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The problem of the stability of a singing flame is considered, beginning with the con-
siderations of Rayleigh, and taking into account the phenomenological delay in burning.

T HE phenomenon of the singing flame was ob-
served as early as the second half of the
eighteenth century and since that time it has
frequently served as the subject of an effective
lecture demonstration. If a gas burner is placed
inside a tube, as is shown in Fig. 1, then, under
a number of conditions, intense vibrations of the
flame and of the surrounding air are set up, and
the tube begins to resound, or, as is said, the
flame begins to sing.
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This phenomenon has been observed by a number
of authors ! . Different simple hypotheses as to
the reasons for the onset of vibrations have been
given. The first correct, qualitative explanation
of the mechanism for maintaining the vibrations
was given by Rayleigh?, who showed how the vi-
brating flame could maintain sound vibrations in
the tube. The flame maintains the vibrations of
the air column if it is located near an anti-node of
pressure and vibrates so that, at the moment of
compression, a larger amount of heat is evolved
than at the moment of rarefaction. In subsequent
researches, this qualitative picture has not been
changed in any essential way, in spite of the large
amount of research on the problem*.

* This work was complete in 1952 (see the report of

GIFTI for 1952). In 1953 B. V. Raushenbakh3
considered the problem of the excitation of vibrations in

the case of slow propagation down the tube.
LA T. Jones, J. Acoust. Soc. Am. 16, 254 (1945)
2 Rayleigh, Theory of Sound, v. II, pp 222-228
3B.V. Raushenbakh, Zh. Tekhn. Fiz. 23, 358 (1953)
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In the present work, which is based on the con-
siderations of Rayleighz, and which takes into
account the phenomenological delay in burning, a
detailed study is carried out on the conditions for
the self-excitation of the singing flame. The re-
sults which are obtained are in excellent qualita-
tive agreement with the known experimental facts,
but they do not provide a quantitative check.

1. DISCRETE MODEL OF A SINGING FLAME
(MODEL No. 1)

A study of the conditions for self-excitation of a
singing flame requifes the consideration of small
vibrations which are superimposed on the estab-
lished gas flow in the system. In the discrete
model, if we idealize the sounding (air) and sup-
plying (gas) tubes in the form of resonators, we
obtain the arrangement shown in Fig. 2. Kach of
these resonators, for vibration frequencies w < a/l,
where [ is a linear dimension of the resonator, a
the sound velocity, is itself an oscillator, the
mass in which is the mass of the air vibrating in
the neck of the resonator, and the elasticity is that
of the air trapped within the resonator and com-
pressed by the air, vibrating like a piston in the
neck.
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Let x be a small displacement of the air in the
neck of the resonator 4 (for graphic purposes, this
displacement can be represented as a change in
position of a piston in the neck of the resonator),
and let y be the displacement of the gas in the
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neck of resonator B. Also,let my and m_ be the
“‘masses’’ of vibrating gas in the necks of
resonators 4 and B, and p, p, and P, be the
external pressure, and the pressures in resonators
A and B, respectively. Then the equation of motion
of the masses of air in the necks can be written,
for small vibrations (for those characteristic
frequencies which satisfy the boundary conditions
given above), as

mx -+ ,x = S,Apy; (1.1

miy + 5y = Sy (Ap, — Apy),

where S1 and 52 are the cross sectional areas of
the resonator necks. In the absence of flame, a
mutual elastic coupling takes place between the
two oscillators x and y. Actually, a change in x
produces a change in p. proportional to S.x, and a
change in y produces cﬁanges in P, and p, propor-
tional to Szy, i.e.,

Api = —k,Six L £, Ssy, Aps = — k,S,y,
which,upon substitution into Eq. (1.1), yields

m1-€ -i— alk el kIS?X + k15182y:,

myy - 3,y = — (ky + ky) S3y + £,5,S,x.

