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THEORY OF COMBUSTION OF UNMIXED GASES

Ya. B, Zel'dovich

INTRODUCTION

The author will consider the chemical reaction of two substances (a fuel /1199*
and ‘oxygen) accompanying the formation of new substances which are the products

of combustion and the liberation of heat.

The author will examine the stationary process with continuous supply of
raw materials and removal of products. The special characteristic of the case
in question consists in that the fuel and oxygen, or air, are fed separately,
i.e., they are not mixed beforehand. Therefore, even in the case when the
constant of the reaction rate 6f .oxygen with the fuel is high, the intensity of
combustion will not exceed a certain level which depends upon the rate of

mixing of the fuel and the oxygen.

Note that -the fact of combustion itself significantly changes the dis-
tribution of the concentrations relative to the distribution of concentrations

when the same gases are mixed without combustion.

It has -been known for a very long time, since the time of Faraday, if
not earlier, that there is a basic qualitative concept which states that the
surface of a flame separates avregion in which there is oxygen and no fuel
(oxidizing region) from the region in which there is no oxygen but there is

fuel (reduction region).

Burke and Schuymann [1] calculated the shape of the surface of a flame
in a very specific case.of combustion in parallel concentric laminar flows of
fuel and oxygen or air. They failed to take into account the details of the

phenomena that occur in the zone of the flame.

The recently published work by Shvab [2], which was performed in Leningrad

back in 1940, is the most complete to data. This paper contains a detailed

*Numbers in the margin indicate pagination in the foreign text.



description of the turbulent tongue of flame, both as a case with feed of pure
burning gas and a case of feed of a gas mixture with an insufficient quantity

of air, which the author has not taken into account. Shvab finds the
relationships between the fields of concentration of gas, oxygen and combustion
products, temperature and the velocity field of the gas which the author did

not take into account. A number of the results obtained by Shvab (in particular,
the constancy of the concentration of combustion products and temperature) at

the surface of -the flame are given in this article for the sake of completeness.

The detailed discussion of the zone and the kinetics of the chemical

reaction are essentially new (8§ 5).

In the case of laminar combustion it is possible to go further on the
basis of this investigation and to determine the limits of possible intensifi-
cation of the combustion in view of the fact that at a high rate of feed of
fuel and oxygen to the surface of the flame and insufficient rate of the

chemical reaction results.

§ 1. General Equations /1200

One should consider the region in which the gas is moving at a rate
the density of the gas is p, the weight concentration of the component in which
we are interested is a, the coefficient of diffusion is D, the thermal
conductivity is A, the temperature conductivity is the fraction 25-= X, the
temperature is T, with all of the above values variable (depending upon the

coordinates). The flow of component a is given by the formula

et T T T
7qa’=90“‘“FDgf8<vif1-“‘ﬂ (1)

>
The vector a, gives the direction of the flow and its value in grams per
centimeter squared per second at a given point. The general equation of

diffusion will have the form

' divge=L(a) =— & (ba) +Fu J (2)

On the left-hand side i$ the divisibility of the flow, i.e., the difference
between the quantity of the substance brought in by the flow and the amount

carried away by it, based on a unit volume; on the right:side is the change in
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which is formed per unit volume as a result of the chemical reaction.

amount of substance a per unit volume and the amount of substance a

L(a) is an abbreV1ated de51gnaulon for the differential operator

L (a)—-dw( paax) div (pD grad a). (3)
In a stationary flow B “‘qf
(ea) , =-d“'(9") =0, / (4)
_ | (5)
L (a) pm grad a— le (pD grad a)
In a stationary process S
 L@=F. | | (6)

The equation of thermal conductivity has an analogous form! to that of the
heat flux S e -
->
;,szc;-—)\grad T==pTcas—xcpgrad T, \ %0

where c is the specific thermal. capacity of a unit mass which the author con-

siders to be constant. From this it follows

dlv-q,.——cL(T)——-—-c T)+Q. 1 (8)

where Q is the volume veloc1ty of liberation of heat

In a stationary process - ‘d””‘“‘
L(n=2. }

. (9

If the coefficients of diffusion of various substances are originally a,
b and the combustion products are g, h and the coefficien§§ of thermal conductivity |

are all equal to each other

|
| D D.--D===D.-v-——D.\J (10)

the operators L(a), L(b),..., L(T) will also coincide in a formula of the form /1201

(6), written for various substances and in formula (9) for the temperature.

