
tain a relation between mean concentration and
jet spread. The relation allows for initial differ-
ence in density of nozzle and ambieut streams,
density variation due to combustion, and buoy-
ancy. The qualitative agreement between the
analysis and the experimental data on visible flame
lengths and axial concentration patterns indicates
plainly that the process of mixing resulting from
the momentum and buoyancy of the jet is the
controlling factor in determining progress of the
combustion. For free flames in which the effects

!From theses submitted in partial requirement
for the degree of Sc.D. by W. R. Hawthorne, 1939,
and by D. S. Weddell, 1941.

2 Westinghouse Professor of Mechanical Engineer-
ing, Massachusetts Institute of Technology.

3 At present with Monsanto Chemical Company.

4 Professor of Fuel Engineering, Massachusetts In-
stitute of Technology.

of buoyancy are small (high nozzle velocity, small
diameter) the analysis leads to the following simple
relation for the length of free turbulent flame jets:

_ 53 T _ Ms:I
L/D - CT I‘/a——TTN [CT + (1 CT m

where L = visible flame length
D = nozzle diameter
Tr = adiabatic flame temperature, ab-
° solute
Tx = absolute temperature of nozzle
fluid

Ms, My = molecular weights of surround-
ing and nozzle fluids, respec-
tively

Cr = mol fraction of nozzle fluid in
the unreacted stoichiometric
mixture

ar = mols of reactants/mols prod-
ucts, for the stoichiometric
mixture.

It is to be noted that fuel gas flow rate is no factor,
as long as it is great enough to produce a turbulent
jet. Although data for testing this relation cov-
ered the small range of port diameter of 0.12 to
0.30 inches, a wide variety of fuels was studied, in-
cluding propane, acetylene, hydrogen, carbon mon-
oxide, city gas, mixtures of carbon dioxide with
city gas, and mixtures of hydrogen with propane.
Turbulent flame lengths varying from 40 to 290
nozzle diameters are predicted with average and