(1.2)

The second terms in the right hand sides of Egs.
(1.2) indicate the elastic coupling between the
oscillators x and y. It is easy to prove that small
vibrations, described by the differential equations
of Eq. (1.2), die out with the passage of time, i.e.,
the initial system is stable.

With the appearance of the flame, the character
of the coupling between the oscillators is
considerably changed, and in this change lies the
reason for the possible self-excitation of vibra-
tions. Jumping ahead somewhat, we can say that
the system under study consists of two dissipative
parts— the sounding tube and the tube supplying
the gas — between which there exists nonconser-
vative coupling which transfers its energy into the
singing flame. The problem of the investigation
of the excitation condition of the singing flame
is primarily the problem of the investigation of this
coupling.

We assume that the rate of heat production of the
flame (i.e., the rate of the chemical reaction of
combustion) is proportional to the rate of flow of
the gas, and takes place with a certain phenome-
nological delay of burning,  ( if a liquid fuel had
been used, then 7 would have been a quantity of
the order of the time during which burning of the
droplet takes place after its emission from the jet).
We shall also assume that the heat loss in the
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burning, due to conduction and convection to the

outside, remains constant. Then, in the presence

of the flame, just as earlier, a change in y pro-

duces a large change in the pressure |2 since the

gas emerging from the tube, in burning, produces

a positive pressure amplification. oo
In accordance with our assumptions, ‘we now have

Ap, = — ki Six + k. S,y -+ 2k, S,y-

(=« is a constant of proportionality, y,_is the value:
of y at the time ¢ — 7), which, after substitution in
Eq- (1.1)7 )’ields i (1 3)

mlx + 31)'C =— kls%x + £.5:S.y + @k, S1S2y-;
mz.); + 8y = — (ky + k) Sg)’ + £.5:S.x.

If we denote the characteristic frequencies of the

resonators 4 and B by w, and w,, and neglect the

term k.S S _y in comparison with «£_S_S v _, then
171 % A , . 1,127 7

we get the following linearized equations for small

vibrations:

X 4+ hyx +eix = pys; (1.4)

Y+ hyy + oy = x.

Here
h‘ . 81 2 ___ kls; —_ ak1S182
1 — __1' ’ 1 m 3 = my ’
_ 8 al RIS mSS,
2 ::-;n: N g =— s > ms .

The characteristic equation of this system, obtained
by the usual methods, is

(22 + hyz + o}) (22 + hyz + o2) — ype—z = 0.(1-5)

Solution for the parameter pv is easily accom-
plished. Setting z = iw in Eq. (1.5), we get

vp = (0] — 0% + ih,0) (0F — 0 + ihyw) e (1.6)
For = =0
o = (] — ©F + i) (05 — &° + ihy0).

The curve (1/;1)0 is plotted in Fig. 3a. The ab-
scissa of point b, the intersection of the curve
with the real axis, is given by

hyh 9
T ;_2;12 [(wf—— w5) + hyes + hzwﬂ;

and decreases in value as @ _ approaches @,

With a delay 7, the curve of Fig. 3¢ becomes
“twisted’’ and takes on the form shown in Fig. 3b.
The region of stability is denoted by the thick line.
The system will be stable for an arbitrary delay if
|vy| <Tohin? where Tmin is the minimum distance
from the points of the curve of Fig. 3a to the
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origin. The plot in the plane of the parameters vu
and 7 is represented in Fig. 4, where the region of
stability is indicated by shading?.

It follows from Figs. 3a, 3b and 4 that (a) there
is no instability for small values of vy without
delay 7; (b) excitation of the vibrations is due to
increase in vy, to the closeness of the frequencies
o, and w, , and also to a decrease in the
damping coefficients hl and h2.

2. SEMIDISTRIBUTED MODEL OF THE
PHENOMENON (MODEL No. 2)

Gas is fed into the resonator 4 by a long narrow
tube B (with cross sectional area ¢) from the
resonator C (Fig. 5). It is required to find the
conditions for self-excitation of vibrations of the
flame, assuming that, just as before, the resonator
A is a discrete section, but account is now taken
of wave phenomena in the delivery tube B.

