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Abstract—The results of experimental investigations of the features of diffusion combustion during the inter-
action of a round supersonic microjet of air in the center and a coaxial (coflowing ring) jet of hydrogen. Such
combustion is accompanied by a number of new phenomena: the formation of a cone-shaped flame near the
nozzle cutoff, the locking of the combustion region in this cone, the presence of small-scale supersonic cells
in the resulting flow, and the formation of laminar sections and their turbulization.
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According to results of [1—5], the following com-
bustion scenarios are characteristic for hydrogen flow-
ing from round nozzles with diameters d = 250—
500 um depending on the flow rate U,: (i) a large
length of the laminar jet (U, £ 150 m/s); (ii) the sepa-
ration of the flame into two zones by a “bottleneck” of
flame, the formation of a spherical zone with the lam-
inar combustion character, and the turbulization of
the flame further upstream (U, ~ 150 m/s); (iii) the
implementation of an elevated turbulent flame with
preservation of combustion in the laminar zone; (iv)
the preservation of combustion in the laminar flame
region and the turbulent flow of hydrogen further
along the stream without combustion (U, ~ 331 m/s);
and (v) the termination of microjet combustion (U, >
331 m/s).

The spherical region of the flame with the laminar
flow and combustion in it, which covers the upper part
of the nozzle, contributes to the stabilization of the
combustion process in the hydrogen microjet but also
promotes the “locking” effect of the nozzle, while the
flow rate does not exceed subsonic values.
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One of the characteristics of supersonic jet flow is
the presence of supersonic cells, which are also pre-
served in the resulting flow during combustion but in
the situation of a flame rising from the nozzle cutoff.
This situation was demonstrated in detail in [6—8].
The results of experimental and numerical investiga-
tions of combustion of round hydrogen jets at sub-
sonic and supersonic flow rates are presented in
detail in [9—11].

In [12, 13], attention was paid to the combustion of
premixed hydrogen with oxygen, methane, nitrogen,
and helium. The range of velocities at which the com-
bustion without flame failure existed was smaller than
in the case of pure hydrogen. Nevertheless, by adding
hydrogen, it is possible to extend the range of sus-
tained combustion of methane and other hydrocar-
bons. In this case, the microjet combustion of a mix-
ture of hydrogen and various gases was investigated
under conditions of their mixing before the mixture
was introduced into the nozzle apparatus. The coaxial
jets and precisely their interaction were investigated in
considerably fewer works, especially experimental
ones. The theoretical study in [14] shows the develop-
ment of a coaxial jet at subsonic and supersonic veloc-
ities and numerically simulates the presence of super-
sonic cells during the supersonic flow of a coaxial jet.

The aim of this study is to investigate the features of
development and interaction between a round micro-
jet of air flowing at supersonic velocity and a coaxial
(coflowing ring ) hydrogen jet during its combustion.
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Fig. 1. Schematic representation of the experiment: / is hydrogen, 2is air, 3 and 4 are the gas-flow regulators, 5 is the flow-meter
control unit, 6 is the nozzle device, and 7is the Tepler shadow device.

EXPERIMENTAL EQUIPMENT
AND INVESTIGATION PROCEDURE

Figure 1 shows a schematic representation of the
experiment. Nozzle apparatus 6 is connected to two
similar gas lines. From the cylinders, the gas (hydro-
gen (/) or air (2)) goes to valves 3, 4 of an MKS Instru-
ments type 1179B volume flow-rate regulator, which
provides an accuracy of flow-rate measurement within
0.7%; with help of a PR 4000B-F (MKS Instruments)
two-channel flow-meter control unit, the flow rate of
the gases fed into the nozzle apparatus is controlled.
The shadow pattern was obtained using IAB-451 (7),
and the shadow pattern image is recorded on a digital
video camera. The parameters of the nozzle-apparatus
orifices are the following: S; = 0.5 mm? is the cross-
section area of the outlet orifice for air (J = 0.8 mm)
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Fig. 2. Shadow patterns of development of the burning
coaxial hydrogen jet (in the absence of the central air jet).

and S, = 4 mm? is the area of the nozzle-apparatus

coaxial slot from which hydrogen is supplied (& =
4.0—4.6 mm).

EXPERIMENTAL RESULTS

Scenario for Diffusion Combustion of a Hydrogen Jet
Outflowing from an Annular Nozzle
into a Flooded Airspace

The results of experiments on the combustion of a
ring (coaxial) hydrogen jet with increasing velocity of its
outflow up to supersonic speed are shown in Fig. 2.

At low outflow velocity of the jet, one can observe
the presence of the laminar flame, the boundary of
which expands under a noticeable angle. As the jet
velocity increases, the region of the “flame bottle-
neck” appears, when the flow in the flame is turbu-
lized in a narrow region just as in the case of a hydro-
gen jet flowing from a round nozzle; however, in this
situation, we observe no spherical shape, and the
resulting region represents a hollow cylinder attached
to the nozzle with an outside diameter larger than the
diameter of the coaxial nozzle. The character of the
gas flow in the region of this cylinder is laminar. With
a further increase in the flow velocity, the laminar part
of the flame in the cylinder disappears and we observe
the separation of the turbulent flame from the nozzle
cutoff.

