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Abstract—Subsonic flows of different gases in the near field of inert and reacting jets is experimentally
investigated. The jets flowed out of long tubes, 2 to 8 mm in diameter, into an air medium at low Reyn-
olds numbers from 400 to 5000. The working fluids were air, carbon dioxide, propane, and Freon-22
for inert isothermal jets and propane mixed with an inert dilution (CO,) for reacting jets. The tools
included Hilbert visualization, PIV, thot-wire anemometry, and probe thermometry. A scenario of
transition to turbulence through the intermittence mechanism in inert and reacting jets is revealed for
the first time. It is realized in the Reynolds number range from 1900 to 3500, when laminar-turbulent
transition occurs within the jet source, that is, the tube, in the absence of artificial disturbances. Tur-
bulent spots generated in the tube in the transitional regime are statistical in nature and fairly stable in
the jet near-field. Propagating downstream they can have a considerable effect on the dynamics of free
jets and diffusion plumes.
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Laminar-turbulent transition in subsonic jets has been studied fairly extensively from both theoretical
and experimental points of view [1—8]. It is the instability of jets issuing from contoured nozzles of con-
fusor type at large Reynolds numbers (Re > 10%) that was chiefly investigated. This formulation of the
problem is due to the great practical use of jets flowing out of nozzles. In this case, the initial velocity pro-
file is of the “top-hat” type, with thin boundary layers. In these flows, laminar-turbulent transition is real-
ized in the mixing layer within the initial jet region (x/d = 4—8). In this zone, the linear mechanism of
disturbance growth associated with Kelvin—Helmholtz instability passes rapidly to the nonlinear stage
related with the phenomenon of pairwise vortex coalescence. In the spectral representation this is inter-
preted as the appearance of subharmonic frequencies [3, 9]. At the same time, in practice jets can fre-
quently flow out of long channels, for examples, in burners [10]. It is known that initial conditions can
play a considerable role in the development of subsonic jet flows [1—6, 11—14].

So far, the instability of jets issuing from long channels has not been adequately studied, particularly,
at nonlinear development stages. As shown in [11, 12], in these jets the coordinate of transition to turbu-
lence can achieve such large values, as x/d = 200—500. It was found that in the Reynolds number range
from 2000 to 3000 this coordinate can considerably diminish [12]. It is known that at these Reynolds num-
bers in long cylindrical channels transition to turbulence is possible with the formation of vortex structures
of the type of puffs and slugs [15—17].

In considering diffusion combustion in jets different flow patterns can be encountered, such as
attached and detaches flames, laminar and turbulent flows, and regimes with flame-out [10]. The exper-
iments on the combustion in the case of outflow from long tubes showed that the transition processes in
the channel considerably influence the plume dynamics [18, 19]. For this reason, there arose the problem
of investigating transition in inert and reacting jets under the conditions of laminar-turbulent transition
development in the jet source. In this study, much attention is also given to the large vortex structures that
exist in these regimes in the jet near-field.
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Fig. 1. Schematic of the experimental setup; /, gas reservoirs; 2, gas pressure regulators; 3, digital flowmeters; 4, tube;
5, shadow instrument equipped with the Hilbert optics; 6, digital camera; 7, light source; &, high-speed digital camera;
9, pulsed high-speed laser; and /0, computer.

1. EXPERIMENTAL SETUP AND MEASUREMENT TECHNIQUES

In this study, several experimental methods are used. These are visualization using the Hilbert optics,
high-speed Particle Image Velocimetry (PIV), hot-wire anemometry, and measurements in flames with
a temperature probe. Both isothermal flow (air, Freon-22 (CHF,Cl), CO,, and propane C;Hy) and dif-
fusion flames (C;Hg mixed with CO,) were investigated. The gas-mixture jets flowed out into an open air
space under the atmospheric pressure.

The experimental setup (Fig. 1) consisted of gas reservoirs (/), gas pressure regulators (2), two digital
flowmeters (3), and a jet source (4). The gas flow rate and the combustion mixture composition were
determined using digital El-Flow Bronkhorst and UFPGS-2 flowmeters. The gas mixture viscosity
required in the calculations was estimated according to the Sutherland model in the Wilke approximation
[20]. The Hilbert optics [21, 22], which is a high-sensitive visualization method of optical density fields,
was used in experimentally investigating reacting flows disturbed by vortex structures. For this purpose,
the production-type IAB-463M shadow instrument (5) additionally equipped with the Hilbert optics was
used. Shearing interoferograms [21] and jet flame visualization were recorded using the Canon 650D dig-
ital camera (6) with the filming speed of 50 frames per second.