The equations for small vibrations of the gas in
the neck of the resonator have the form

Mx 4-ox = SAp, (2.1)

4 u L. Neimark, Stability of Linear Systems, Moscow,
(1949)

p=const
Fi16. 5

and the equations for small vibrations of the gas
which are superimposed on the flow existing in the
supply tube are now described by equations with
partial derivatives:

dap ov 1 op
v Ty eaE or (2.2)

where v is the change in the velocity of the gas in
the tube, p is the change in pressure, p is the gas
density, and a is the velocity of sound in the gas.

To Eq. (2.2) we add the following boundary con-
ditions at y = L and y = 0: we assume the pressure
to be constant in the reservoir C, or

Py=r=0; (2.2)

For ¥ = 0, an efflux condition exists which, after
linearization, can be put in the form

v=1(p—Ap), 2.2)

where v = «21 vy /p (== coefficient of delivery,
vy = velocity of steady gas flow).
As in the previous model,

Ap:af.gfv—,dla'—?'gfvdt—yx, (2.3)

where v is the change in the discharge velocity of
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the gas in the supply tube from its stationary
value at the time ¢, and v_ is the corresponding
value at the time ¢t — 7 <, 8 and y are constants,

equal,respectively, to

o — POnRgq
- C,DMIV ’

Here M_ is the mass of the mixture of gaseous
combustion products and air in the resonator, g the
heat capacity of the gas, n the number of gram
molecules, R the gas constant, p the density of the
gas, Po the stationary pressure in the resonator,
and V the volume of the resonator. Actually, by
virtue of the linearization, the overall change in
pressure Ap in the resonator is composed of
changes produced by

a) the influx of gas through the tube B, equal to
9Po

v

b) the discharge through the neck of the resona-
tor 4, equal to

Sp
T=—V“°-

(o3
p=20,

vdt ;

5@_ " _ Spy .
% Sxdt——Vx,

c) the generation of excess heat from the burning
gas, equal to**

cpnRg .
c MV S”’-dt ;

chem 352 result of the chemical
reaction. We can negTect this latter term since, for

hydrogen,

d) a change Ap N

Apchem ~i
Ap,r ~80°

Therefore the complete system of linearized
equations for the semidistributed model will be

mx +8x = SAp,_g (2.4)

= S[afoat +e{var —1x]
op ov

ov 1 dp .
oy

0a? 01

** In burning for a time ¢, the mass M= o’pfv7dt of

combustible gas which reacts with the mass €M of air
(€ is a coefficient defined by the chemical equation of
the combustion process). As aresult of the burning, we
obtain (1 + € ) ¥ products of combustion plus the heat
gM. Because of the rise in temperature, the pressure in
the resonator will be increased by an amount given by:

oenRyq \ v dt
Ve, M,

_nR _ nR M
Bpy=r-p AT = 57 -5 =
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Py=L =0, Vy—g="(p— Ap).

In order to find the characteristic equation of the
system of equations (2.4), we follow reference 5 and
write
Py, ) = (Ae=+v1a 4 Besria) e,
v(y, )= ;19— [— Ae—#/a |- Bezyia) et

x = Ce?,

which, after substitution into the first, third and
fourth members of Eq. (2.4) reduces to the system

of equations
C(mz* +32) = S{[«(— A + Bye—=

_ ".C},

apz

+B8(—A+B)]
Ae—zLla | Bezlia — 0’

1
s (—A+B)=4{A+B

| * oz _ B

[ e —A+B)+ 2 (— A+ B -]}
We eliminate the constants A, B and C from this
system, and obtain the characteristic equation

(2% + hz + k2)<1 +D th 1) (2.5)

+(z+ R EQ +pe~)=0.