We consider the diffusion combustion scenarios
when a supersonic jet of air outflows in the center of
the nozzle.
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Fig. 3. Shadow patterns of the interaction between the
burning coaxial hydrogen jet and the round microjet of air
during its supersonic flow: [ is the supersonic cells on the
round microjet of air, 2is the region of the “closed” hydro-
gen flame, 3is the hydrogen outflow from region 2 without
combustion, and 4 is local ignition and unstable combus-
tion.

Scenarios of Combustion of a Hydrogen Jet Outflowing
from an Annular Nozzle in the Presence of a Microjet of
Air Outflowing at Supersonic Velocity in the Center

The process of development of the flame-bottle-
neck region, its specific shape, and the transformation
with increasing velocity of the coaxial jet outflow in
the presence of a supersonic air jet are shown in Figs. 3
and 4. The central air microjet outflows at a constant
supersonic velocity as is evidenced by small-scale
supersonic cells, which are also observed in the result-
ing flow in the presence of a coflowing ring jet of
hydrogen (with combustion and without it).

At low hydrogen outflow rates from the coaxial
nozzle and with ignition near the nozzle, instead of a
hollow laminar cylinder attached to the nozzle, a
cone-like structure arises, the boundaries of which are
clearly visible in the image patterns (black lines), and
combustion occurs within it, and, further, the gas mix-
ture extending beyond the borders of the cone apex is
not ignited, and it occurs over a wide range of hydro-
gen flow rates; i.e., there is a “locking” of the flame in
this cone-shaped region (see Fig. 3a).

In Figs. 3b and 3¢, we show the moment of the gas-
mixture ignition in the upper part of the jet, which is
accompanied by the generation of intense acoustic
noise. In this case, the images show the appearance of
new shock waves (gas density gradients) throughout
the cone.

The further development of the scenario of hydro-
gen coflowing ring combustion with an increase in the
flow velocity is shown in Fig. 4. The laminar section of
the flame develops and acquires a spherical shape cov-
ering the supersonic part of the air jet, and, then, with
a further increase in the hydrogen flow rate, its bound-
aries are blurred and it disappears; we observe only the
turbulent section of the flame.

In general, we can conventionally distinguish the
following stages of the combustion of a coflowing ring
jet of hydrogen in the presence of a supersonic air jet
Vol.66 No. 1
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Fig. 4. Shadow patterns of the interaction between the
burning coaxial hydrogen jet and the round air microjet
during subsonic and supersonic flow from the outlet noz-
zle: 1is the laminar flame section, 2 is the supersonic cells
on the round microjet, and 3 is the burner nozzle.

in the center depending on the hydrogen outflow
velocity.

(i) At the initial stage, with a low hydrogen-outflow
velocity and the ignition near the nozzle, the flame
combustion is “locked” in the cone-shaped region
attached to the nozzle. We observe the combustion
near the nozzle cutoff bounded by a cone-shaped
region with a supersonic air jet “cutting through” the
top of this cone, and the mixture of air and hydrogen
is ejected through this “breakthrough,” but with no
combustion.

(ii) As the hydrogen flow rate increases, the flame
spreads downstream, and the local combustion areas
begin to form, an acoustic noise appears, and the
cone-shaped region is transformed into a hemisphere.

(iii) Stable turbulent combustion is established and
develops accompanied by the generation of intense
acoustic noise, and laminar sections surrounding the
supersonic air jet arise near the nozzle cutoff.

(iv) Further, the turbulent flame zone shifts closer
to the nozzle cutoff and the laminar section of the
flame is blurred and disappears.

As the hydrogen flow rate decreases, a reversible
transition from stage (iv) to stage (i) occurs sequen-
tially; all combustion scenarios are preserved.

CONCLUSIONS

It was found that the diffusion combustion of a sin-
gle hydrogen jet outflowing at a subsonic velocity from
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an annular micronozzle into a flooded space is also
characterized by a combustion scenario with the pres-
ence of a flame “bottleneck” region as for the round
and flat microjets [1—5]. However, the flame-bottle-
neck region undergoes significant geometric deforma-
tions due to the specificity of the coaxial jet flame.

In the presence of air in the center of the supersonic
microjet, the combustion of the coaxial hydrogen jet
changes significantly. The following scenarios were
found to be implemented sequentially with an increas-
ing hydrogen flow rate:

(i) “locking” of hydrogen combustion in the cone-
shaped region and the ejection of the hydrogen and air
mixture downstream in the absence of combustion
(which can be applied to premixed gas mixtures);

(ii) formation of a hemispherical flame region near
the nozzle cutoff and the local unstable combustion of
turbulent flow;

(iii) a laminar flame of spherical shape near the
nozzle cutoff and the established turbulent combus-
tion downstream;

(iv) a developed turbulent flame starting from the
nozzle cutoff.

Also in this case, we observe no decrease in the
spherical flame zone as the hydrogen flow rate
increased as occurred in [1—5].
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