The PIV system for measuring velocity fields included the Photron SA5 camera (&) with the temporal
resolution of 7 kHz. The flow was seeded with light-scattering particles using an aerosol generator (absent
from the figure) joined up to the feeding manifold after the flowmeters (6). The aerosol is the suspension
of glycerin droplets, about 1 to 2 um in size. The laser knife was formed using a pulsed high-speed
Nd : YAG DM-532-50 laser (9) with the burst repetition frequency to 10 kHz and the pulse power of
10 mJ. The data were gathered by a computer (/0). The images of the light-scattering particles obtained
by the high-speed camera were processed using the algorithms of the ActualFlow code [23]. This made it
possible to obtain the fields of instantaneous values of the axial and radial velocity components in a
80 x 70 mm region.

The dynamic characteristics were measured with a constant-temperature hot-wire DISA 55M ane-
mometer. A tiny DISA 55P11 probe was used as a sensor (golden tungsten, wire diameter of 5 um, and
wire length of 0.6 mm).

The gas temperature at the entry into the test section was measured with a digital Ebro TFX392L ther-
mometer. The temperatures in the plume were measured with TPR-0392-01 Pt/Pt-Rh-thermocouple
with wires, 120 um in diameter. In this study, any correction of the temperature measurements was not
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performed. A 24-digit LTR114 AD converter having the maximum discretization frequency of 4 kHz was
used for gathering the hot-wire and temperature data and saving them on a computer hard disk.

The jet flow was formed using round tubes, d = 2—8 mm in the inside diameter and //d = 200—300 in
length. In hot-wire measurements the jet flowed out in a 150 X 150 X 300 space bounded by a flow-
through channel made of Plexiglas. In the case of PIV measurements of the dynamic flow characteristics
the outflow occurred into an analogous 400 X 400 %X 400 mm channel. No artificial disturbances were
introduced in the flow (both within the tube and in the jet).

2. NONREACTING JETS

Since the initial conditions play a considerable role, in studying inert free jets much attention was given
to the conditions at the exit from the cylindrical channel. In Fig. 2a the dependence of the velocity ratio
U,/ U,, and the turbulence level (Tu = u/U, %X 100%) at the channel axis on the Reynolds number is pre-
sented for x = 0.3 mm. Here, U, is the gas velocity in the tube exit section at the axis, U,, is the mean-flow-
rate gas velocity through the tube, u is the r.m.s. value of velocity fluctuations, and x is the longitudinal
coordinate measured from the tube end. As can be seen in the figure, the velocity ratio varies from
U,/ U,, =2 corresponding to the laminar Poiseuille profile to U,/ U,, = 1.25 characteristic of the developed
profile of turbulent tube flow. This variation is due to laminar-turbulent transition of the gas flow in the
tube in the Re = U,,d/v = 25112625 range. In the transitional region the turbulence level Tu has a local
extremum at Re = 2620; in this case, a maximum fluctuation level, Tu = 15.2%, is reached. In the exper-
iments, an intermittent regime, that is, the alternation of laminar and turbulent flow regions, is observ-
able.

At the second stage the measurements at the gas jet axis were performed by the hot-wire anemometer
at variation of the Reynolds number Re from 460 to 4092. In Fig. 2b the dependence of the turbulence
level on the dimensionless distance x/d is plotted. In accordance with the initial data presented in Fig. 2a,
three groups of characteristic curves can be established. Thus, / to 3 correspond to the Reynolds numbers
Re = 460—1970, that is, to the laminar flow regime in the jet source (tube); 4 relates to Re = 2620 corre-
sponding to laminar-turbulent transition regime in the tube; and 5 and 6 correspond to the Reynolds
numbers Re = 2810—4092, that is, to the turbulent flow regime in the tube. Depending on the tube flow
nature, some characteristic regimes of jet propagation can be established. Thus, regime A corresponds to
laminar flow in the tube. For jets with low Reynolds numbers (Re = 460) typical is an extended laminar
flow zone (up to x/d = 30) with a low level of velocity fluctuations. It is followed by a laminar-turbulent
transition region, where fluctuations grow and then by a turbulent flow zone, where fluctuations dimin-
ish. With increase in the Reynolds number the length of the laminar jet region reduces, while the fluctu-
ation maximum in the transitional region increases. At Re = 1970 the laminar zone length x/d = 12 and
the fluctuations reach the value Tu = 21%. Regime B corresponds to laminar-turbulent transition in the
tube. At Re = 2620 the velocity fluctuation level at the axis in the initial jet section increases sharply and
reaches a maximum value Tu = 15.2%. As a result, the fluctuations in the jet near-field sharply increase
(up to Tu = 30% at x/d = 7). Finally, regime C corresponds to turbulent flow in the tube. With further
increase in the Reynolds number (Re = 2810—4092) the initial fluctuation level decreases to Tu = 3.3%,
while their maximum at x/d = 7 decreases to Tu = 10%. Further downstream (x/d > 10) the velocity fluc-
tuations are considerably reduced, which indicates a strong dissipation of the turbulent energy in this
region.