Here

h=23. p_15.
m’ m’

D = vap;

E=w; w=g; =2

The system under consideration will be stable if
all the roots of the characteristic equation (2.5) lie
to the left of the imaginary axis. On the plane of
the parameters D and 7., we find regions where this
condition is satisfied, hnd regions where it is not.

From Eq. (2.5) it follovss that

P; ! —T2 zT ¢
D=—[]—)i(l-1—pe )+1]cth—2—‘, (2.6)
P,=E@z+ h), P,=2*+ hz + k>

In Eq. (2.6) we set z =iw. Then 2.7

_ [P (o) .
D=i [pmi)(l T pe™™) + l]ctg%ﬁEQctg%.

The boundary of the region of instability consists
of points which satisfy Eq. (2.7), at least for one

5 Iu. I. Neimark, Uch. Zap. Gorki State Univ. 14, 191
(1950)



SELF-EXCITATION OF A SINGING FLAME

real @. Such w must either be a root of the equa-
tion

Ctg (O.) 11/2) = 0)
or a value which converts the expression

Q=i[fia( +pero)+1] 28

into a purely real number (because D is real). For
each of the roots of the equation, cotan (w71/2)
=0, i.e.,
o= 2n+ )=/, (2.9)

so that D = 0.

We construct the curve Q (i w) to find the value
of w for which Q is areal number. For 7= 0, the
shape of this curve is shown in Fig. 6 a (only the
part of this curve corresponding to w > 0 is shown;
the second half of the curve, for w <0, is located
symmetrically with respect to the imaginary axis).
Its projection, which increases with increase in the
damping &, corresponds approximately to the
characteristic frequency of the resonator for small
h. The projection also increases for an increase in
U, since p > 1, with the center of symmetry at the
point (0, ). The presence of 7 produces a rota-
tion of the points of this curve through an angle
- @ Tabout the point (0, i). As aresult, the points
on it can intersect with the real axis (Fig. 6 b).

;a;

h<k

FiGc. 6. a— (@) b — (Q)

The equation for the determination of the corre-
sponding points of intersection w = w is

obtained by setting the imaginary part of Q(iw)

equal to zero. The condition ImQ(iw) = 0 gives

(B2 — )+ h?w? + E[(1 + p cosor) hk?
+posiner (B2 —e?—h2)] =0, (2:10)
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After the w; are established, the equation of the
boundary o{ the stable region in the plane of D,Tl
is written in the form

D= Q (a)j) Ctg (wj11/2).

After drawing in the shaded lines, in accordance
with the rules set forth in reference 4, we obtain
the plot shown in Fig. 7. The region of stability
is shaded on them. The form of the auxiliary curve
is obtained from these drawings:

T”
I
2 >%
w;

w,

A

SN

SN

Z.

o)

827
w%?m”

Fi6.7,

a) self-excitation is not possible without delay
in burning;

b) an alternation of stability and instability takes
place initially upon an increase in the length of
the supply tube, but for a sufficiently long tube,
instability is approached (we note that instability
is possible even in the absence of the supply tube,
i.e., for T = 0);
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c) for small damping and not very large p, the
frequency of the vibration that is excited is close
to the resonant frequency of vibration of the
resonator;

d) a decrease in % and an increase in E or p
favor the establishment of instability.

3. DISTRIBUTED MODEL OF THE SINGING FLAME
WITHOUT CONSIDERATION OF CONVECTION
(MODEL No. 3)*

We shall now consider the supply tube and the
sounding tube as one-dimensional distributed links,
and the flame as a distributed, linear heat source.
We break up the system under consideration into
four parts: the burning zone 2, the zones 1 and 3, in
which we neglect the changes in temperature
brought about by the vibrations of the flame, .and
the supply tube 4 (Fig. 8).

y=-4

7
y=0

rLJ‘

= ¥=Lq
FiGc. 8

The changes in velocity and pressure in regions
1,3 and 4 (if terms of the order of the ratio of the

velocity of convective flow to the velocity of sound

are neglected) are described by the linearized
equations

o _ 1 o,

or

A 9 op; g 00;
P dy * Of = Pio@io g (i=1,3,4).