In a chemical reaction involving combustion, the amount of raw materials

entering into the reaction, the amount of combustion products formed and the

lHere the author disregards the heat loss through radiation (see below).



amount of heat . 11berated come within certaln strictly constant relatlonshlps

Using the F to designate the volume velocity of the reaction, the author uses

it to express all of the values. o A .
- F T F F F
- REmT Am—gs Few A=

Y ]

.0,0 |

F
= (11)

[ — e -

-by means of constant and p051tlve coefficients u,...;TT. The éigns in (11)

indicate that a, b are used up and g, h and heat are given off in the.xcaction.
The coefficients a,..., T are placed in the denominator for convenience of

further calculation. For example

cal
as== CH‘, b O., g CO’; h Hg 0' C = 0 Sl!g C \
A “cal o ’
the heat of the reaction is 192 000 5ole CH-

4
Expressing F as the consumption of all substances entering into the

3 .
reaction in g/cm” ¢ sec, one-obtains

'bd a_xx 7—1& n=2ﬂ-r—4mm—2% 10-4(00)—1 l

By means of these coeff1c1ents, all of the differential equations of
diffusion of various substances at equations of thermal conductivity in a
chemical reaction will take on a completely identical form, including L and F

in all formulas

L(ga):—f’ L(Bb)———F L('fg)-—F L(nh)—-F L(rT)-—F (12)

(12)

However, it is still not possible to conclude from this that the fields
of all of the values a,..., T of interest are the same,. inasmuch as the field
of each value depends not only on the differential equation which this value

satisfies but also on boundary conditions.

A combustible gas is fed through a pipe (I); accordingly, within the pipe
the following will be valid T
I a=a; b=g= h 0; T=T,

(13)

where ay is the congentration of the fuel.in the gas reaching the combustion

point. This gas may be diluted, for example.by nitrogen.

Through another tube (II) air is supplled

!U.b—%,a—g h=0; T= n,'j' (14)



where b0 is the concentration of oxygen in the air. During burning of the
flame in the open atmosphere condition II refers not to a pipe containing air
but-to the concentrations in the atmosphere at an infinite distance from the

flame. -

On the surfaces 6f the pipes, on the surface of the combustion chamber,
etc., the boundary conditions consist in the fact that the flow of any substance
through the material surface is equal to zero, so that the component of the
corresponding flow vector which is normal, to the surface is equal to zero.
These conditions are the same for all substances. The boundary conditions for
the temperature will be the same as the boundary conditions for a,..., h, if
one does not remove any heat from the flame, i.e., if only heat-insulated and
not heat-radiating surfaces are employed or if the walls in general with /1202

temperature T, are located only where the gas temperature is equal to TO'

0
One assumes that these conditions are satisfied so that the boundary
conditions for all of the substances and the temperatures on the walls are the

same.

§ 2. Analysis of thations; Equation For the Surface of the Flame

Now let us proceed to an analysis of the equations. The principal
difficulty in a direct solution of these equations consist in the fact that the
rate of the reaction F is highly dependent upon the very values which the

author is trying to find, a, b and T.
Calculating the first from the second one has
| Lba—t=L{p)=0 vherep=aa—G, | (15)

with boundary conditions

D) p=aay 1) p=— by

L . —_—

r
)
.
I

(16)

Hence, the difference between the concentrations of the fuel and oxygen,
taken with corresponding stoichiometric coefficients, obeys the equation of
diffusion in which the rate of the reaction F is not involved. This is the
equation which was discussed by Burke and Schumann to determine the shape of
the flame, proceeding on the basis of the‘fact that the fuel may be viewed as

negative oxygen. If we are dealing not with a slow reaction but with combustion,
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this means that the function F with simultaneous a # 0, b # 0 is very high.
Inasmuch as the total amount of substance which is burned per unit time is
limited by the amount of fuel which is supplied, the equation F(a, b, T) with
a, b and T given means that in reality the width of the reaction zone in which

a# 0 and b # 0 is decreasing in the flame and the values a and b are decreasing

in this zone.