The flow visualization in inert jets was carried out for air, Freon-22, and propane. For regime B the
regime with intermittence, that is, the alternation of laminar and turbulent flow regions is observable in
the tube and the near region of gas jets. In Fig. 3 the Hilbert visualization of Freon-22 jet in the air is pre-
sented; the flow is from the top down. The jet beginning corresponds to the tube end. Two successive
frames of the movie made with theshooting frequency of 50 frames per second are presented. The Reyn-
olds number Re = 2853, which corresponds to the range of laminar-turbulent transition in the tube. In
Fig. 3a an extended laminar flow region can be seen, together with transition to turbulent flow at the end
of the frame. This is the laminar flow stage in the near region of the jet. In Fig. 3b the turbulent flow stage
is presented. In the first (top) half of the frame a local turbulent formation (puff) can be observable; its
length is of the order of 20d and it occupies the entire jet cross-section. This intermittent flow pattern was
obtained for all the gases considered, namely, air, Freon-22, and propane.

The experiments showed that the internal structure of the turbulent spot in the jet is fairly complicated.
The mechanism of formation of these local spots in tubes has been adequately elucidated in the modern
literature [15—17]. The structures of two types are distinguished, namely, puffs and slugs. The former
structures are generated at the Reynolds numbers characteristic for laminar-turbulent transition and the
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Fig. 2. Parameter distributions in the air jet, d = 3 mm. (a) Dependence of the velocity ratio and the turbulence level on
the Reynolds number at the tube exit; 1, Uy/U,, and 2, Tu; (b) Turbulence level distribution along the jet axis, / to 6 relate

to Re =460, 1180, 1970, 2620, 2810, and 4092.

latter ones are formed at higher Reynolds numbers. The puffs are characterized by a smooth forward
velocity front and a steep backward front, as distinct from the slugs having two steep fronts. An example
of a structure of the puff type is presented in Fig. 4a. These data were obtained for the carbon dioxide out-
flow into the air using the high-speed PIV with the temporal resolution of 7 kHz (the flow is from top
down). The value Re = 2462 corresponds to regime B. As can be seen from the time dependence of the
longitudinal velocity component at the axis, the velocity is reduced throughout the entire puff region. As
at the tube exit, the puff in the jet possesses a smooth leading front and a steep backward front, which is
in agreement with the data for the tube flow [15]. In Fig. 4a it can also be seen that the puffin the jet has
a complicated small-scale structure. The turbulent spot length and the frequency of its formation depend
on the Reynolds number and the prehistory of its development within the tube.

It is known that laminar-turbulent transition in cylindrical channels occurs through the intermittence
mechanism [15—17]. In this connection, we measured the intermittence coefficient v in the near field of
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Fig. 3. Hilbert visualization of the outflow of Freon-22 (CHF,ClI) jet into the air (d = 2 mm and Re = 2853); (a) jet in
the absence of turbulent structures and (b) jet in the presence of turbulent puff.

the jet issuing from the tube. The intermittence coefficient is understood to mean the fraction of time,
when velocity fluctuations are higher than a threshold value. The method of assessing y on the basis of a
time series proposed in [24] was applied. In Fig. 4b the dependence of the coefficient y on the Reynolds
number is presented for two gases, namely, propane (1) and air (2) at x/d = 5. As can be seen in the figure,
v= 0 for regime A, that is, the flow in the tube is laminar, and y = 1 for regime B, when the tube flow is
turbulent. The Reynolds number range, in which the intermittence coefficient vy is within the limits from
0 to 1, corresponds to regime B, that is, laminar-turbulent transition in the tube. The value y = 0.5 corre-
sponds to the case, in which the flow is laminar half the time and turbulent during the other half. As fol-
lows from Fig. 4b, the nature of variation of the coefficient y in regime B is approximately the same for
propane and air and is in agreement with the variation of this parameter in tube flows [15]. However, the
least Reynolds number Re,, at which the intermittence coefficient becomes nonzero, and the value Re,,
at which y = 1, are different from the two gases. This can be attributed to the fact that in tube flows the
critical Reynolds number is a function of many parameters and, in particular, Re, is sensitive to the initial
disturbance level [15]. The limiting Reynolds number presented in the literature Re, = 10° [15]. In our

experiments we used feeding gas manifolds (from the gas source to the tube inlet) of different design for
propane and air, and the disturbance level at the tube inlet was not monitored.