In the burning zone, we have the linearized Euler
equation

3.2)

* The singing flame has also been observed experi-
mentally in a horizontal pipe without a convective air -
flow 6

6 ~
Z. Carriére, Revue d’Acoustique 4, 149 (1953)

(3.1)
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and the equation of continuity in the form

Jp2 dv
E—' = on;_;z ' (3°3)
to which we must also add a relation between the
changes in pressure and density, taken from the
equation of state of the medium and the first law

of thermodynamics:

Pgo
ICvTO

dp2 =

dQ+ agodp2 3.49)

where ¢_ is the heat capacity at constant volume.
Neglecting terms in dQ which are connected with

the heat exchange between different layers of the

gas, we assume that
dQ = bv4(t- 'I)y - odt (35)

(7is the phenomenological delay in burning).
Replacing the material derivatives in Eq. (3.4) by

ops ops Op2 0ps
(G = o) dtns (57 — o) a,
respectively, and neglecting the convection terms,
we obtain

op )4 2
'5[2 = —IC,:LTQ bv, (t — 7)y—o + ago’gpt}' . (3.6)
Eliminating the density P, from Egs. (3.3) and
(3.6), we finally obtain
e Gpny T2 = Ny (f — Dy (3.7)

ot — P Gy
N=(pao/Ic.T,) b.
We now write the boundary conditions for Egs.

(3.1), (3.2) and (3.7), and the conditions for con-

necting the solutions in regions 1,2 and 3:

for y=—1L,;: v,=wpy;
y=0: v4=9,(ps— p2);
for y=—1L,: v, =,

for y=0: vy=13;

(3.8)

fOl'

for y=Lz: v3=—vypy;
for y=L,,: DPs=0;
for y=—1Ly: py=ps
for y=0: py=py;

2 2 2
ay 3 3

— & 4
UsoPso

V1oP10 UsoPa0

We can now go on to the basic problem of the investiga-
tion of the conditions for self-excitation of the
vibration. Following reference 5, we must first of
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all establish the characteristic quasi-polynomial of
of the system of equations (3.1), (3.2), (3.7) with
the boundary conditions (3.8). That is, we seek
solutions of Eqgs. (3.1) , (3.2), and (3.7) in the

form :

pi(y, t) = Pi(y)e?,
vi(y, £) = Vi(y)e

After substitution in the corresponding equation
for i =1, 3 and 4, we find that

(3.9)
(i=1,2,3,4).

P;(y) = Aie=#¥lai 4 Biewvia;.  (3.10)

Vi(y) = %: [— Aie=2y1ai  Bie#viai],

where 4. and B, are arbitrary constants.

From ﬁqs. (3?2) and (3.7), we get, after similar
substitutions (employing the expression just now
obtained for v ),

zV2=$P;, (3.11)

/ N _
2Py — agypa Ve = —[— A+ B]e 7,
4Pa
whose general solution is

P, (y) = Age—2v1%:  B,ezslas (3.12)

N
24042

+ (BI - Ad) e_Tzr

1
Ve (y) = 2305 {— Aye—#yla: L Byezylazy

Now, substituting these solutions in the boundary
conditions (3.8), we get a system of eight equations
in the arbitrary constants 4., B. , and the fre-

quency z. For the sake of :;impllicity, we shall
consider @, and p;  to be single-valued in zones
1, 2 and 3, equal, respectively, to a and p=

_AlezL,/a -+ Ble——zL,{a (313)

= v,ap (4,618 4 B,e~sLd),
__A3e—zL,/a _"_ BseZLala
= — vzap (Aae—zl.la + B3ed-/“),
— Ay +By=ap, v (A, + B, — A; — By),
A4e—'2L4/ac + B4eZLc/aA — O,
—_ AlezL,/a + Ble—zL,/a =’_ Azeﬂﬁ“ + Bze—zlgla,
AlezL,[a + Ble—zlg/a — Azezlz/a
+ Bze—zL,/a +
_A2+B2=—A3+B3,
N(B, —
A, + By + M—é"’=A3+B3.