At the limit, with an-infinitely rapid reaction, a and b tend toward zero
in the reaction zone, so that nowhere (except for an infinitely narrow zone)
can a and b differ simultaneously from zero. Thus, in the case of combustion,
finding thé distribution p in space from the solution of the linear equation
(15) with conditions (16), one can readily find the field a and the field b as

well \

with p>0, a=2£, $=0
Wi_—'Eh}P<0, a=0, b=——-%’ (17)

The condition p = 0 also constitutes an equation for the surface of the flame.
It is easy to see that the flows of substance a reaching the surface from one
side and substance b reaching the same surface from the other side are immediately
in a stoichiometric relationship. To prove this, note that on the surface of
the flame p = a = b = 0, so that the convective parts of the flows %am,ﬁbu,grﬂl —

are also equal to zero. Therefore at the surface

(17a)

—ngrada-——ng'radp, qb—-ng'radb ng‘ra&po

and the value grad p has no special characteristics for the surface of the flame,
wherever p = 0, so that on this surface F is large when uséd in the equation for

a and b but not in the equation for p.

The surface of the flame (p = 0) was found by Burke and Schumann through
integration of (15) for the simplest case of concentric flows of fuel and air,
moving at the same velocity; their conclusions are in satisfactory agreement

with experimental data.

Let us turn now to the equations for the temperature and the combustion

products and set up problems for expressing these values through a and b.



Considering the equation for one specific product of the reaction

LGye)=F
and comparing it with the equatlon for a and b
Lw@——F L(gb)=—F, \
one can see that it is poe51b1e to exclude F from the eduation in different
ways. However, if one wishes also té obtain the simplest boundary conditions,
it will be necessary to select a new variable in a completely determined

fashion . -

b (L1
’——f” WC% E%M”\ (18)

it is easy to see that under these conditions

(ﬂ -0, Di=L Iy r=1. (19)

§ 3. Distribution of Reaction Products and Temperature

It is clear from equation (18) and conditions (19) that in the entire
region r satisfies the equation of diffusion and convective transfer without
sources or flows (inasmuch as the first part of the equation is equal to zero).
Then r is selected so that r = 1 in all flows which enter the region in question
both in a flow of gas (1) and in a flow of air or in an atmosphere (II). It
is clear that if a certain substance (r) is contained in a certain concentration
which is-the same in two mixing flows, precisely the same constant concentration
of this substance will be found all through the entire mixing area. This is
expressed mathematically as follows: r = 1 is then the solution of (18) —(19).

From this one can find the expre551on g through a and b

-Gﬂ aobo-—abo—aob
g""y aao+ %0

(20)

and completely analogously for h or T obualned by substituting y for n or T.

Thus, the problem which the author set himself has been solved.

‘2Any combination z-=-n(yg + mua)+ (1 - m)Bb,,where n and m are any constants
igives'L = n[F - mF - (1 - m)F] = 0. However, in order for z to have .the same
values with a = ao,,b = 0 and; a .= 0 b = bO, it is necessary for nmoa = n(l - m)

er =1, which glves the expre551on ‘r written above [formula (18)].




In the case of rapid combustion, when (18) is satisfied, one obtains at

the front (p = 0, a=b =0 . . .
. QB aobo .
Y gy -+ Bby (21)

8o =

This result has a very simple and clear physical significance: the values
2 and bO characterize the concentrations of active substances in the-burning
gases. In order to obtain the stoichiometric mixture in which 1 gram would be
subject to reaction, it is necessary to take %—grams of substance a and é—of
substance b; this will give us %—of substancg g. Taking into account the fact
that substances a and b in the original gases are dilute, it is necessary to

take —éf-of one gas ahd-l— of the other. After combustion, the amount %—of

%ay Bbo
substance g will be contained in the total amount of combustion products which
is equal to e .
T

which gives us a concentration 00 which satisfied formula (21).

Hence, in the case of rapid combustion of unmixed gases the reaction zone
will coatain precisely the same concentration of combustion products as if one
had mixed burning gases in a stoichiometric ratio and had performed a chemical

reaction involving combustion without any diffusion volume.