From the results of the measurements in the jet near-field (x/d < 40) at Re ~ 1900—3500 we can con-
ditionally separate two spatial zones, namely, near-axial and peripheral. In the axial zone laminar regions
with low velocity fluctuation levels are chaotically alternated with turbulent spots with a high fluctuation
level. The intermittent flow nature is observable throughout the entire near field. The general intermit-
tence pattern qualitatively corresponds to the process of transition to turbulence observable in cylindrical
channels [15]. In the downstream peripheral zone the Kelvin—Helmholtz instability was observed at the
laminar flow stage; it is analogous to that developed in the mixing layer of jets flowing out of contoured
confusors [3—6]. At the turbulent flow stage regions with puffs were recorded in this zone. The two zones
join near the coordinate approximately corresponding to a velocity fluctuation maximum at the jet axis
(Fig. 2b). The experimental data obtained in this zone demonstrate the remainders of turbulent spots, the
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Fig. 4. Intermittence in the jet on transition to turbulence; (a) PIV measurements of the longitudinal velocity component
in the turbulent puff at the jet axis (d = 8 mm, x/d = 0.8, and Re = 2462, the working gas is CO,) and (b) intermittence

coefficient distribution in the gas jet (d = 3 mm and x/d = 5): I, propane and 2, air.

growing instability of Kelvin—Helmholtz waves, and the general growth of the broadband noise. The
diagnostics of the vortex structures in this region is very difficult and requires for further investigation.
Thus, in the case of gas jet outflow from long axisymmetric channels transition to turbulence through
the intermittence mechanism was recorded. This laminar-turbulent transition scenario is confirmed by
means of varying different gases, the channel diameter, and the experimental methods of investigation.
The main cause for this mechanism is laminar-turbulent transition in the jet source. The main structure
unit of this process is represented by localized turbulent structures of the puff type. They are generated in
tubes, are stable in the jet near-field, and break down in the region of transition to turbulence. This sce-
nario is fundamentally different from the subharmonic scenario [3, 9] connected with the vortex coales-
cence phenomenon, which is well known for the outflow of jets from contoured nozzles (confusors).

3. REACTING JETS

The experiments with nonreacting jets make it possible to put forward some new possibilities of con-
trolling the mixing and combustion processes in reacting jet flows at low Reynolds numbers (Re < 4000)

Vol.55 No.6 2020
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Fig. 5. Flow visualization in the case of diffusion combustion using the Hilbert optics, d = 2.3 mm, C3Hg/CO, mixture,
and Re = 1980; (a) attached flame, Y= 25% and (b) detached flame, Y= 20%.

Since the mechanism of turbulence generation in a long tube is independent of the jet flow, this scenario
of transition to turbulence through intermittence apparently exists also for jets with chemical reactions, in
particular, in diffusion flames.

In Fig. 5 the Hilbert visualization images obtained during the propane jet combustion are presented
flow from down top. The molar fraction of propane in its mixture with CO, Y = 20—25%, which is con-
siderably greater than the upper concentration limit of combustion of homogeneous propane-air mixtures
(10.9%). This ratio ensured the conditions of the diffusion combustion regime with the formation of a
flame front characteristic of a local heat release region. Figure 5a presents an attached flame for Y = 25%,
while in Fig. 5b the detached flame obtained at Y = 20% is shown. In both cases, successive snapshots are
presented. For the case of the attached flame (Fig. 5a) localized structures are not observable in the axial
region of the left frame; at the same time in the axial region of the right frame (Fig. 5b) a large-scale vortex
structure, about 20d in length, is fixed. The structures in the axial region of a flame were also noticed in
[18] but their identification was difficult in view of low spatial resolution of the images. Throughout the
entire velocity range (U,, = 0.8—9 m/s) of the outflow of a submerged jet of pure propane the combustion
is accompanied by low-frequency flicker oscillations of the plume, which are due to the action of buoy-
ancy forces. These oscillations of the outer plume boundary are detectable at the tops of snapshots. How-
ever, any considerable influence of the puffs on the plume flicker density was not observed, although their
action on the phase characteristics of the outward flame front oscillations was noticed. We note that dis-
turbances do not almost propagate in the transverse direction, beyond the limits of the flame front (out-
ward boundary of the plume).
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Fig. 6. Location of the forward front of the flame in C3Hg/CO, as a function of time, Y= 46%, Re = 2966, and d = 3 mm.