Q4042

NBs—A) , v

agp42 ’
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We introduce the notation
Li—L L L Ly _
2'_1"1—1:117 272=T2) 273=T37 2’;'—'50

Nvg=2p, vjap =y, ¥3Ap =g, V4P = Ps.

Then the characteristic equation of the problem,
obtained from Eq. (3.13) by elimination of the
constants 4. , Bi , can be expressed in the
following form:

) (3.14)

27,

p3th7=

e e (L + D,e”") (1 + Dlez(n+‘/zfz)) (ezrzlz —1)
z 1 — D, D,e?TrtTtTs) :

Here

D, =1+ p)/(1—p1), Dy=(1+py)/(1— o).

We consider a D-partition in the parameters p,
and T The boundary of the octant By > 0,
7 > 0 for these parameters consists of the series
of curves

pg = — iF (io;) ctg (0;7,/2),

where a)]. are the roots of the equation
ReF (iw;) = 0 and F (2) denotes the right hand side
of Eq. (3.14). To find the roots of this equation,

W,

<
N

~4

Fic.9. (F)

we construct the auxiliary curve F (i w). Its ap-
proximate form is shown in Fig. 9. The projec-
tions A, A, ,...

correspond to values of o for
which the value

1 — D, D, exp {iw (v, + 15 + 13)}

s close to zero, which takes place (approximately)
for frequencies close to the eigenfrequencies of
the resonator. The magnitudes of these projections
decreases in general, because of the presence of
z in the denominator of F(z). Furthermore, some
of these can decrease or even disappear:

a)if 1+ Dye*s =~ (, Ii.e., if the top of the
tube which supplies the gas lies at a pressure
node;
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b)if 1+ Dyexp {z [7, +(7,/2)] } =0, i.e., if
the center of the burning zone is at a pressure node;

c) if at these frequencies exp lw(/2)]=1,
i.e., if an integral number of waves is contained
in the burning zone.

A diagram of the regions of stability and instabil-
ity in terms of the parameters By and 73 is shown
in Fig. 10*. To each projection of the auxiliary
curve which intersegts with the imaginary axis,
there corresponds a series of regions of instability.
The parameters kg and 7, correspond to the
parameters D and 7, of the previous model, and the
difference between the plots of Fig. 7 and Fig. 10
lies only in the values and number of roots w, and
the values of the quantities - iF (iwj) and (/(iwj)
corresponding.

B

%\m@

FiG. 10

The new result, on the basis of which we have
developed this model, consists of the possibility
of exciting not only the base frequency of the
resonant tube,but also its higher harmonics, and
of the discovery of the dependence of such excita-
tion on the position of the flame, its dimensions
and intensity, and the delay in burning. e note
that the role of the parameters p and Tfor the
auxiliary equation in this model and in the preced-
ing one are exactly the same.

The product D D, plays a role here analogous to
the damping % in the preceding model; the projec-
tions will be increased as D [), approaches unity.

4. DISCUSSION OF THE RESULTS

Let us compare the facts observed experimen-
tally by the different authors with the conclusions
which follow from the theory presented above. It
is natural that the discrete model explains the
smallest. number of facts, and, conversely, that
the distributed model describes the phenomenon
most completely.