In precisely the same way, in the absence of heat loss through radiation
and cooling of the surfaces in the flame, and with equality of the coefficient

of temperature conductivity and diffusion, it can be shown that the temperature

. . . Wb agh .
in the combustion zone of the diffusion flame T00 =-%?;;f%j%; is also equal

to the temperature of combustion at a constant pressure of the stoichiometric

mixture of the gases in question.

§ 4. Comparison of the Temperature of the Flame With Experiment

The conclusion which was reached earlier, namely that the temperature of
the unmixed flame is equal to the temperature of combustion of a stoichiometric
mixture is contradictory with respect to experience: it is well known from
daily laboratory experience that in the combustion of a given amount of

illuminating gas in a Bunsen burner with the openings used for air intake at the



bottom closed, the flame temperature is lower than when the same gas is burning
with' the openings open, so that a prepared mixture of gas and air reaches the
flame.3

However, this-contradiction with respect to experience is explained not.
by an error in the calculations but by the fact that the condition for usability
of the calculation was not fulfilled earlier; in reality, in the thermal
balance of a laboratory burner it is impossible to disregard the amount of heat

which is given off by the form of radiation.

With an equal amount of burning gas, i.e., with equal liberation of heat,
without feeding air, the size of the flame is much larger than when air is fed,
so that the radiant surface is larger and the liberation of chemical energy
per unit surface is less. In addition, the brightness of the flame when air is
not supplied is greater due to the appearance of tiny particles of carbon in it
which come from the decomposition of the hydrocarbons in the fuel; when air is
supplied, the carbon (lamp black) disappears. The presence of the soot in the
flame of unmixed gas is also quite natural; let us examine the point A in the
reducing area (Figure 1), i.e., within the surface of the flame. Let us say
that this point which is located near the surface of the flame; in this instance,
the temperature at point A will be high, the gas will already have been diluted
strongly by the products of combustion and nitrogen, but there will be no
oxygen in it. Combustion in the absence of oxygen will also lead to the

i
formation of soot.

In the flame of a mixture of a gas with air, the gas is also heated ahead
of the flame front, but this heating takes place in the presence of oxygen,
and those accumulations of hydrocarbon molecules which could become starting
points for the formation of soot particles, are immediately oxidized. As a
result, the thermal radiation of the flame of the mixture is much less, while

the temperature is much higher than in a flame of an unmixed gas, although the

SHere and below, it is assumed that the stoichiometric amount of air is drawn.
in. It is possible to consider (although one shall not do so here) the case of
an insufficient quantity, when two ''cones' of flame are formed, the inner
(compressing mixture) and outer (burning in the surrounding air).



initial 'ideal" theoretical value of the temperature of combustion in both
cases is the same. As has been already pointed out, this theoretical value
constitutes the temperature which must be reached in combustion in the absence
of losses through radiation and side reactions, but with complete consideration
of the conductive and convective heat exchange of the flame with the gas and
air.

PWMVQ:W Consideration of the conductive and
mMax; /*maX

convective heat exchange is theoretically
necessary, inasmuch as this heat exchange
is unavoidably bound up with the processes
which .feed the fuel and oxygen to the

flame. Regardless of the ratio between the

present and supplied amounts of air and gas,
Figure 1. in the case when they are fed separately
the flame is always located in the same
position, such that the fuel and oxygen:reach the surface in a stoichiometric
ratio. When the coefficdients of diffusion and temperature conductivity are
‘equal (especially in a turbulent motion, which ensures such equality), the
concentration of combustion products and temperature in the flame correspond
precisely to the combustion of a stoichiometric mixture (with equal losses to

radiation), as the result of this calculation.

§ 5. Combustion Limit of Unmixed Gases

The methods described above makes it possible to calculate the position of
a surface of a flame when any quantity of gas and air is fed at a caloric
content of the gas which can be as small as desired; this calculation is based
on the assumption of a high rate of chemical reaction at the surface of the
flame (and at combustion temperature), which leads to a narrow thickness of the
zone in which the chemical reaction takes place and to the possibility of

viewing the flame as a geometric surface.