With increase in the air fraction in the combustion mixture the forward flame front is detached from
the tube edge (four snapshots in Fig. 5b). In the first and fourth snapshots (from left to right) an extended
laminar region without combustion can be observable. In the second and third snapshots the passage of a
puff is recorded. In its downstream motion the puff is identified in both the region without combustion
and the combustion zone. As can be seen in Fig. 5b, in the jet region, from the tube exit to the leading edge
of the flame, the action of the structures leads, as in a nonreacting flow, to jet flow turbulization. During
the puff motion in the combustion zone the leading front of the flame is considerably deformed. Appar-
ently, the large-scale structures have an effect on the conditions of flame front stabilization, leading to a
variation in the spatial flame topology.

An important characteristic of the detached flame, which determines, in particular, the conditions of
flame extinction, is the position of the flame front x;. The spatial dynamics of the detached flame as a
function of x;/d on the dimensionless time tU,,/d is presented in Fig. 6. The appearance of a disturbance
in the jet (vertical lines in Fig. 6) is preceded by a decrease in the velocity, which leads to the displacement
of the leading edge of the flame upstream. After the disturbance has passed the velocity in the jet consid-
erably increases and the flame front is displaced considerably downstream. This behavior of x; is
attributed to the nature of the variation in the longitudinal velocity within the puff structure (see Fig. 4a).
It is known that a portion of natural disturbances decays within the tube, generating a small reduction in
the velocity [15]. The x; coordinate is also responsive to this disturbance (local minimum at tU,,/d =
3636) but on visualization of this disturbance a structure of the pufftype is not observable. From the time
series for the coordinate x; the intermittence coefficient for the jet plume can be determined; in particular,
for the experimental conditions presented in Fig. 6 Y= 0.07.

Comparing the flow dynamics in the near fields of the reacting and nonreacting jets the following con-
clusions can be made. The initial conditions in subsonic jets are caused by the flow development dynamics
in axisymmetric channels. Here, the main parameters are the Reynolds number and the conditions at the
tube entry. In particular, in the regime of laminar-turbulent transition in a long tube the intermittence
process with the structures of the puff type are realized in the final section of the channel. These localized
turbulent formations are stable in the near zones of both inert and reacting jets, which leads to the inter-
mittence mechanism in jet flows. Further downstream, these vortex formations break up and transition to
developed turbulent jet flow is realized. The reacting diffusion plumes (nonpremixed mixtures) possess an
important peculiar feature in this scenario. This is due to the occurrence of chemical reactions and non-
isothermal flow nature. In this case, the additional parameters are the composition of the combustion
mixture and the ratio of its components. However, the initial conditions in the form of intermittence and
the puff type structures also manifest themselves in flows with reactions.

In practice, the use of burners at relatively low Reynolds numbers (Re < 4000) means small values of
velocities and fuel consumption. The jet outflow from long tubes makes it possible to obtain jets with long
laminar zones [11, 12]. Thus, long-range jets can be produced in combustors at a smaller fuel consump-
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tion. Another practically important regime is the use of the Reynolds number range characteristic of lam-
inar-turbulent transition in long tubes, Re = 1900—3500. In this case, jet plumes can be controlled by
means of introducing controlled disturbances at the tube entry [25]; in particular, they can be switched
from the attached to the detached state and vice versa [19].

SUMMARY

In the case of outflow of inert and reacting jets from long axisymmetric channels a scenario of transi-
tion to turbulence through the intermittence mechanism is first revealed. The Reynolds numbers Re =
1900—3500 at which this mechanism occurs in the jet near-field, correspond to laminar-turbulent transi-
tion of gas flow within the channel.

It is shown that the reason for the intermittence is the occurrence of turbulent spots of the puff type.
These localized turbulent structures are statistical in nature and are formed within long tubes in the
absence of artificial disturbances. In the jet near-field the length of these structures is of the order of 20—
30 tube diameters and they occupy the entire cross-sectional area of the jet. In the initial jet region the
vortex formation are fairly stable and break down in the region of transition to turbulence.

The scenario revealed is considerably different from the widely known mechanism of laminar-turbu-
lent transition for the jets issuing from the nozzles of confusor type, where the subharmonic wave mech-
anism due to vortex coalescence in the jet mixing layer is chiefly realized. The turbulent spots formed in
the tube in the transitional regime can have a considerable effect on the dynamics of the free jet and the
diffusion plume. Since the mechanism of turbulence generation in the jet is independent of the jet flow,
this scenario of transition to turbulence through intermittence, apparently, exists for liquid jets and low-
temperature plasmas.
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