1. Experiment shows that the vibrations of the
singing flame are excited periodically, independent

* The drawings for cases b and ¢ of Fig. 10 are the
same as for Figs.7b and 7 c.
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of the length of the supply tube. Model No. 1 does
not explain this fact. For models No. 2 and No. 3,
this consclusion follows directly from Fig. 7 and
Fig. 10. If, for fixed D (u,), 7 (7;) increases, then
the region of stability wilf be changed to aregion
of instability, and vice versa. In this case, the
excitation conditions can be shown to be quantita-
tively different from the conditions pointed out by
Rayleigh (the flame sounds when the length of the
gas tube is somewhat less than %A, % A,..., and is
silent when its length is approximately %4\, A, 3/2A,..,
where A is the wavelength in the gas). This devia-
tion of the excitation conditions from the condi-
tions of Rayleigh has been observed by several
experimenters. The action of progressive waves
was made clear in reference 1. These waves
apparently arise in a gas tube along with standing
waves. As can be seen from the behavior of the
curves in Figs. 7 and 10, at sufficiently large

™ ('T4 ), the system will always be unstable.

2. Experiment shows that the frequency of the
singing flame is close to the fundamental eigen-
frequency of the sounding tube. However, higher
harmonics are sometimes excited. In the latter
case, the frequency that is excited depends on the
position of the flame in the sounding tube: a short
flame is better for the excitation of the higher
harmonics. Models No. 1 and No. 2 cannot explain
these factors. Model No. 3 does explain them (in
model No. 3, the dimensions of the flame are taken
into consideration, directly, through the parameter
Ty» and indirectly, by the parameter p, in which

the density of the burning source appears.

3. The system is stable in the absence of flame,
when the gas simply blows through the resonator.
In this case, the parameter p = 0. The stability of
the system for Model No. 1 can be seen directly
from Fig. 4. For models No. 2 and No. 3, the
stability results from the fact that the curve
Q(iw) in Fig. 6 [ (- iF (iw) in Fig. 9) ] does not
intersect the real axis. The region of stability
here occupies the first quadrant (D> 0, 7,>0 ) of
Fig. 7 (or, correspondingly, o > 0, T, > 0, Fig. 10).
Experiment indicates that non-hydrogen flames can
also sing, for example, the flame of illuminating
gas’*? | but they sing less satisfactorily than the
hydrogen flame. This is accounted for by the fact
that the parameter p is less for the non-hydrogen
flame.

4. Experiment shows that if the supply tube is
plugged with cotton, so that the gas can still leak
through the plug, then the flame will not sing. The
effect of the cotton is to increase the damping of
the system. For model No. 1, this means an
increase in the coefficient £,. The stability of the

system increases with rise in h2, as follows from
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Figs. 3 and 4. For model No. 2, the presence of
the cotton means a decrease in the coefficient of
consumption «, i.e., a decrease in the parameters
D and E. For small E the curve (i w) does not
intersect the real axis, and consequently the sys-
tem is stable. Similarly for model No. 2, the equa-
tion Im [ = iF(iw) ] = 0 does not have real roots
for small « .

5. Lxperiment shows that the flame does not

sing if the opening of the supply tube is very small.

For model No. 1, small 52 corresponds to small
pv. For small pv, as follows from Fig. 4, the sys-
tem is stable. For model No. 2, a small area of
the aperture o is equivalent to small E, and, for
model No. 3, to small p [the area of the cross
section of the gas tube is included in the coeffi-
cient b of Eq. (3.5)]. As has already been shown
above, the system is stable for small £ (y).

6. Ixperiment shows that the frequency of the
singing flame is close to the eigenfrequency of the
resonator, but it can be somewhat different from it
(in the case of a large aperture of the supply tube).
The proposed theory explains this circumstance by
the fact that the frequency w from £q. (1.6), and
the values o = @, for which Q (iw) and —iF(iw)
intersect the real axis, depend on the parameters
of the gas tube and the parameters of burning, as
well as on the parameters of the resonator.

7. Since the effect of convection was not con-
sidered in the proposed theory, none of the models
explain the experimental fact that the flame, when
placed in the upper part of the tube, excites
vibrations more strongly than when it lies in the
lower part of the tube.

Translated by R. T. Beyer

98