It is obvious that when the rate of the chemical reaction is insufficient
one can expect deviations from this picture. By analogy with other phenomena

of combustion and explosion, one can expect that a decrease in the rate of

10



reaction with all other conditions equal will cause first of all a slight
quantitative change -- expansion of the reaction zone and then after achieving
a certain critical value, damping of the flame; combustion becomes impossible
and ceases, and instead of combustion there will be mixing of cold gas_and air
without any reaction. In the following the author will attempt-to discuss the

critical conditions for damping in a simple schematic case.

In 1940 the author discussed [3] the conditions for the possibility of
combustion (propagation of a flame) in a prepared mixture of gases. In this
case, the limits depended upon a drop in temperature of combustion due to heat
loss by the éjd;]walls of the tube and heat loss through radiation. The
decrease in the temperature of combustion in furn led to a drop in the rate of
flame propagation, i.e., to a decrease in the heat emission per second. With a
decrease in the speed of the flame the relative thermal losses increase, etc.
Therefore, the critical condition for the possibility of combustion of a prepared
mixture can be written so that the decrease in the combustion temperature from /1206
the action of thermal losses must not exceed a certain low limit (R?E/A where
A is the heat of activation of the combustion reaction and Tc is the combustion

temperature).

However, this theory of the effect of external experimental losses cannot
be applied to combustion of unmixed gases. As a matter of fact, the decrease in
the combustion temperature in this case does not lead to a change in the
quantity of gas which is burned per unit surface of the flame, inasmuch as the
rate of combustion is governed here exclusively by the rate of diffusion feed
of oxygen and fuel to the surface of the flame, and not by the rate of propagation
(which depends upon the rate of the reaction), as was the case for the prepared

mixture.

The combustion limit of unmixed gases is set by the decrease in temperature

which depends upon the finite velocity of the chemical reaction.

Let us examine the distribution of the concentrations and the temperature .
in the zone of the reaction. If the rate of the reaction were infinite, the
distribution would be given by Figure 2. The dashed line shows the position of

the zone in which a = 0, b = 0. Using it as the origin for calculating the

11



coordinate x, one directs the x-axis perpendicular to the surface of the flame.

If the total amount of material which reacts per unit surface in a unit time is

represented by M, the dlffu51on flows a and b will be equal (respect1vely)“
b«

=M D g=75M J (22)

ox a+B

. — ——

so that. the distribution of the reactlng components near the zone is given by

formulas . » M
x <0, W—ETTﬂ_ﬂ’b_ol (25)
23
x>0 a=0, b= pD-——ﬁ
By means of formula (20) and (21), rewritten for T, one obtains the’
corresponding dlstrlbutlon of temperature In the general case
—2._.2), __ ap b .
T-— Tm(l )- where Tw— - E—'_’:%‘;- j (24)°
Substltutlng expre551on a end b in (23), one has
L T=Te1— L), x<0.
| : (25).

| T=Ty(t—ggiisa)r x>0

The corresponding curve is also shown in Figure 2.

How do the curves change when the

'

reaction is not instantaneous?

é;-"’

It is obvious that with an equal

o~
)
¥

amount of substance burning per unit
surface M, the concentration gradient and
the entire distribution of a and b does

not change far from the zone. However,

~y
/o
'Q it et e kS
. o o
; ~

=

now curves a and b cannot undergo sharp

Figure 2. curvature (corresponding to an

Yinasmuch as the author is interested in the vicinity of the zone of the reaction
in these formulas and below p and D will be taken at a temperature in the
reaction zone which is rounded off to T00

. a,b
; 88 %00 L1 1o the follows 11 consi
More exactly, TOO T oay + Bbo + T0 In the following, one shall consider
the initial temperature T0 to be small in comparison with the combustion
temperature and will disregard TO everywhere.

12



instantaneous reaction) at the origin of the coordlnates, as in Flgure ij/They /1207
will cross, as shown in Figure 3, asymptotically approachlng zero in the region
occupied by the second component. The dashed ‘1ine in this curve shows the

distribution for an instantaneous reaction.

In order to be able to determine

E?b precisely the curves for the distrbution
AJoe of concentration in Figure 3, it would be

r ] r
a”’/"hr*\\\\\\ necessary to integrate the equations for
} .

the diffusion of the form (12), substitu-
ting a specific expression for the rate of

the chemical reaction, for example
- T E

F—abKe **° (26)

Inasmuch as F depends on at least 3
. values a, b and T, it is necessary to view
Figure 3.
the system of 3 equations of the second
order. However, thanks to the concepts developed above, one can find first of
all p, which links a and b, and then express T through a and b and thereby
reduce the problem to a single equation of the second order, for example for

a, in which F will be expressed by a and a known function p(x).

However, for our purposes such an approach is too compllcated and the
conclu51ons in which the author is 1nterested in w111 be obtalned (admlttedly “]
with an accuracy up to numerical factors which the author does not know) by

methods of analysis of dimensionality and the theory of similarity.

Let us introduce the effective values -- the width of zone Xy the
‘temperature in the zone of the reaction T,, concentrations a, and bl' The
total amount of substance which reacts in the entire zone is expressed by these

effective values — . S

[ M=a,b,Kxe _""

(27)

Let us express all of the values on the right=zhand side by xl. In order to
link them, the author notes that one is given a relationship a and b upon x

at distances from the zone which are large in comparison with the wide zone of

13
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the chemical reaction X1s and this relationship is linear, i.e., it is

. . . 3 )
characterized by certain values set externally, by gradients 5%-, 5%- or

relationships %— or g-[see formulas (23)%]. It is clear from the dimensionality

that relationship as b1 and X, must be given by similar formulas

M M _a 28
a1=5—0-mxl, b]‘—P_D—a+ﬂxl' (28)

The relationship of T1 with a; and bl as given by formula (24) from which /1208

by substituting (28) we can have
’ ’ B«

Ya by aB 1 (29)
D a+P  aPpDilg

Ty= T (1 —oMx, ).'whe—é}? =

Substituting in (27),'one finaily obtains the equation which links M and X

M= s exp (— iy ) =
M= =y oy Ko exp (~ R (=i
_E gk (30)
af M2 Ke M“’x,’e BTy |

. = {a+B"{eDF

In the second line of (30) the author expanded the value in the exponent
in a series using the Frank—Kamenetskiy method [4]. The value on the'right-hand
side, depending upon X1 has the form XSe—mx and consequently passes through a

maximum at a certain critical value x1 = X

cr’
x, =3, (31)
% R_T&)s a+B N
M, _(a+a)2( £ ) D P o )Ke RTy * (32)
a b
The significance of the maximum M as a function of Xq consists in the fact
that when X is small the covered areas a and b are small and the reaction zone

is narrow so that the concentrations of reacting substances in it are small.

. a b o . .
6The ratios ;—and 3 change:rslightly only at distances which are greater than
%1, but less than the size of the flame. At distances which are comparable to
the dimensions of the flame it is not permissible to disregard the convective
terms in the diffusion equation.

14



When X is small and the given temperature is TOO’ the temperature T will

differ slightly from TOO’ M~ x?, a; "~ b1 ~ Xy ~‘§rﬂ', in accordance with the

known results for flames which show good.diffusion in a high vacuum [5]. When

X4 is large, the concentrations of reacting substances are high, so that the

temperature decreases leading to a drop in the total amount of reacting substance.
By intensifying the combustion, increasing the feed of reacting substances

a and b to the zone, one simultaneously intensify the cooling of the reaction

zone. Until the rate of the reaction is sufficiently high, X is less than

maximum, the temperature practically does not decrease. However, at a certain

*critical value Mcr [formula (32)] a decrease occurs in the temperature of the

zone which leads to a further decrease in the rate of the reaction and a further

drop in the temperature; combustion is interrupted, and instead of combustion

there is a mixing of cold gases. The maximum possible temperature drop prior

to separation is the fraction 3RT002 . Note the curious similarity of expression

E
Mcr (32) with the expression for the amount of substance burnt per unit time in
the flame_propagating-aﬁcording to a previously prepared stoichiometric mixture
of combustible gas and air, whose combustion in unmixed forms was discussed

above.

For the propagation of a flame in a stoichiometric mixture, according to

the work of Frank-Kamenetskiy and the author [6], one obtains in the designations

(ﬁ(:ag)‘s (572) oK =,
“"

employed here bbl .
Ol-=

(33)

which differs from (32) only in the factor Zaf 3

inasmuch as when (32) is derived the author discarded the numerical factors.

which does not have a numerator

This coincidence is very interesting from the theoretical standpoint inasmuch as
it shows that the maximum intensity of combustion of the mixture even of unmixed

gases, if the mixing is sufficiently intensified, is of the same order.

In the theory of combustion of an explosive mixture, the author has shown
that the chemical reaction proceeds in a zone in which the concentration of the
reacting gas (that which is inadequate in the mixture or of both in the case of

a stoichiometric mixture) is very small -- on the order of RTOO of the initial
E

15



concentration. As the calculations above indicate, in the combustion of unmixed
gases the concentrations of both reacting substances (fuel and oxygen) in the
reaction zone is very small. These concentrations depend upon the intensity of
combustion: in contrast to an explosive mixture, in which there is a
characteristic value for the intensity of combustion (speed of the flame), the
intensity of combustion of a flame of unmixed gases M depends upon the external
conditions. However, at the maximum possible M, at the point of separation of
the flame, the concentrations in the reaction zone do not exceed the concen-
trations in the stoichiometric mixture in terms of the order of magnitude of

the amount RTOO
E
The 1limit found above to the intensity of combustion of unmixed gases

explains at least qualitatively the fact that when a rapid stream emerges from

a tube the flame breaks down completely some distance from the outlet cross-
-section of the tube, so that .at thévbdtlet,:where mixing of the reacting
components is most intensive, the flame separates. Previously the author did
not.take into account the thermal losses due to radiation. When they are

taken into account, for example, in formulas (29-32) instead of the theoretical
value TOO which was calculated on the basis of thermal capacity, one must use
the maximum possible temperature for an instantaneous reaction, but with
consideration of radiation -- the temperature TOO'. This TOO' is less than T00
even in the infinitely thin zone where X + 0, due to the radiation of heated
gases on the left and right of the reaction zone. The temperature TOO' decreases
as M decreases, so that at small M less heat is given out and the radiant zone
is wider. When the radiation is taken into account, when M decreases due to the
decrease in TOO' Mcr will also decrease according to (32) and with very small

M a second, lower limit M will arise, with separation of the flame at too low

an intensity of combustion. Finally,_@iéﬁ‘low éalofic~t9ﬁtent of the gas, the
upper and lower limits of M may coincide, and combustion will become completely
impossible. Qualitatively speaking, the picture is similar to the simpler case
of exothermal reaction in a flow with consideratien of the heat loss considered

by Zysin and the author [7].

The-author will not take up in this paper the practically significant but

more complex problem of the limit of intensification of turbulent combustion
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of unmixed gases: the complexity of this problem has to do with the fact that
in the presence of turbulence we cannot correctly link the average velocity of
the reaction with the average temperature. Apparently it will be necessary to

determine experimentally the 1limits of possible combustion conditions.

Finally, it should be pointed out that by means of equations (12) with a
concrete form of function F [for example (26)] it is also possible to solve the
very interesting problem of the diffusion flashback of the fuel through the
zone of the flame; as was shown in Figure 3, the concentration of the mutually
penetrating reacting substances during the transition through the reaction
zone decreases sharply but does not return to zero. Inasmuch as the temperature
and the rate of the reaction also drop on both sides of the reaction zone, the
concentration of the fuel which has already reached a certain distance from
the flame in the oxidizing zone will not change further. However our approxi- /1210
mate method will not do for -solving this problem; it is necessary to solve

equations in the manner described in the text after formula (26).

Conclusions

The distribution of the concentration products and temperature is discussed
iﬁ the combustion of mixed gases. It is shown that in the simplest conditions
thése concentrations and temperature at the surface of a flame are the same as
in the combustion of previously prepared stoichiometric mixtures of the same
gases.

A possible limit was found to the intensification of combustion of unmixed

gases, depending upon the limiting rate of the chemical reaction. In order of

magnitude, this limit.is close to the rate of combustion of stoichiometric

mixtures.
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